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ABSTRACT 

There is a growth of wind power development in icing climates, in which ice 

accumulation on objects takes place. This leads to specific challenges including ice 

throw, the detachment of ice from wind turbine blades. The lack of understanding of the 

ice throw phenomenon among authorities leads to the fact that there is no coherence in 

the applied ice throw mitigation policies in various countries and regions, which can 

cause safety- and financial hazards for wind farms in icing climates.  

 

This research focusses on ice throw risk mitigation methods and indicates their effect on 

a wind farms yield.  Qualitative research is applied, interviewing six experts in the field 

of cold climate wind power development. The participants are from academic, public 

and private research institutions in five countries. The qualitative research focusses on 

policies that are plausible but non-preferred, as well as preference suggestions from the 

experts on how to treat the ice throw risks. The non-preferred policies involve shutting 

down wind farms during icing periods and conditionally allowed operation with applied 

heating systems. These policy scenarios are applied to a virtual wind farm near Slagnäs, 

Sweden, in order to indicate the impact on the yield and underline the impact that these 

policies would have on the turnover of a wind farm in a sever icing climate. 

 

The non-preferred policies have a significant impact on the Slagnäs wind farms yield 

with 2,28% annual yield losses in case of 200 annual icing hours. Apart from the impact 

on yield, the policies might not reduce the danger of ice throw significantly, as from a 

standing still turbine, detached ice can still travel a horizontal distance of up to one time 

the turbine height. Therefore, policies should according to the interviewed experts not 

focus on limitations, however focus on understanding risks and taking appropriate action 

for risk mitigation. International guidelines are the best tool to create a deeper 

understanding of ice throw risk assessments and their limitations, as well as an 

understanding of risk mitigation methods. In this case, the risk assessment process shall 

be standardised, however the risk mitigation methods shall be site specific. 
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1. Introduction 

 

1.1. Background 

Ice can occur on any structure when the climate is humid and cold, this counts for 

stationary objects like power lines, towers and bridges, but it also counts for moving 

structures such as rotating wind turbine blades. Ice fall happens when ice detaches from 

a stationary object. When the object is moving, giving the detaching ice an initial 

velocity, the term ice throw is used. In the wind industry, icing can create two main 

problems. The first problem is loss in efficiency, mainly due to reduced aerodynamics of 

the blades when ice forms on it. In some cases, the turbine produces less but continuous 

to operate, however on severe occasions the turbine has to be stopped for de-icing. The 

second problem is potential risk of damage or injuries caused by ice fall and ice throw.  

 

The saturation of populated areas with wind turbines, and the struggles to get the needed 

public acceptance for new construction permits, leads the wind industry to move into 

lower populated areas. Therefore, a move from the industry has been seen towards 

offshore and to cold climate areas, which is when speaking of Sweden, towards the 

sparsely populated North (IEA Wind, 2017). Another trend in the industry is the growing 

size of average wind turbines, and their wingspans. 

 

Cold climate can be separated into two main classes with both their own challenges, 

namely Low Temperature Climate (LTC) and Icing Climate (IC).  
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Figure 1: Cold Climate definition by the International Energy Agency (IEA Wind, 2017) 

 

The International Energy Agency formulated cold climate as (IEA Wind, 2017, p. 12) 

“regions that experience frequent atmospheric icing or periods with temperatures below 

the operational limits of standard IEC 61400-1ed3 wind turbines” 

 

Low Temperature Climates (LTC’s) are frequent in the sub-arctic and arctic regions, 

near to or north of the polar circle. Also in regions on high altitude away from the (sub-) 

arctic LTC’s can occur. Figure 1 displays the conditions of a Low Temperature Climate. 

Wind power development in a LTC can lead to a series of challenges, for example the 

effect on many materials and components that have to operate outside their designed 

spectrum. Also the lubricants can become syrup like, losing the properties they would 

have with normal viscosity, and maintenance in a LTC can be more challenging and time 

consuming. These are some of the main challenges, however icing on the turbine blades 

usually does not significantly occur in LTC’s, therefore Icing Climates are considered as 

a different cold climate class (IEA Wind, 2017). 

Icing Climates (IC’s) don’t necessarily have extremely low temperatures, however, IC’s 

have periods of time during the year on which atmospheric conditions are likely to cause 
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accretion of snow and ice onto outdoor objects. This can be both precipitation icing and 

so called in-cloud icing. Precipitation icing is caused by snow, freezing rain or drizzles. 

In-cloud icing can be glaze ice and rime ice. The icing on the surface of wind turbine 

blades usually occurs in temperatures around 0 degrees to a minimum of -20 degrees. 

These can cause various problems, among others ice fall and ice throw (IEA Wind, 

2017).  

 

The different forms of icing, the atmospheric conditions in which the icing occurs and 

the frequency plus duration of icing periods in Sweden will be further explained in the 

literature review. The industries’ move to IC regions resulted in extensive research to ice 

forming on the wind turbine blades, and how the icing affects the aerodynamic 

properties of these blades. The topic of ice throw however, received barely any attention. 

One reason for this is the low probability of public injuries caused by ice throw or ice 

fall (Sarlak & Sørensen, 2016). 

 

This changed since public fear grew, causing regulations in especially Austria to become 

stricter, forcing wind farms to stop operation for safety reasons during weather 

conditions in which icing could occur. This pause in operation leads to extra losses 

during winter weather and is thus not in favour of the wind farm operators. Also in 

Sweden wind farms often include ice throw in their Environmental Impact Assessment 

(EIA) to be able to receive construction and operation permits, however the game rules 

are usually set by the local municipality and are site dependent. In some occasions, the 

Swedish Transport Administration (Trafikverket) has a stake in the permitting process as 

well. Nevertheless, the risks of future stricter regulations on ice throw are present. This 

increased the demand for research on the topic of ice throw, how large the risks are and 

how proper mitigation methods could develop. Apart from small material damage, no 

serious icing induced accidents have been reported so far. If the unfortunate situation of 

an accident with a casualty occurred, the public view could drastically change and with 

that the governmental motivation for stricter regulations could increase. 
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1.2. Research questions and objectives 

 

How would the future of ice throw mitigation policies look like in the opinions of experts 

in the field of ice throw research and would these policies affect a wind farms yield? 

 What is the status of ice throw research? 

 Which views and suggestions do experts on the topic have on ice throw 

mitigation methods? 

 How would different scenarios affect the yield of a case wind farm? 

 

The aim of this research is to open up a new research field in which ice throw mitigation 

policies and methods can be further explored. Also it is to show the effect of potential 

ice-throw policies on the yield of a case wind farm. This question is primarily important 

to wind farm developers and operators as it would affect the net present value and the 

annual yield of a wind project. The proposed policies are derived from qualitative 

research in the form of interviews with researchers on ice throw in various countries that 

deal with cold climates. 

 

Through these interviews the state of the art of ice throw research is displayed, followed 

by the researchers views on future ice throw mitigation policies. These views result in a 

set of mitigation policy scenarios, which are applied to a case wind farm to see how 

these policies affect the wind farms yield. 

 

In short, this research is executed in two phases. 

 Phase 1: Interviewing parties related to ongoing research, using interviews to 

display the view of experts on current trends in ice-throw mitigation policies. 

 Phase 2: Indicating how future ice throw policies could influence a wind farms 

yield. 
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2. Literature review 

2.1. Renewable energy demand 

The European Union (EU) has implemented a series of targets for reducing greenhouse 

gases and manifesting a significant share of renewable energy in the energy consumption 

within the EU. The member states should achieve the first set of targets by 2020. 

Agreements are made within the European Council to continue with stricter targets for 

2030, setting an overall renewable energy target of 27% of the total consumption, added 

with a 40% greenhouse gases reduction. The targets per member state differ depending 

on their current energy mix and capabilities (European Council, 2014). As in the total 

consumption, the use of for example natural gas for heating and petrol fuels for 

transportation are included, the share of renewable energy within the electricity market 

will have to be even larger. Estimated by the European Commission, the share of 

electricity generated with the use of renewable energy sources should be around 49%. 

This percentage statement is supported in a sensitivity analysis by Knopf et al (2015), 

showing that the share of renewable energy sources would be between 43% and 56%. 

Figure 2 shows the RES share for different scenarios for the year 2030. 

 

Figure 2: The European Commission’s view on the electrical energy mix for 2030. The total share of renewable 

energy should be 27%, however when only considering electricity, the share of RES should be around 49% 

(European Commission, 2014) (Knopf, et al., 2015) 
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Apart from the documentation of sustainability goals on paper, an increasing trend 

towards the growth in application of renewable energy sources is visible as well. 

According to Eurostat, the share of renewable energy increased from  8% in 2004 to 

14% in 2012 and 15,9% in 2015 (Eurostat, 2017; EurObeserv’ER, 2016). Within this 

growth, and the sustainability goals, wind power plays a vital role (Knopf, et al., 2015). 

The traditional largest renewable contribution for energy production was from biomass. 

In 2008 66,1% of the renewable electricity production was generated from biomass, 

compared to 21,2% for hydro power and wind energy on the third place with 6,9% 

(EurObserv’ER, 2009). Since that time, wind power is displaying the largest growth 

from all sectors, as can be seen in the figure below.  

 

Figure 3: EU 2005-2016 cumulative power capacity (WindEurope, 2017) 
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Next to that, wind power accounts for 51% of all new installed capacity for electricity 

generation in 2016, as displayed in the figure below (WindEurope, 2017). Capacity 

shows a more positive image than the totals in 

electricity generation, as electricity generation 

from wind power is variable due to 

dependability on weather conditions, wind 

power still has to catch up with traditional 

sources production-wise. Also the statistics 

sources are from the wind industry and are not 

pear reviewed. Nevertheless the statistics show a 

clear indication of large scale wind power 

deployment and the importance of wind power 

in the development of renewable energy sources 

for electricity generation. This is supported by 

authors like Knopf et al. (2015), also 

considering Wind Power the most essential 

among the renewable energy sources. 

 

When speaking specifically about Sweden, the energy demand sector varies from the 

European average. First of all, Sweden has a net export of 10 to 15 TWh per year, while 

individual consumption of the population is the highest per capita in Europe with 13.400 

kWh. Also the geograpical position allows Sweden to store relative large amounts of 

hydro energy, which can compensate for fluctuation in electricity generation from wind 

power (Wagner & Rachlew, 2016). The target for Swedens renewable energy share in 

2020 is 49% in gross energy consumption, as stated in EU incentives. Sweden was 

already early on track to reach this goal, however mainly with the use of biomass 

(Klessmann, et al., 2011). Since 2012 the share of wind energy in Sweden started its 

significant growth and has now overtaken biomass as the main renewable electricity 

Figure 4: New installed capacity in the 

European Union, 2016(WindEurope, 2017) 
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source after hydro power (Wagner & Rachlew, 2016). Swedens historical electricity 

production is displayed in the figure below. 

 

 

Figure 5: Energy production of Sweden from 1970-2014 (statistics from Energimyndigheten) 

 

In the figure one can clearly see that wind power did not manage to play a significant 

role until about 2010. There are various hurdles that caused wind power and other 

renewables to kick off late in Europe. First, the large deployment costs, whereas existing 

power plants could already provide sufficient energy (Albrecht, et al., 2015). A second 

hurdle was the inconsistency in subsidy schemes within countries, which made investors 

hesitant to take the risk, leading to a larger cost of capital. Therefore, political stability 

within the EU is important for all renewable energy development (Albrecht, et al., 2015). 

A third hurdle was according to Albrecht et al. (2015) the lack of CO2 emission taxes. 

Thanks to Sweden’s stable vision for a green future supported by the green certificate 

system which is shared with the neighbouring country of Norway, Sweden managed to 

open its market for successful wind power development (Wagner & Rachlew, 2016). 

The reduction of costs for wind power further contributed to the large growth of the 

wind energy sector (IEA, 2016). 
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2.2. Growth limitations for wind power in populated areas 

The growth itself has however created new hurdles, both from a technical nature as in 

terms of public acceptance. Technically the main issue is updating the national electrical 

grid for decentralized power production and reducing grid losses caused by large 

variable energy sources (Wei, et al., 2014) (Lopez & Ackermann, 2014). Fortunately, 

within Europe there has been a lot of progress in terms of grid code compliance of wind 

turbines and a growth of cooperating efforts by grid operators (Sjölund, 2012). Next to 

that, the progresses in the development of HVDC (High Voltage Direct Current) 

technologies make it more convenient to generate power large distances from the 

consumers (Västermark, 2013). 

 

The wind industry didn’t only have to overcome technical hurdles. Already early in the 

development of the wind industry, socio-political factors were marked as the most 

limiting factor within the development of wind power (Wolsink, 2000). The public 

opinion has become a key area of argumentation between authorities, developers and 

objectors. They all use different portrayals when it comes to wind energy and claim 

different truths about public opinions, in their interests (Barry, 2007). 

 

Existing research started off with attitudes towards the aesthetics of wind farms, and the 

impact on the landscape according to surrounding residents. This was followed by 

research on concerns about so called noise pollution, as well as the impact on birds 

(Barry, 2007). Katsaprakakis (2012) agrees that motivations against wind power are 

often noise pollution, hazards for bird and bat populations, landscape distortion and 

blade shadows (Katsaprakakis, 2012).  

2.3. Wind power development in cold climates 

Apart from the lower population rates, the cold climate areas in Northern Sweden also 

provide good wind resources. Typically cold climate regions have a higher air density 
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due to the lower temperatures, as a result the air moves with an around 10% higher 

kinetic energy, which increases the power production of wind turbines (Fortin, et al., 

2005). Besides that, most of the areas that were easy to exploit for wind energy in 

Europe, have already been exploited. So the industry has simply no choice but looking 

into alternative areas, from which both the move to offshore as the move to cold climate 

have become visible trends with great potential. The costs of offshore development and 

operation are reasonably high, this combined with the availability of vast low populated 

areas with good wind resources on the Scandinavian Peninsula, has resulted in a stronger 

focus on cold climate wind power development in Sweden (Wallenius & Lehtomäki, 

2016).  

 

The same arguments have led to a rapid contemporary growth in wind power 

deployment in cold climates in many countries and regions (Wallenius & Lehtomäki, 

2016). According to Wallenius and Lehtomäki (2016) the term cold climate is in general 

used to describe the following weather conditions (Wallenius & Lehtomäki, 2016, p. 

128): “Weather conditions of atmospheric icing and low ambient temperatures which 

expose wind turbines to conditions outside their design limits”. This explanation could 

be misunderstood. It seems to suggest that icing occurs during temperatures below the 

design limits of the wind turbines, which is not the case. It is not just the arctic 

temperatures that define a cold climate, in fact, the probability of icing occurring on the 

wind turbines decreases when temperatures get deeper into minus degrees. As explained 

in the introduction, the international energy agency (IEA) describes cold climate slightly 

more specific as (IEA Wind, 2017, p. 12): “regions that experience frequent 

atmospheric icing or periods with temperatures below the operational limits of standard 

IEC 61400-1ed3 wind turbines. The use of the word ‘or’ instead of ‘and’ shows a 

separation of two types of climate, a low temperature climate (LTC) and an icing climate 

(IC), from which the difference between these two is important to understand.  
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A LTC describes an area with temperatures below minus 20 degrees Celsius for over 9 

days per year and annually an average air temperature below 0 degrees Celsius. An IC 

describes an area with instrumental icing of more than 1% of the time during the year 

and meteorological icing of over 0,5% of the time during the year (IEA Wind, 2017). As 

shown in Figure 1, these climates can overlap, resulting in areas with annually both low 

temperature periods as the, far less cold, icing periods. Meteorological icing means that 

the meteorological conditions for icing are present, whereas instrumental icing refers to 

actual ice forming on the wind turbine blades or measurement instruments. 

 

Wind power development in cold climate regions brings a series of challenges to the 

wind industry, the harsh environments can lead to increased uncertainties, also the 

energy production can be decreased by icing as well as a reduction of the mechanical 

turbine lifetime, all negatively impacting the profitability of wind power projects in cold 

climates (Wallenius & Lehtomäki, 2016). Nevertheless, despite all challenges, the 

industry’s interest in deploying wind power in cold climates is increasing. 

2.4. Icing challenges in cold climate 

Various studies show that icing causes the largest challenges in cold climates (Skrimpas, 

et al., 2016) (Gantasala, et al., 2016) (Davis, et al., 2015). A significant amount of wind 

energy has already been installed within cold climate environments. In the vast majority 

of these wind power projects, the winter conditions were not considered well in time of 

the project development phase. The most likely reasons are that the developers were 

lacking experience and specific knowledge, or were simply short of suitable technical 

solutions. This has frequently resulted in reduced energy production and underestimated 

maintenance costs (Wallenius & Lehtomäki, 2016) (Davis, et al., 2015).  

 

Ice accretion on the blades of wind turbines leads to significant losses in the energy yield 

of wind farms (Davis, et al., 2015). These losses are both for the loss of aerodynamic 

properties on iced blades as well as the losses when turbines have to be shut down due to 



 12 

icing. The ice accretion on the rotor blades can lead not only to power losses, but also 

result in an increase of loads and vibrations, as the accumulation of ice changes the mass 

distribution over the turbines blades. Next to that icing causes an increase of noise and 

the risk of ice-throw can cause safety hazards for both maintenance workers as public 

that passes or trespasses a windfarm (Davis, et al., 2015) (Etemaddar, et al., 2014) 

(Gantasala, et al., 2016).  

2.5. Atmospheric icing on rotor blades 

The first large scale applicable studies on atmospheric icing were conducted by NACA, 

the predecessor of NASA, and the British Royal Air Force. For example R. Jones and D. 

Williams (1936) explored how atmospheric icing can take place and over the following 

decades aviation related studies concluded that simulating the probability of icing can be 

based on four parameters. The first is the liquid water content, in other words the amount 

droplets in the form of fog or precipitation at the location. The second parameter is the 

volumetric median diameter, which refers to the median size of water droplets hitting the 

turbine. The third and fourth parameters are the ambient temperature and the relative 

humidity (Etemaddar, et al., 2014). Nevertheless, even though authors agree on the 

parameters that cause atmospheric icing, it remains extremely difficult to accurately 

predict future icing events and research on this topic is continuing (Nygaard, et al., 

2011). 

 

As briefly mentioned in the introduction, icing usually doesn’t occur in extremely low 

temperatures. The international energy agency states that atmospheric icing conditions 

on wind turbine blades usually take place when temperatures are around 0 degrees 

Celsius, till a minimum of -20 degrees (IEA Wind, 2017). Turbine blades can be 

exposed to atmospheric icing. Next to atmospheric icing, there exists also spray icing, 

caused by sea spray particles that form ice in the atmosphere. For example, sea spray 

icing could cause problems for offshore wind turbine access, however this is not relevant 



 13 

to the icing conditions on onshore wind turbine blades. Therefore when the term icing is 

used in this thesis, this refers to atmospheric icing. 

 

The atmospherically ‘optimal’ conditions for icing are a large presence of precipitation 

or other form of liquid droplets in the air and a large median size of the droplets, in an 

area with a high humidity while the temperatures are minus, but close to 0 degrees. Also 

a higher than average wind speed increases the accumulation of ice on structures 

(Etemaddar, et al., 2014). From a technical perspective, the relative wind speed and the 

thickness of the wind turbine blades play a role as well. With a larger relative wind 

speed, the ice load, the accumulated mass of ice, will increase. A thicker blade surface 

will accumulate less ice than a thinner blade surface. As the outer parts of the blades 

have a higher relative wind speed and are thinner than the inner parts of the blades, more 

ice accumulates at the outer parts.   

 

Specifically for the wind power industry, the international energy agency lists five 

phases of icing periods (IEA Wind, 2017): 

 Meteorological icing 

 Incubation 

 Accretion 

 Persistence 

 Ablation 

 

Meteorological icing is the period in which the four parameters for icing are present, as 

mentioned in the first paragraph of chapter 2.5. The incubation phase is the time between 

the beginning of a meteorological icing period and the first visible instrumental- and 

rotor icing. The accretion phase is the period in which the ice is actively forming and the 

loads on the turbine blades are growing. The persistence phase refers to the duration of 

time that no more ice accretion takes place, but a constant amount of ice stays connected 

to the blades and instruments. The ablation phase is the time that ice detaches from the 
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wind turbine, this can be caused by erosion, shedding or melting. In other words, this is 

the phase in which ice fall and ice throw take place (IEA Wind, 2017). 

2.5.1. Rime ice and glaze ice 
 

Atmospheric icing can occur in different forms, rime ice and glaze ice. Rime ice refers to 

in-cloud icing or freezing fog and usually occurs in lower temperatures, while glaze ice 

refers to freezing drizzle or freezing rain, typically occurring at low temperatures near 0 

degrees Celsius. According to Blasco et al. (2017), freezing fog will result in an average 

lift loss of 16% and power loss of 16-22%. The next step is freezing drizzle, this will 

impact the aerodynamics even more and in average leads to a lift loss of 25% and a 

power loss of 26%. Another conclusion of the authors is that deep minus degrees Celsius 

temperature rime ice results in low power losses, which is coherent to the statements of 

the IEA (Blasco, et al., 2017). The losses due to icing are difficult to quantify, due to 

both the icing parameters and the large differences in icing on different speeds, angles 

and dimensions of the rotor blades. (Fortin, et al., 2005). Therefore recent results of 

studies on aerodynamic yield losses during glaze icing periods vary from 20% till 

aerodynamic losses up to 35% (Lamraoui, et al., 2014) (Etemaddar, et al., 2014). 

According to the international energy agency, there is no international standard yet for 

estimating the icing induced losses (IEA Wind, 2017). 

 

 

 
Figure 6: An example of icing on a wind turbine blade at TechnoCentre éolien (Photo: TechnoCentre éolien) 



 15 

2.5.2. The IEA Ice Classification 
 

To provide an initial indication of the severity and consequences of icing per site, the 

international energy agency has divided icing climates into 5 classes. These are 

displayed in the figure below (IEA Wind, 2017).  

 

 
Table 1: Overview of icing classes by the international energy agency (IEA Wind, 2017) 

 

To forecast the icing class of a particular location, commonly mesoscale weather 

prediction models are used, otherwise if data is available, predictions are based on long 

term observations (IEA Wind, 2017) (Nygaard, et al., 2011).  

2.5.3. Ice mapping 
 

Various institutions have been collecting icing data worldwide to create ice a map, 

showing the average amount of days on which icing occurs. In Europe the initial maps 

were created by WECO and NEWICETOOLS, using airport data to count the amount of 

icing days. The Finnish national research institute VTT developed the ice map further to 

show AEP losses due to icing. VTT used more meteorological data measuring points and 

connected the icing data to the by the IEA developed ice classes. Figure 7 shows a 

worldwide ice map by VTT. 
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Figure 7: Ice map of the world on 150m height, divided into the IEA's 5 ice classes (VTT Technical Research 

Centre of Finland, 2015) 

The map in Figure 7 shows both cold climates: the icing classification and in purple the 

low temperature climate. It is clear to see that in the low temperature climates, far less 

icing occurs than slightly more south. Also the map visualizes the overlap between both 

climates.  

  
Figure 9: Ice map by NEW ICETOOLS,  

developed in 2003 (Ronsten, 2008). 
Figure 8: Ice map of Sweden and Norway,  

acquired through the VTT WIceAtlas (VTT, 

2017) 
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Figure 9 and Figure 8 show icing maps for Scandinavia, the first is designed by NEW 

ICETOOLS in 2003, however the second is more recent with the use of most data points 

currently available according to the makers. A disadvantage of the map is the wide range 

in the legend of the public version of the map. The Norwegian institute Kjeller 

Vindteknikk designed an icing map of Sweden based on a weather research & forecast 

(WRF) mesoscale model, the maps are publicly available and have an accuracy of 1x1 

km and provide a legend with 7 different ranges of icing hours per year (Byrkjedal, et 

al., 2008).  

2.5.4. Detection of ice accretion 
 

To be able to anticipate on icing, one first needs to understand when icing is impacting 

the wind turbines. Wind farm operators have three ways of ice detection. The options are 

direct measurements, semi indirect measurements from wind sensors at or near the site, 

and indirect measurements (Davis, et al., 2015). Direct measurement involves placing 

ice sensors on the met mast, or the wind turbines themselves. The sensors come in 

various forms, some function by measuring mass changes. Some work by measuring the 

change in resonant frequencies of a probe. Also sensors exist that use ultrasonic waves, 

measuring ice thickness through the damping of these waves (Davis, et al., 2015). 

 

The semi indirect method with wind measurements usually involve cup anemometers or 

wind vanes, from which at least two of each are placed in or near the wind farm. One of 

them heated, one unheated.  When the non-heated cup anemometer accretes ice, it will 

stop turning or the measurements will deviate from the heated cup anemometer, which 

implies ice is accumulating on the surface (Davis, et al., 2015).  

 

The indirect method is performed with only using wind turbine data to detect ice 

accretion. There are two common practices, measuring vibrations or using the wind 

turbines’ power curve. With vibration data, deviation from the wind turbines normal 

operation can be detected. These deviations could imply icing, as of the earlier 

mentioned change in loads on the blades when ice accumulates. The use of the power 
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curve functions in a similar way, observing the power output of the turbine and 

comparing this to the wind speed measurements and power curve. Deviations from the 

electricity output at normal operation could imply reduced aerodynamic properties of the 

wind turbine blades caused by icing. The downside of these methods is that both changes 

in vibration as power curve don’t provide an accurate image of how the deviations were 

created, a damaged blade could for example cause similar deviations and lift loss as 

when the blades are iced. However, when similar deviations occur on multiple wind 

turbines around the same time in a wind farm, operators can quite accurately conclude 

that icing is the most sensible cause (Davis, et al., 2015). 

2.6. Ice throw 

Most icing related studies in the field of wind energy investigate the effects of icing on 

yield, loads and fatigue. Therefore, the focus is on the accumulation of ice rather than 

the ablation, whereas ablation is the cause of ice fall and ice throw. An increase in wind 

turbines installed next to public infrastructure, has also increased concerns by public and 

authorities about the risk of parts detaching from the wind turbines (Sarlak & Sørensen, 

2016). This led to new studies in this area, A Danish study by Sarlak and Sørensen for 

example investigated detachment of any debris, ice or complete rotor blades, as a 

respond to concerns about the risk that objects could be thrown onto passing cars on 

nearby highways (Sarlak & Sørensen, 2016). To reduce the risk, various authorities 

came up with safety distances, before applying mathematical risk analysis to calculate 

the probability of accidents. Within western countries, there is no coherence in the 

regulations on safety distances around wind turbines, as these vary from 300m till 

3200m. Sarlak and Sørensen (2016, p. 151) describe the safety distance around a turbine 

as followed: 

 

“The safety distance is a distance within which it is not allowed to build human 

structures such as buildings and roads” 
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As a main tool for the identification of risk zones and safety distances, authorities 

frequently consult the ‘Seifert formula’. Seifert et al. (2003) used simplified 

mathematical models to perform theoretic risk analysis on the distance that ice fragments 

could travel when detaching from the wind turbine blades. As a result, two formulas 

were created for the maximum travel distance of ice from measured from the base of the 

wind turbine to the point of impact. In the formula’s d is the maximum travel distance in 

meters, D is the rotor diameter in meters, H is the hub height in meters and v is the wind 

speed in m/s measured at hub height. 

 

 

 

    

 

A limitation of the Seifert study is that for ice throw, the wind speed at typical icing 

conditions is neglected. The study itself also recommends wind farm operators to use a 

more detailed calculation for the specific site, and using the above mentioned formulas 

only for a rough estimation (Seifert, et al., 2003).  

 

Unlike Seifert et al., the study of Sarlak and Sørensen (2016) also accounted for the 

various lift effects on the pieces of ice, which can be different according to the shape of 

the object. The study shows that when accounting for lift, a 150m high turbine rotating 

on it’s maximum speed could theoretically throw pieces of ice up to 600m away (Sarlak 

& Sørensen, 2016). This would be near 4 times the tip height and thus much further than 

the by Seifert calculated 1,5 times the hub height plus rotor diameter. The conclusions of 

Sarlak and Sørensen are similar to earlier conlusions from prior research (Biswas, et al., 

2012). Biswas et al. have designed an ice throw model, using a 80m high turbine with a 

40m rotor diameter as a vantage point. The study was based on a mathematical ballistic 

model, and concluded that ice fragments could travel up to 200m from the turbine base, 

which would in this case be twice the tip height. In this scenario potential lift forces are 

Equation 2: For a turbine in standstill (ice fall) 

Equation 1: For an operating turbine (ice throw) 
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neglected. In the very rare case of constant optimum lift forces on plate shaped ice 

fragments, Biswas et al. estimated that fragments of up to 1kg could land 350m from the 

base of the turbine, this would be 3,5 times the tip height of the turbine, however the 

probability of this scenario to occur would be close to zero (Biswas, et al., 2012). 

 

A comprehensive field study has been done in the Swiss Gütsch wind farm. This study 

attempts to validate the earlier ice throw hypothesis by observing ice throw from two 

Enercon E40 turbines between 2005 and 2009 (Cattin, 2012). The study made no 

distinction between ice fall and ice throw, however it did make an interesting distinction 

between different types of ice, concluding that the furthest throw distances were usually 

from glaze ice, and to a lower extent from rime ice. Both have a furthest distance of 

92m, but impacts near this maximum distance were significantly more frequently 

reached by glaze ice. This is 2,25 times the rotor diameter. In the case of icing from wet 

snow, throwing distances were limited to only 20 meters (Cattin, 2012). In this field 

study a coherence with the Seifert formula can be seen, as the maximum throwing 

distance observed was 1,31 times the tip height of the Gütsch named Enercon E40 

turbine. A disadvantage is that no peer reviewed field studies have been published on the 

ice throw from larger wind turbines, therefore it is hard to verify whether the results of 

the Gütsch study would also apply to modern turbines of for example 150m high. 

 

Another interesting study is done by Kjeller Vindteknikk regarding risk evaluation 

related to ice throw (Bredesen, 2015). In this study the ‘IceRisk methodology’ was 

further developed to determine the levels of individual risks for pedestrians or vehicle 

passengers. The method has been applied in Norway for towers, met masts, power lines 

and wind turbines. One of the interesting parts is the risk acceptance area, as can be seen 

in the figures below. ALARP refers to reducing risks to a level of ‘as low as reasonably 

possible’. 
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figure 10: Safety zones for categories of land usage around turbines, based on risk levels (Bredesen, 2015). 

 

Like with the Seifert zone, risk areas are drawn around the wind turbine, however more 

specifically based on various zones of risk levels and connected to appropriate categories 

of measures that could be taken. The 1x10
3
 risk is the so called millennium risk, 

meaning that for a square meter within this area, a lethal ice throw impact would take 

place at least once in a thousand years. 

 

2.6.1. Ice throw policies 
 

The variety and incoherence in ice throw policies are quite large. An important part of 

the policies is the safety distance, which is the circle around the wind turbine in which 

no human structures are allowed to exist or to be constructed. Examples of these 

structures are infrastructure and housing. Only in the United States, different states can 

have safety distances around turbines varying from 457 meters till 3218 meters (Sarlak 

& Sørensen, 2016). In Europe, most of the safety distances are somehow between 1 and 

2 kilometres. Next to that, there are usually policies for minimal distances till housing 

because of noise pollution. 
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Andreas Krenn from Energiewerkstatt has conducted a survey in 10 countries to display 

an overview of the various countries’ policies, these are displayed in the matrix below 

(Krenn, et al., 2014). 

 

 

Table 2: Overview of ice throw mitigation policies and accepted methods (Krenn, et al., 2014) 

 

The main purpose of the matrix is to visually show the large incoherence of policies 

throughout the by Krenn explored countries. In the following paragraphs the general 

policies of various countries are briefly explained. 

Austria 
The strictest regulations are in Austria. No ice throw is allowed in the condition of 

approval, only ice fall. Due to this policy, a turbine in Pöttelsdorf had to be dismantled 

by court decision after complaints of a nearby resident, even though the wind turbine 

was already approved and operating (Krenn, et al., 2014).  
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Denmark 
Ice throw should be part of the risk assessment when the turbine could form a risk for 

nearby infrastructure  (Krenn, et al., 2014). 

Canada 
Safety distance is determined with theoretic models, like the Seifert formula. Different 

policies exist on whether turbines should be shut down during icing events, depending 

on their proximity to residence areas  (Krenn, et al., 2014). 

China 
A risk assessment and icing frequency plus intensity assessments are required for 

approval. Operators are obliged to shut down turbines when ice has formed on the blades  

(Krenn, et al., 2014). 

Finland 
Operators are obliged to monitor icing conditions using ice sensors and ice mapping. 

Danger area is defined by a tip height plus a safety margin. Iced turbines close to houses 

or infrastructure should be shut down and should have blade heating systems if located 

near public roads  (Krenn, et al., 2014). 

Germany 
Danger area and safety distance should be determined from theoretic models like the 

Seifert model  (Krenn, et al., 2014). 

Sweden 
Danger zone defined through theoretical models like the Seifert formula, with an added 

requirement for risk assessment if the turbine is in a populated area. Also there are 

recommendations in general for safeguarding of the danger zone and the requirement to 

reliably detect icing on wind turbines  (Krenn, et al., 2014). 

Switzerland 
Policies can vary, usually risk assessments and Seifert-based safety distances should be 

applied  (Krenn, et al., 2014). 
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The Netherlands 
A risk assessment on ice throw is obligatory for approval, assessments of the icing 

intensity and frequency using mesoscale data is required  (Krenn, et al., 2014). 

The United Kingdom 
Risk assessments are not required, but wind turbines shall be shut down when ice has 

accumulated on the blades  (Krenn, et al., 2014). 

 

2.6.2. Summary and research gap 
 

As a summary, theoretical models on ice throw distances show strong variation on the 

maximum throwing distance, from 1,5 times the tip height of a turbine till 4 times the tip 

height (Seifert, et al., 2003) (Biswas, et al., 2012) (Sarlak & Sørensen, 2016).  

 

The Gütsch study suggests that the Seifert formula is correct and even conservative for a 

relatively small turbine (Cattin, 2012), however, the limited amount of studies 

quantifying and verifying theoretical ice throw models make it hard to draw conclusions 

on the actual probability of ice fragments landing further from the base than the 1,5 

times the hub height plus rotor diameter as described by Seifert et al. (2003). Long term 

observations of ice throw from different types of turbines with different types of heating 

systems are needed to verify the theoretical models. 

 

Authorities suffer from limited knowledge and research to base their policies on, which 

has led to a large variety of policies throughout the world (Krenn, et al., 2014) (Sarlak & 

Sørensen, 2016). This leads to uncertainty in policy making, which can be a risk for the 

wind industry as a whole. It will take multiple years of observations before existing 

theories on ice throw can be verified. Therefore it is important to cooperate with experts 

in the field of ice throw and to explore their specific knowledge to analyse which 

policies could evolve over time. This way it becomes possible to analyse how different 

policy scenarios could impact a wind farm.  
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3. Scientific methodology 

 

Qualitative research is the main method for this study. The scientific methodology 

chapter deliberates on the use of and the motivation for qualitative research, which is 

about exploring the complexity of reality rather than simplifying and generalizing 

reality.  

 

3.1. Research philosophy 

A research model is according to Collis and Hussey ( (Collis & Hussey, 2014)) a 

philosophical framework, to guide how scientific research ought to be conducted. There 

exist three core reasons as to why the understanding of philosophical issues is important 

to a study (Easterby-Smith, et al., 2012).  

 Philosophy does not explain how evidence should be extracted and interpreted, 

however it plays a part in how this evidence would provide answers to the main 

questions of a research. 

 Philosophy can be a tool to help the researcher to choose the right research 

designs for a study and to understand the limitations of each research approach. 

 Philosophy can also help to create or identify research designs that may be 

outside of the researchers past experience, forming the research. 

 

It is important to be able to define both truth and reality. Therefore, applying philosophy 

from the first phase of the research is fundamental for deciding on an applicable 

epistemological and ontological research approach. Epistemology evolves around the 

question of what should be classified as acceptable knowledge (Bryman & Bell, 2003). 

Ontology evolves around the question of how to describe reality (Pasian, 2015). 

3.1.1. Epistemology – motivation for an interpretivist approach 
 

Epistemology is about the question of which knowledge is acceptable, or should be 

classified as such. There are two scientific approaches, positivism and intrepretivism.  
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The traditional approach is Positivism, which looks at social phenomena in the same 

way as to natural sciences. This means, that reality can be seen as independent of 

individuals. The goal of positivist research is to create theories that can be empirically 

scientifically verified (Collis & Hussey, 2014). In essence, interpretivists are directed by 

the belief that a social reality cannot be an objective reality. Therefore intrepretivism 

focusses on understanding the complexity of social phenomena, rather than verifying 

social patterns (Collis & Hussey, 2014). 

 

It will be hard to objectively forecast which policies authorities could apply to mitigate 

ice throw related risks in the wind industry. A positivistic approach would not be 

suitable, both because research on ice throw is scarce and policymaking can be based on 

science, but also on subjective and political motivations. Therefore it is important to first 

develop a general understanding about the scientific and social phenomena around the 

topic of ice throw, which can be done through an open minded interpretivist approach. 

Interpretivism can be used to describe, translate and identify the meaning of results, 

instead of statistically exploring the probability of something to happen. The aim of 

using an interpretivist approach in this research is to capture useful fresh insights and 

information to show which ice-throw related policies could be adopted.  

3.1.2. Ontology – motivation for a constructivist approach 
 

The aim of ontology is to define reality, it is the part of research philosophy looking at 

how things really are. According to Pasian (2015), it is important in a social study to 

look at reality from a social context. Within Ontology there are two opposite views: 

objectivism and constructivism. Objectivism suggests that social entities (interviewees) 

must be considered as objective entities providing a reality independent from the 

individual. Constructivism suggests that information from social entities should be 

treated as information based on individual perceptions and actions (Bryman & Bell, 

2003). Therefore, objectivist studies aim to be more generalizable, whereas 
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constructivist studies tend to be more contextual. An important part of constructivism is 

that social phenomena are in a relentless state of revision (Bryman & Bell, 2003). 

 

This is the main reason why a constructivist view fits this research, as policymaking on 

ice throw can be based on the social reality of contemporary public views on what 

acceptable risks would be. Therefore, what is perceived as reality can variate according 

to the view and background of each individual and can change over time. 

3.2. Research approach 

Different theories are used as a vantage point for this qualitative study. According to 

Saunders et al. (2009), the research approach should be explicitly connected to the 

research itself and the theory. The authors describe two main approaches for the purpose 

of explaining the relationship nature between research and theory: inductive and 

deductive. From these, deductive is the most common used approach (Bryman & Bell, 

2003). In short, deductive is about validating a hypothesis that is based on contemporary 

knowledge of the subject. Inductive research aims to create a hypothesis or theory by the 

knowledge generated while performing the research. Inductive research is therefore 

more observatory than concluding (Bryman & Bell, 2003). 

 

In this thesis, inductive research is required to get a feeling of the potential evolvement 

of policies on ice throw mitigation, with the aim to theorize different policy outcomes. 

The second phase of the thesis will be rather deductive, with the aim to validate the 

amount of yield losses for different policy outcomes. 

 

3.3. Research design 

In this chapter the methods that guided the planning and execution of the research are 

described. As according to Bryman and Bell (2003), ontological and epistemological 

views shall always be connected to the way research is be conducted. Therefore the 
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design of the research is based on the prior described philosophical choices, 

complemented by the research purpose and strategy that will be described below. 

 

3.3.1. Research purpose 
 

Within the research purpose, there are three main types: exploratory, descriptive and 

explanatory. An exploratory study is conducted as a primary investigation should be 

guided by a flexible and inductive approach. The goal is to discover new insights about a 

studied phenomenon. The descriptive study aims to classify phenomena, for example by 

accurately describing them. An explanatory study aims to connect causal explanations to 

the studied phenomena, for example by explaining how different variables affect each 

other (Blanche, et al., 2006). 

 

This research has a rather more exploratory purpose considering the potential 

evolvement of ice throw mitigation policies. The motivation for this is that exploratory 

research is required when relatively little is known about the studied issue and the 

context in which the research is conducted is rather new (Blaikie, 2009). Exploratory 

research focuses on acquiring a clear understanding of a problem. Next to that, learning 

which data is appropriate and developing ideas and hypothesises around the issue 

(Blaikie, 2009). This connects to the research topic and the first phase of this research, as 

the aim is to gain an understanding and identify diverse elements that influence policy 

development on ice throw mitigation. The point of this research is not to describe ice 

throw or the current policies on the topic, but to explore which policies could evolve 

from scientific or social motivations. The second phase of the study however, has a 

descriptive purpose in the form of classifying different policies by the resulting yield 

losses in a case wind farm. 
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3.3.2. Research strategy  
 

A research strategy is required before the research methodology can be developed. There 

are two options, qualitative and quantitative research (Bryman & Bell, 2003). The 

difference between these is sometimes summarized as: quantitative research applies 

measurement and qualitative research does not. However, according to Bryman and Bell, 

reality is more profound. The difference starts with the fact that quantitative and 

qualitative research are built on different epistemological foundations. Qualitative 

research uses an inductive approach, guided by an interpretivist and constructivist 

philosophy (Bryman & Bell, 2003).  

 

The choice for qualitative research in this study, aligns well with the chosen research 

philosophies and approach. Qualitative research focuses on the interpretation of words 

rather than quantification. This supports the generation of new hypothesises. By 

adopting the qualitative research approach, it is possible to collect various overviews and 

personal opinions through open dialogues. This is something that would not have been 

possible with quantification methods. This way the mathematical conclusions around ice 

throw from wind turbine blades, can be connected to the personal views on how these 

statistics and other factors can or perhaps should influence policymaking.  

 

3.4. Literature search 

The foundation of any research is within the existing literature related to the study. The 

literature about the research methodologies used in this study is acquired through 

textbooks of well-known authors. Part of the textbooks used is based on qualitative 

research for business and management applications, these where deliberately chosen for 

the business sectors large history and experience in applicable qualitative research.  

Textbooks on general topics can be a decent starting point for research, which should be 

followed up with sources from academic journals (Eriksson & Kovalainen, 2008). 

Therefore, the literature study primarily exists out of peer reviewed data from journal 
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articles, wherever these articles could provide the needed information. A limitation is the 

fact that peer reviewed publications around the topic of ice throw are scarce. Therefore, 

reports from industrial sources as well as research from the international energy agency 

(IEA) are used extensively to provide a more accurate and up to date overview on wind 

power development in cold climates and the issue of, and policies around, ice throw. 

 

3.5. Qualitative research 

The main practical method for this study will be qualitative research. In order to answer 

the research question, it is necessary to learn about the motivations behind ice throw 

studies and the potential policies that could be derived from that research. The aim is to 

see the future of ice throw mitigation policies through the eyes of experts on the topic. 

The qualitative research is conducted with an exploratory purpose, therefore the 

interview structure was kept at a limited level, as suggested by Bryman and Bell  

(Bryman & Bell, 2003) for the ability to remain open minded as researcher. The study 

used interviewing, which is the prominent qualitative method for collecting new 

information. According to Hair et al. (2011), an interview means a setting in which the 

researcher communicates to the respondent directly. In interviews it is possible to gather 

complex information, using open ended questions. Myers (2001) adds that a good 

interviewer should aid the interviewee by focusing on the respondents words and using 

the respondents ‘language’, rather than imposing one’s own style. This will help 

exploring the topic in an open way and will guide the researcher to gain new insights as 

the conversation is progressing (Myers, 2001). Bryman and Bell (2003) agree and state 

that qualitative interviews are usually flexible, so that they can be adapted to the context 

and the direction of the conversation as it evolves. The role of the interviewer in this is 

to listen and follow, however readjusting the conversation if needed to keep the 

emphasis on the substantial issues that have emerged and that should be discussed. To a 

certain point though, in qualitative research, it can be important to allow conversation to 

evolve ‘off-topic’, as this will give the researcher insight in what is considered important 
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by the interviewees. This especially applies to this research, as the interviewees are the 

experts on the topic in terms of knowledge and experience. 

 

3.6. Interview structure 

Interviews can diverge from structured to highly unstructured. As is in the name, 

unstructured interviews have a very flexible approach to the conversation, while 

structured interviews are conducted in a consistent and well-ordered way  (Hair, et al., 

2011). A semi-structured interview does involve pre-formulated questions, however 

these questions have a purpose to rather introduce discussion topics and there is no strict 

adherence to keep in line with these questions (Myers, 2001). As mentioned before, this 

research will be done using an interpretivist philosophy epistemology. Therefore, a semi-

structured interview fits the research best to gain new insights in the topic. The list of 

questions is therefore limited and considered as an interview guide, new questions can 

arise during the interview. 

 

The interview guide (APPENDIX A) is based on an evaluation of the main topics that 

had to be addressed during the research. The guide starts with a few general questions on 

the respondent’s field, to make it easy for the interviewee to start telling. The content 

that is touched with the first questions is both interesting and should also increase the 

participants’ enthusiasm, which in turn increases the probability of a deeper conversation 

and increases the opportunity to acquire valuable information from the interview 

(Bryman & Bell, 2003). After the initial questions on ice throw research, the interview 

guide follows with policy related questions, so that the answers can be connected to the 

participants’ knowledge of ice throw. The goal is to find out if experts think whether ice 

throw mitigation policies, and the developments within regulations on the topic, match 

the outcomes of ice throw research and whether they expect policymakers to be rational 

or irrational from their experiences. The questions form a guideline with the general 

topics that should be touched, however keep enough flexibility for an open conversation. 
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3.7. Sampling method 

A sample in social research is a, relatively small, subset of a population. A sample can 

be drawn in a probabilistic or non-probabilistic way (Hair, et al., 2011). The latter one is 

typical for qualitative research. Saunders  (Saunders, et al., 2009) states that in non-

probabilistic sampling there are no rules towards population and sampling size. The 

author mentions that the validity of the data, as well as the insights gained from the data, 

are primarily related to the analysis skills of the researcher and not to the size of the 

sample (Saunders, et al., 2009). 

 

For this research, snowball sampling is applied. This means that in the search for 

respondents, the potential respondents were asked if they know other interesting 

respondents. According to Bryman and Bell (2003), the snowball sampling method 

should be applied in a research that requires respondents with very specific experience of 

the studied phenomenon. In this study, the sampling started during the initial phase of 

the research, by networking on the Winterwind conference in Skellefteå, February 2017. 

Some of the contacts were direct participants, where other contacts were able to make a 

connection to respondents with the specifically required knowledge, fitting the sample 

requirements. This method is also suggested by Collis and Hussey (2014). The aim of 

networking at the Winterwind conference was not only discovering who the people with 

the needed knowledge were, but also getting direct contact information, to be able to 

secure interviews in a more efficient way through direct phone and email. 
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3.8. Qualitative analysis 

The data was prepared shortly after the interviews were conducted. The data collection, 

the data analysis and the development of propositions from the data are considered as an 

interrelated and interactive series of processes. These processes guide the way data is 

collected in an inductive research (Saunders, et al., 2009). Direct quotes from 

interviewees are frequently processed in the results, to reduce the risk of interpretation 

being influenced by the personal background of the researcher. 

 

The analysis method used for the data processing is a thematic analysis, called template 

analysis. Saunders et al. (2009) emphasise the importance of a thematic analysis, which 

is about creating a list of categories, or so called codes, that represent the themes that are 

brought forward during the interviews. The choice for thematic analysis was made to 

efficiently process the data and arrive to general subjects in order to answer the research 

question. Compressing the data into subjects will also result in concise conclusions with 

a larger practical contribution.  There are different ways of performing thematic analysis. 

The choice for template analysis is because of the suggestion by King and Horrocks  

(2010) that a template analysis is primarily suited to studies aiming to have applied 

goals, which is in this case applying the potential policies derived from the interviews to 

a wind farm yield scenario. 

 

The conducted field research started with general topics related to the research question, 

which are the science behind ice throw and the (development of) policies and regulations 

around ice throw. Saunders et al. (2009) state that the thematic template should be in a 

process of revision as the interviews and analysis proceed, allowing for new codes to be 

added. Therefore, after the initial general topics, more specific topics became available 

during the interviews, adding new categories or codes to the template analysis.  

 

A core component in template analysis is the ability to categorise different ‘chunks’ of 

data (Thorpe & Holt, 2008). Therefore, the predesigned categories were redefined after 
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the interviews, and a hierarchical relation between the categories was developed, which 

increases the efficiency of the analytical process (Saunders, et al., 2009).  

 

3.9. Processing qualitative results 

The qualitative research is expected to lead to an outcome of various policies. Some of 

the policies affect the yield of a wind farm, while others affect auxiliary initial costs or 

operating costs. From these, only the policies affecting the energy yield are within the 

scope of this research and are processed with simulation software. Any policy that does 

not affect the yield falls outside the scope of this research, and will therefore not be 

processed further. However it is included in the discussion and limitations chapters.  

3.9.1. Applying the qualitative results to a quantitative calculation 
 

The resulting policies are applied to a simulation based on a virtual wind farm, using 

actual met mast measurements. The software used for this case is windPRO, using the 

WAsP method. The calculations could have been done with a made-up annual 

production instead of a simulated wind farm, however using a simulation of a wind farm 

puts the numbers more in context and makes them more comprehensible by matching 

real wind data with real icing data for a specific location.  

 

 

Figure 11: View on the (virtual) windfarm along the E45, west of Slagnäs, Sweden 
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The site near the town of Slagnäs is chosen for the relative high amount of annual icing 

hours and close proximity to areas where the turbines could potentially cause a public 

danger. The layout of the wind farm is relatively near infrastructure, as well as to open 

nature trails that can be accessed by the public. Figure 11 shows the wind turbines, the 

circle around the turbines expresses the Seifert safety zone of 1,5 times the hub height 

plus rotor diameter of the turbines. The site is chosen for the availability of data and the 

fact that the ice throw issue would potentially be a risk for the population on this 

location. The turbine type chosen for this site is a 2MW Vestas V90, as this is a very 

common used turbine in Sweden. Icing data is derived from icing maps by Kjeller 

Vindteknikk  (Byrkjedal, et al., 2008). As seen in Figure 12, the site near Slagnäs had an 

average of 101-200 icing hours per year in the period between the years 2000 and 2011. 

 

 

Figure 12: Icing map of the area around the Slagnäs wind farm (Byrkjedal, et al., 2008). 
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In the first step simulations show the production of the wind farm under normal 

operating conditions. The second step is about reducing the energy yield based on 

aerodynamic loss through icing with 30%, which is a conservative and generalized 

estimation based on research by various authors. In reality, this figure can be different 

per location. (Blasco, et al., 2017) (Etemaddar, et al., 2014) (Fortin, et al., 2005) 

(Lamraoui, et al., 2014). 

 

The third step involves the assumption that the turbines are operating two thirds of the 

time when atmospheric icing is present. This assumption is made to not overestimate the 

losses due to policies, as in cases of severe icing the turbines would not be operating 

even if operation was allowed. Operators can for example shut down wind turbines when 

the ice accumulation causes unbalances and vibrations that could harm the turbine in the 

long term. Deducting the normal operation times in icing conditions results in the ‘policy 

free yield’. 

 

In the last step, the yield losses were calculated for the obliged shut down times for 

turbines, based on different scenarios.  
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4. Results  

This chapter attempts to state the views of the interviewed experts, without further 

interpretations by the author. This is done in parts 4.1 and 4.2. The interviews with 

experts in the field of ice throw and wind power in cold climates have been categorized 

and the results are displayed within these categories. The table below shows the six 

interview participants and their context related to the topic of ice throw. From part 4.3, 

the chapter quantifies the results of policies that are feared according to the interviews. 

  

Table 3: Overview of the experts who have participated in the interviews. 

BOKU (Universität von Bodenkultur) Academic research institute Austria Markus Drapalik

Meteotest Private independent consultant in research Switzerland Saskia Bourgeois

Technocentre éolien Private non-profit research institute Canada Matthew Wadham Gagnon

Pöyry Sweden Engineering consulting business Sweden Bengt Göransson

RISE State owned research institute Sweden Stefan Ivarsson

Kjeller Vindteknikk Private research institute Norway Rolv Erlend Bredesen

Stefan Ivarsson is head of the research program, with 15 projects in cold climate wind power

Rolv Bredesen is a physicist and researcher in ice throw and other ice related studies

Kjeller Vindteknikk performs research by applying physics and mathematics to improve the understanding of the processes of icing on a physical level. The focus 

is on descriptive research on various topics like the strength of ice and the shedding process.

Markus Drapalik is a doctoral ice throw researcher at the University of Natural Resources and Life Sciences, Vienna

BOKU performs ice throw research by using an applied monitoring campaign, looking at turbines with active de-icing systems. Focus on ice fall, not ice throw. 

Through fieldwork data on trajectory, size and geometry of ice fragments is acquired. The ice pieces are copied in 3D printers and dropped from heights to verify 

trajectories.

Meteotest performs ice throw research for more than 10 years with both physics based modelling and field studies for verification. The field studies are done with 

Enercon and Vestas turbines, from which the Enercon was heated, partly in stand-still and partly during operation. Apart from ice throw, Meteotest also 

conducted studies on ice accumulation on turbine blades.

Eolien has performed ice throw research since 5 years ago, including ice throw measurement around two wind turbines for two seasons. The measurements 

included documenting the position from the turbine, the size, the weight and the shape. There is a collaboration with companies that do ice throw modelling to 

confirm and validate the physics behind modelling, like Monte-Carlo simulations.

Pöyry has performed ice throw research with measurement campaigns around 3 turbines in three different wind farms in Sweden, collecting, mapping and 

describing ice pieces that were found on the ground. The campaign was successful on one site, in Dallana. The other two sites had incomplete measurements due 

to various circumstances. At the moment conclusions are drawn from about 500 observations.

Saskia Bourgeois is a senior scientist in wind energy and currently the research coordinator in the wind energy department at Meteotest

Matthew Gagnon is the research & innovation business development coordinator of Technocenter Eolien

Bengt Göransson is consultant in science development, concerning safety and risk of ice throw

RISE has experience with ice throw, however does not focus on the risk of ice throw impacts, more research has been done on changes in performance and 

sound of the blades when ice accumulates. 
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4.1. Qualitative results 

The results are distributed over the categories that came out as most significant and 

relevant to the thesis. These are: 

 

 Main conclusions from research or experience 

 Visible trends of policies 

 Risk due to the existence or lack of policies 

 Impact of a fatal accident 

 Suggestions for policymakers 

 

4.1.1. Interview results: Main conclusions from research or experience 

Distance 
From the observations of ice throw done by part of the interviewees, results show that 

most of it fits within the by Seifert described safety zones (Seifert, et al., 2003). In terms 

of ice fall, Markus Drapalik from BOKU confirmed: “Most of the fragments fall in a 

rather short distance from the turbine, but there are also always some outsiders which 

fall in the range of the total turbine height”. Even with ice throw, most parts end up 

underneath the rotor, says Saskia Bourgeois from Meteotest. The maximum distance 

thrown from Meteotest´s observations is up to 1.4 times the tip height of the wind 

turbines. Off course it was hard to say which pieces fell off during operation or during 

stand still and/or heating. 

 

At the same time, a safety radius defined with the Seifert formulas is considered 

conservative by various researchers as well. Matthew-Wadham Gagnon deliberated on 

Seifert: “The diameters are bigger than they need to be in order to define a safe zone”. 

This is because the vast majority of the thrown pieces fall well within the ‘Seifert zone’. 

Also Bengt Göransson from Pöyry agrees that the Seifert safety zone could be narrowed 

a bit, and for example use a safety distance of up to 1 time the tip height of the turbine, 
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as his research shows that almost all ice pieces fall within the rotor diameter distance of 

the turbine, pieces that land outside the rotor diameter distance are very rare to find. 

 

Size 
The weight and size of ice objects can be hard to determine through observation, because 

the ice breaks in pieces upon impact with the ground. According to Saskia Bourgeois 

from Meteotest it is also a topic that not all researchers like to emphasize, because the 

public could get anxious when weights of more than for example 6 kg are mentioned. 

However, in the studies of Meteotest, pieces of 2-3 kilos have been found on multiple 

occasions. Rolv Bredesen from Kjeller Vindteknikk also mentioned extraordinary events 

in which an ice projectile of 30-40 kilos was found on 1,5 times the rotor distance. On 

this instance the piece of ice had landed140 meters from the base of a 600Kw turbine in 

Germany. 

 

Probability of injury 
Matthew Wadham-Gagnon starts with: “The risk of ice throw is very real and should be 

taken seriously.  The probability of ice throw depends on a combination of occurrence of 

icing and presence of people.  Risk mitigation must always be considered when 

operating wind turbines in icing climate”. 

 

New studies of both Kjeller Vindteknikk and Pöyry show that the risks of ice throw 

might be larger than expected, due to the size of an ice object that could be lethal. Earlier 

research showed that pieces had to be about 400-500 gram to be lethal, however adding 

the initial velocity with ice throw, fragments of 100 grams, roughly the size of a golf 

ball, could have a lethal impact already. 

 

Rolv Bredesen from Kjeller Vindteknikk also explains that the universal rule is that the 

risk level of being hit by ice throw will increase with a factor of 10 for every 50 meters 

one gets closer to a turbine. This factor is reliable, however the actual risk is hard to 

calculate. The amount of strikes per m2 can vary by a factor of 100.000 in different 
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operation modes and operation strategies, as well as turbine types. Newer turbines could 

have hundreds of relatively light ice throw cycles in the same time that older turbines 

have one large ice throw event. Not enough research has been done to determine the 

exact level of risk.  

 

Other findings 
One of the findings of Markus Drapalik from BOKU is that glaze ice usually falls apart 

when it breaks off and the trajectory of the ice objects complies to rather simple 

formulas. This is different for blade like ice, which can have rather complex trajectories. 

This is due to the variety of lift forces. Blade-like ice is typically formed by freezing 

rain, creating a 2-3cm film of ice over the blades. 

 

Apart from the impact on human danger, ice throw can also affect maintenance costs 

when ice falls off the turbine and hits other parts of the turbines. Stefan Ivarsson from 

RISE experienced blade damages from ice fall and explained that this mainly happened 

with rotor ice that is released from one blade, and hits one of the other blades. Turbines 

hitting each other with ice should not happen due to the normally larger distances 

between turbines. 

 

4.1.2. Interview results: Visible trends of policies 

As shown in chapter 2.6., various countries apply different policies on ice throw. The 

interviewees were asked for visible policy trends in their environment. 

 

Austria 
In Austria, turbines must be shut down when icing is detected. Someone needs to be 

physically present to make sure it is safe to restart. There are no trends currently on these 

policies and there are no signs of change to come, confirmed both by Saskia Bourgeois 

and Markus Drapalik. The latter thinks that the policies in Austria are stricter than in 

Scandinavia due to less history and experience with wind power, as well as a less 
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positive general attitude towards wind energy. Also the population density in the areas 

with good wind resources is a reason for stricter policies. The hope of scientists is that 

policies in Austria will get less strict over time due to developments in both scientific 

research on ice throw and new technologies that could reduce ice throw. The risk 

assessments can change with better sensor technology and result in less reluctant 

authorities in the future, says Markus Drapalik. 

 

Switzerland 
In neighbouring country Switzerland, it is hard to see real trends. There are no state-wide 

policies. The local authorities have to decide on whether they accept the risk assessments 

that windfarm owners deliver, however, these local authorities often are not qualified at 

all as they don’t have any knowledge of the actual risks. This leads to many discussions 

between developers, authorities and institutions that do the risk assessments. As Saskia 

Bourgeois explains: “The problem is that authorities have not worked before with these 

risk assessments on icing, therefore nobody knows exactly how to handle it or what to 

do, or what is required”. 

 

Canada 
Canada has a similar system in which local authorities have a high stake in the decision-

making for wind farm permitting. Matthew Wadham-Gagnon explained that there are no 

national policies on ice throw, but decisions are made in local town hall meetings in 

agreement with the public and municipality. He sees no trends on policy development, 

usually wind farm operators apply their ice throw mitigation methods from a liability 

point of view, rather than based on regulations. Developers and operators want to 

prevent getting sued when accidents happen. 

 

Norway 
Like in Canada and Switzerland, local authorities are important for the application 

process in Norway. The overall policy is to do a risk assessment and to take appropriate 

action to reduce the risk to acceptable levels. So the regulations focus more on the 
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content, knowledge and actions, rather than general regulations. According to Rolv 

Bredesen Norway is ahead of other countries in regulating ice throw. Organisations like 

Statkraft and Kjeller Vindteknikk aim to educate both authorities and developers or 

operators on the risks of ice throw. In that, Rolv Bredesen told that his personal 

motivation is:  “to mature the industry enough, so we can avoid accidents”. His hope is 

that other countries will follow Norway in the approach to understand the risks and act 

on them, rather than the trend in Europe to apply the Seifert safety zone without thinking 

or to prescribe de-icing or anti icing systems before research shows whether risks are 

actually higher or lower with these systems. 

 

Sweden 
Bengt Göransson from Pöyry explained that the general idea in Sweden is that 

developers and operators should accept that there is a risk of ice throw and inform the 

public about these risks. This can be done with warning signs. He is not aware of any 

new trends within the application processes, however there are opponents that suggest 

for example fencing of wind turbines. According to Bengt Göransson, this will not 

happen as this would not be accepted by many stakeholders, like land owners and 

hunters. 

 

According to Stefan Ivarsson from RISE, authorities in Sweden are more aware of the 

possibility of ice throw and focus more on it than in the past: “We have seen that some 

authorities have picked up this, and there are projects that have been recommended not 

to be permitted”. The Swedish Transport Agency (Trafikverket) prevented permission 

for some projects due to fear of ice throw onto the infrastructure. In some cases, they 

suggested to place turbines further from the roads. This happened even though the risk 

assessment showed that the risks were acceptably low. There is no real trend on the 

appearance of ice throw related policies, however it is also not always clear what the 

requirements related to ice throw are, the risk isn’t always understood and it can be 

unclear what is considered as an acceptable risk by local and national authorities. 
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4.1.3. Interview results: Risk due to the existence or lack of policies 

According to Matthew Wadham-Gagnon from TechnoCentre éolien, the Seifert formula 

is accepted in the industry in many occasions, providing a basic radius of safety around 

the turbine. However, a policy should be well designed and a generalized formula 

should, according to him, mainly exist to determine which type of risk assessment 

should be applied. 

 

In general, most participants agree on that the Seifert safety zone is too conservative, 

prohibiting the wind industry from growth in areas with potential icing. Markus Drapalik 

states however, that one also has to be very careful in making these safety zones smaller, 

before we truly understand the risks caused by ice throw or any other throw of objects 

from wind turbine blades. He states: “I don’t think the policies are too bad, they are very 

conservative, but then again starting too conservative and lowering it bit by bit is better 

than the other way around”, referring to policy creation after an accident. Markus 

Drapalik also states that it would not be right or safe to apply Seifert, or any other policy 

based safety distance, without further assessment. In other words, Seifert is just a tool, 

where the proper risk assessment gives a much better view on the risk and the mitigation 

options. Saskia Bourgeois added that the Austrian policy of a safety distance of twice the 

turbine height, which is even more careful than the Seifert zone, is too strict. Many 

projects will suffer from that regulation, so it is disproportionally harmful for the wind 

industry. 

 

Rolv Bredesen agrees that the Seifert safety range should not be applied as a safety 

distance policy. A national policy would not be appropriate on the local level, as for the 

local situation the risk can be either lower or higher. This can for example differ per 

operating mode, turbine type or the type of heating system if available. Also 

geographically some locations have icing once per 10 years, while other sites have icing 

over 10 times per year. Applying only the Seifert zone, won’t help to really understand 

the risks at a particular site and could therefore be dangerous. 
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Another example of inappropriate policies is mentioned by both Rolv Bredesen and 

Matthew Wadham-Gagnon. In some countries turbines have to stop in icing periods, but 

are allowed to continue operation when they have a de-icing or anti-icing system. This 

can be a dangerous approach, as these systems are primarily designed for better 

production and not for reducing ice throw risks. Residual ice can still be on the blades, 

especially the blade tips. These blade tips go round with typically 270kmh, with 

potentially 5 kg ice projectiles on it. When policymakers consider these systems as safe, 

this means that the risk isn’t understood properly and that accidents can happen. 

 

So the risk of having national policies is that these are generally unsuitable for the local 

situation or unsuitable for the used technology. The policy could hinder the development 

of wind energy in a country, like what is happening in Austria. Also the purpose of a 

policy should be safety, and safety could be assured better with proper risk assessments 

and mitigation methods, compared to simply fulfilling a policy with a safety distance. 

 

There are also occasions in which the lack of policies could be considered a risk. 

Matthew Wadham-Gagnon told an example of a wind farm in Gaspé with access road 

along the turbines, parallel to the original public road, which was on a safe distance. The 

Canadian ministry of natural resources decided that this was a waste of land, closed the 

public road and forced all traffic onto the potentially dangerous turbine access road. 

There were no policies preventing the ministry from this act, so a potentially dangerous 

situation was created for which the turbine operator would be reliable. 

 

Apart from the public, it is also important to address the risk of ice throw for turbine 

personnel. Markus Drapalik isn’t sure if employers reduce the risk for their employees 

sufficiently. He had seen damages to maintenance vehicles that were parked close to 

turbines and also damages to an entry door. Both Rolv Bredesen and Bengt Göransson 

also emphasised that it is not just the public that is in danger, but mainly the people 
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doing maintenance. These technicians could be exposed to great risk when companies 

don’t apply strict rules on conducting work in a safe way. 

 

4.1.4. Interview results: Impact of a fatal ice throw accident 

Matthew Wadham-Gagnon explained the situation as followed. “People are afraid of 

sharks, lightning and flying. In life we are afraid of things that have a much smaller 

chance of killing us, than things that on a day to day basis will kill us. So it would be 

very bad for the wind industry to have someone seriously injured or killed by ice throw. 

Not because of statistics or risks or anything along those lines, but because there will be 

a very strong public reaction to it and it would be politicised” followed with: “Because 

of that as an industry we need to take safety measures that go beyond what is commonly 

accepted as acceptable risk”. Markus Drapalik adds: “We can have a major accident 

with a nuclear power plant worldwide every 10 years, but if one child is killed by an ice 

fragment it would cause serious repercussions for the wind energy field”. Rolv Bredesen 

agrees and adds that science has to go way beyond the level of the wind industry to 

understand the physics behind ice throw. Rolv Bredesen states: “If someone gets killed 

by ice throw, then the wind power industry is kind of doomed, because that shows that 

we haven’t understood, and taken the safety issue seriously”.  

 

Stefan Ivarsson stated the following: “That’s a question I don’t really want to answer, I 

don’t know. If someone gets killed by ice throw, as a business we will have a big 

problem, a huge problem”. The difficulty according to Stefan Ivarsson is that it is hard to 

fence off a wind farm or to warn people that don’t approach the turbines over roads. The 

only way is adding signs at all ways that enter the wind farm area. As for the impact of a 

fatality on policies, Stefan Ivarsson replied: “I think what would happen is that probably 

at least for a period, or as a permanent solution, as an operator you would need to close 

down turbines if there is a risk of ice. That has a really big impact, it would mean that it 

wouldn’t be economically feasible to build wind power in two thirds of Sweden” 



 46 

 

Saskia Bourgeois adds that policies would most likely get stricter and there would be an 

increase in safety distance policies. A public victim would be worst for public attention 

and policy creation, a fatality among maintenance personnel could still be seen as just an 

unfortunate working accident. 

 

Not all experts agree that the consequences of a fatal accident would harm the industry, 

Bengt Göransson thinks that a lethal accident won’t affect the industry, at least not in 

Sweden. Bengt Göransson stated: “accidents happen within normal infrastructure every 

day”. He believes that opponents would frame the news in a bad way for wind power, 

but that this would not have a huge impact. He added an example of a Vestas V90 that 

collapsed at Christmas eve 2015, but didn’t trigger any new policies. It is possible that 

the reaction varies per country, various interviewees mentioned that the general attitude 

towards wind power is quite positive in Sweden, whereas the public acceptance of wind 

power is lower in for example the neighbouring country Finland or in Austria. Matthew 

Wadham-Gagnon is convinced that policies are too often primarily politically motivated, 

therefore public opinion is central for the development of policies. However according to 

Matthew Wadham-Gagnon, policies require thorough design and ice throw risk requires 

thorough understanding. 

 

The interviewees state that the problems of a fatal accident could be larger for wind 

power than for other industries, due to the non-maturity of the industry and the lack of 

research on the actual levels of risks. Therefore all participants agree that the 

international guidelines that IEA Task 19 works on, are important to give authorities and 

developers a proper understanding of the presence of risks and the way these risks can be 

assessed and mitigated. 

 

According to Rolv Bredesen, a fatal accident would have a much lower impact on the 

industry, if the authorities and operator can show that they have understood the risk and 
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that they have taken appropriate and reasonable measures to prevent the accident from 

happening. Rolv Bredesen adds: “however for now, the industry hasn’t matured enough, 

they don’t understand the risk properly, so if it happens now, it will be a big problem, 

but if it happens when you have taken appropriate measures that are reasonable, it is 

not such a big deal because accidents happen”, followed by “I think we have solved the 

ice throw issue, we just need to understand the risk and actually do the risk reducing 

methods, and not just putting the assessment report in the drawer”. 

4.1.5. Interview results: Suggestions for policymakers 

Markus Drapalik says it is important to get authorities in one line. When speaking of 

Austria, every region now has a different approach to wind turbines and at the moment, 

the wind turbine operator is still responsible if an accident happens, even though he has 

warning systems that for example warned the trespassers that de-icing is active now and 

causing danger. Markus Drapalik considers this as a shame, and suggests that from a 

juridical point of view this topic needs some thinking over, lawmakers should consider 

that a certain amount of common sense can be expected from people. In terms of 

strictness, Markus Drapalik says that strict regulations make sense and are quite 

reasonable for turbines close to inhabited areas and highways. Only a warning system 

would be too easy. Regulations should be based on the question: “how much risk is our 

energy production worth?” 

 

Saskia Bougeois also emphasises the importance of getting authorities on one line. The 

best way to go now is to first establish international guidelines on which the stakeholders 

can find support and knowledge. For this to work risk assessments should be done with 

modelling in a standardized way and more field studies are needed for validation of 

models. The IEA task 19 works on these international guidelines, and has the right 

people in their expert group. 
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Matthew Wadham-Gagnon says one should use the Seifert formula to check if there is 

something within that radius that poses a risk to safety “like a road, a building or a 

daycare full of 5-year olds”. If this is the case, “the operator should either shut down the 

turbines during icing events provided there is no risk of ice fall, or do a complex risk 

assessment with for example Monte-Carlo based simulations to determine if there is a 

danger”.  

 

Bengt Göransson says that policies should be local and depend on the risk one accepts 

for that given site. A risk assessment should be done, in some occasions this could lead 

to shutting down turbines. There is a wind farm next to a road in Sweden that stops the 

turbines at icing conditions with wind from a specific angle. This is a good example of 

how proper risk assessments can lead to applicable mitigation solutions for a specific 

site. Stefan Ivarsson adds to the Swedish policies that more research is needed on ice 

throw to be able to define the risks properly. As mitigation, it should be enough to have 

warning shields that light up during icing or ice throw events. Applying warning systems 

is for example already a long time accepted method to warn people around rifle ranges in 

Sweden.  

 

Rolv Bredesen also suggests policymakers to look further than only applying standard 

Seifert safety zones. There is no need for stricter policies, but a need to address the issue 

so that the industry can take initiative and responsibility. This responsibility can only be 

taken when the industry has an understanding of the risk. It should not be enough that 

developers and operators just take an opportunistic consultancy report stating there is a 

low risk. And the report should not end up in a drawer after the application process. 

Wind farm developers and operators need to really understand the risk and take 

appropriate measures to do everything they can to avoid incidents. This should be done 

by doing a risk assessment, understanding the assessment and its limitations and by 

taking appropriate action to reduce the risk to acceptable levels. On many occasions, 

warning systems connected to decent icing sensors should be sufficient. Another 
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recommendation is not to have for example ski tracks within the “millennium ice throw 

distance”, this distance means that there would be 1 potential fatal impact per 1000 years 

per square meter, if the fatal strike area would be a square meter. As the fatal strike area 

of a human body, the head, is less than a square meter, the millennium ice throw distance 

corresponds to a 10.000 years return period for a possible fatal accident. 

 

4.2. Summary of interview results 

4.2.1. Findings on ice throw 
The thrown distance of ice usually stays well within the Seifert safety zone of 1,5 times 

the hub height plus rotor diameter of the wind turbine. At smaller wind turbines, 

observations showed that in rare occasions, ice pieces were thrown up to 1,5 times the 

tip height, whereas the majority of pieces lands directly under the rotor. Weights of 

pieces could vary a lot, but are usually not larger than 2-3 kilos. However, a piece of ice 

from about 100 grams can be lethal when thrown from the blade with initial velocity. 

The probability of public injuries is site dependent, but usually very low. There is more 

danger to the turbine personnel, as these people frequently work directly under the rotor. 

4.2.2. Trends in policies 
In general, one cannot say that there is a real trend in policy development by authorities. 

However, the authorities seem to recognize and focus on ice throw more in the recent 

years. In some countries, this has led to restrictions of operation during icing and 

prescriptions of anti-icing or de-icing systems, whereas other countries are more flexible 

as long as risk assessments with plans for risk mitigation are made prior to the 

application of a new wind farm. 

4.2.3. Risks related to policies 
The risk of policies, is that they can be too general to be appropriate for local situations. 

Strict general policies, like forced shut downs during icing periods, could harm the 

economics of wind power projects so much, that projects are not feasible anymore. Also 

general policies on safety zones around turbines might be on a local level over-
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conservative on one site, while being dangerous on another site. In general the 

interviewees do not agree with having a safety distance or forced shut down as a nation-

wide policy. Next to that, policies for prescribed heating systems in turbines could form 

a danger, as there has not been sufficient research to confirm nor deny the added safety 

with application of de-icing and anti-icing systems. 

4.2.4. Impact of a fatal accident 
Most interviewees fear for strict regulations after a fatal accident, while some 

interviewees think it an accident would not have a large impact on policy development 

as long as the wind farm operator took reasonable risk mitigation methods.  

The general fear among the interviewees is that the combination of a fatal accident and 

the immaturity of the wind industry will lead to forced shut down of turbines during 

icing periods for either all turbines or turbines without heating systems. 

4.2.5. Policy suggestions 
The interviewed experts would in general not suggest any general restrictions on 

operation, nor would they prescribe heating systems. Most are also against general rules 

on safety zones around the turbine.  

 

However, all participants mention the importance of international guidelines. These 

guidelines should provide authorities, developers and operators more knowledge about 

the phenomenon of ice throw and the involved risk. Also it should provide standardised 

ways of modelling, so that one can fall back on a general accepted standardised way of 

performing risk assessments. The participants emphasise the importance of locally 

oriented risk assessments and the importance of continuous risk mitigation actions based 

on the risk assessment.  

 

In other words, policies should not focus on limitations, but focus on understanding risks 

and taking appropriate action for risk mitigation. 
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4.3. Quantitative indication 

From the interviews, two things can be derived in terms of policies. On one side: The 

fear of limitations and restrictions on one side. On the other side: The suggestions for 

processes on appropriate local risk assessments and risk mitigation actions. 

 

When assessing the impact of the by interviewees suggested guidelines, calculations 

would be rather complex. It would mean that only after the full risk assessment and 

assessment of risk mitigation policies, one could say if there is an impact on the farms 

yield and calculate to what extend these would be the case. Therefore, these are not 

calculated in this study, however discussed in a later chapter. 

 

The feared policies are the policies that were generally considered inappropriate by the 

interviewees, however could potentially show up after a fatal accident occurs. According 

to the majority of the participants these non-preferred policies include three topics: 

 

- Safety zones, resulting in no turbines being built in a closer proximity to 

infrastructure than the Seiftert safety zone or a larger prescribed safety zone. 

- Restrictions, obliging shut down of wind farms when icing takes place. 

- Prescriptions, obliging shut down of wind farms when icing takes place, but 

permission to operate with heating systems. 

 

The restrictive and prescriptive policies can be applied to the case wind farm, and are 

calculated to give a general idea of the yield costs of these policies, to see whether this 

would have a significant impact on the yield of the case wind farm. As mentioned in 

chapter 3, the wind farm used is a virtual simulated wind farm with 6 Vestas V90 wind 

turbines close the the train track, the E45 road and free accessible trails. The amount of 

icing hours is 101-200 per year and the annual farm yield is 28.904 MWh/Y, which 

means an average hourly yield of 3,3MWh/h. Seasonal differences in wind properties are 
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neglected in these calculations, as well as differences in wind conditions during icing 

periods compared to non-icing periods. 

 

The calculations are based on four policy-related scenarios, which were also suggested 

by Stefan Ivarsson in the interview: 

 

 No operation allowed during icing 

 Operation allowed, no heating system 

 Operation allowed only with a de-icing system 

 Operation allowed only with an anti-icing system 

 

Table 4 shows the yield losses for the different scenario´s. 

 

Table 4: Overview of yield losses in MWh per operation mode. 

 

 

As can be seen in the table above, the losses of a no permission for operation during 

icing would be near 660 MWh for the 200 icing hours. However, one cannot say that the 

loss of 660MWh would be purely caused by the policies. In reality, icing reduces the 

yield for aerodynamic reasons and for shut downs to prevent fatigue. Therefore 

continuous operation without heating systems would still result in a loss of 352 MWh 

during 200 icing hours. The losses can be significantly reduced using a de-icing system, 

and even further if one uses a theoretically optimal functioning anti-icing system. From 

the heating systems, it has to be said that there has not been enough research and the 

technology is in full development. Therefore it is not sure if the losses would actually be 

this low in reality with the newest systems. The table should be seen as indicative. 

200 150 101

No operation no production during icing periods, assumption of restart as soon as the icing period is over

Losses in MWh 659,9 494,9 333,3

Operating without heating systems one third of the time not operational, and 30% loss when operational

Losses in MWh 352,0 264,0 177,7

Operating with De-icing one sixth of the time not operational, and 15 percent loss when operational

Losses in MWh 192,5 144,4 97,2

Operating with Anti-icing Continious operation, 5 percent loss when operational

Losses in MWh 33,0 24,7 16,7

Hours of icing

Losses of icing with operational restrictions versus allowed operation with prescribed heating systems
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Table 5: Overview of yield losses per operation mode compared to annual production. 

 
 

Table 5 shows the same results, however relative to the annual production of the wind 

farm. Here it is also clear to see that the losses with no operation are significant, and 

strongly reduced when operation is allowed without and even further reduced with 

applied heating systems.  

  

No operation 2,28%

Operating without heating systems 1,22%

Operating with De-icing 0,67%

Operating with Anti-icing 0,11%

Relative annual losses with 200 hours of icing
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5. Discussion and Analysis 

As both the interviewees and the literature confirm, most turbine icing related research 

has been conducted on the effect of ice on performance and sound of the turbines. The 

research field on ice throw is rather limited, and ice throw policies haven’t been explored 

yet. Therefore, the results shown from this research are rather explorative, which is 

appropriate to the research design and purpose as described in chapter 3.3.1. The results 

of this exploratory study aim to open up a new research field in which the ice throw 

policies and guidelines can be further explored. 

 

The interviewees had diverse backgrounds, from industrial to private and public research 

institutions. Also the approaches differed from mathematical and physical modelling to 

field studies in the form of observation campaigns and combinations of studies. It is 

interesting to see that through the variety of backgrounds and methods, the conclusions 

of all interviews regarding ice throw are fairly similar. This refers mainly to the throwing 

average and maximum throwing distances of ice projectiles. In terms of sizes and 

weights, and the probability of injury, there are some varying results. Some of the 

interviewees did not mention ice pieces larger than 2-3 kilos, whereas the largest piece 

mentioned in the interviews was over 30 kilos and was thrown to the edge of the Seifert 

safety zone. In terms of safety, some interviewees considered the risk for public almost 

insignificantly low. Others emphasized that there has not been enough research 

conducted to do these kinds of statements, especially when speaking of the effect on risk 

by different operation modes and different applied heating systems. This makes it clear 

that the topic of ice throw is indeed understudied. The fact that the experts on the topic 

emphasise the uncertainty of risk assessments on ice throw means that it will be very 

difficult for stakeholders in cold climate wind farm projects to understand the 

phenomenon of ice throw and to validate the risk assessments. This will count for the 

wind farm developers and operators, as well as the authorities that are responsible for the 

approval of wind farm projects. 
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In terms of policies, it is interesting to see that most of the interviewed research 

institutions are not in favour of policies designed by the government. In most cases, the 

strict existing policies in Austria, involving restricted safety distance and restricted 

operation, are considered conservative and industry-harming. The interesting difference 

is that the private research institutions are more willing than the interview participant 

conducting research from the academic side to fully dismiss the Austrian policies. The 

academic conclusions were more conservative and positive towards the implementation 

of strict policies until more is discovered and clarified about the phenomenon, whereas 

the industrial researchers have a more progressive view and do not consider restrictions 

like in Austria appropriate. The difference could have to do with motivation from 

practical experience of private research institutions as well as their interest in growth of 

wind power development. 

 

There is a subject that all interviewed experts agree on, that is the importance of 

international guidelines. The goal of these guidelines is a higher understanding of ice 

throw risks and risk mitigations among stakeholders of wind power projects. The 

guidelines should standardise modelling for risk assessments, so that authorities, 

developers and operators can rely on international accepted risk assessment figures, with 

a deeper understanding of the local impact by ice throw. The cohesion in interview 

answers on this topic was predictable, as the participants are all in one way or the other 

connected to the IEA’s Task 19 group on ice throw, with the purpose to create deeper 

understanding and international guidelines. 

 

In terms of interview participants, a limitation is that authorities are not involved in the 

research. The limitation of time for this kind of research made it infeasible to include the 

point of views of authorities, therefore the scope focused purely on experts in the field 

for data input. Also, from an interpretivist epistemology perspective, it was important to 

interview experts in the field. The opinions of experts would be more likely to have a 

scientific foundation and their views on policies would therefore be more objective and 
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less influenced by emotions compared to the view of potential interviewees with a lower 

understanding of the ice throw phenomenon. In future research, it would be very 

interesting to include the point of view of authorities to see if there is coherence in 

authorities’ views and the views of experts in the field. First of all the view of local 

authorities is important, as they are responsible for the policies and the processes of wind 

farm project approval. Secondly national authorities that could have an influence on 

projects, like the Swedish Transport Agency (Trafikverket), are important decision 

makers that should be included in further research. 

 

In the quantification of interview results, a limitation is that only the yields of non-

preferred shut down policies and heating prescriptions are calculated and applied to the 

wind virtual case wind farm. In future work, it would be interesting not to only focus on 

the yield, but also include investment costs and O&M costs related to ice throw 

mitigation methods. This would then refer to both the ‘feared’ policies and the suggested 

policies by the interviewed experts. An example is that the heating systems show a 

significant reduction of losses, when these are allowed to operate during icing periods. 

However, the table in the results does not provide an indication of the financial costs 

related to these heating systems. Another limitation is that the availability of diverse 

icing sensors is not explored, for the calculations the assumption is made that it is always 

clear when ice accumulation takes place and when the icing periods are over. In a real 

wind farm, this requires state of the art ice sensors, which should just like the heating 

systems be included in the cost calculations of a project to see whether it is feasible to 

apply these technologies for a given wind farm site. 

 

The quantification tables (Tables 4 and 5) show an indication of ice-induced losses when 

the policy scenarios apply that are feared by the interviewed experts, and should be only 

viewed as an indication for the reasons explained in the paragraph above.  
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From that indication, the fear that policies on obliged wind farm shut downs would have 

a large impact on wind farms is justified. In businesses the last few percent of turnover 

are most valuable for the company’s profit. The full restriction on operation would make 

it less feasible to build a wind farm in an area with up to 200 hours icing per year. As an 

example, let’s assume that the simulated Slagnäs wind farm has an annual 5% profit. 

The yield with applied anti-icing systems would be 28871 MWh/y. If a new policy 

would oblige a shut down during icing hours, this would imply annual yield losses of 

2,28%, which would in turn result in profit losses of 45,66%, a loss of almost half the 

profit. The other policy options with allowed operation when heating systems are applied 

are looking better from a production perspective, but are policy-wise too general to be 

able to save humans from the risks of ice throw. This is because the effects of heating 

systems on ice throw risks has not been studied enough, and the fact that these policies 

do not provide any security for humans that would approach the wind turbines. 

 

The suggested guidelines have not been quantified to compare with the non-preferred 

policies. To be able to do this, a full financial assessment for the given wind farm site 

would have been needed, which did not fit within the scope of this research and would 

not have been possible in the given time. It is also important to refer to the fact that 

research purpose of this study is rather exploratory. And from this inductive approach 

the following hypothesis can be stated:  

 

‘International guidelines outperform general policies on both the financial purpose and 

the safety aspect’.  

 

It would be a valuable addition to the inductive study to conduct a study based on a 

deductive approach, as described in chapter 3.3., to determine the full financial impact of 

suggested guidelines on the risk assessment approach, modelling and applied risk 

mitigation methods. This way, the hypothesis mentioned above could be validated.  
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6. Conclusions 

In this chapter, the conclusions on the sub questions will be displayed, in order to answer 

the main research question: “How could future ice throw policies look like and in which 

way will they affect the yield of a case wind farm?” 

6.1. Status of ice throw research 

The amount of research on ice throw is increasing, however still limited. Important 

conclusions from ongoing research are the fact that ice objects of 100 grams can be 

lethal depending on their initial velocity and angle when detached from a turbine blade. 

Other important conclusions are concerning the throwing distance of ice objects. 

Validating observation campaigns show that ice particles mainly land within the rotor 

area and occasionally up to 1,5 times the total height of a turbine. These results are in 

coherence with most theoretical models that are shown in the literature. A vital 

uncertainty in current research is exact knowledge on how large the actual risk is of fatal 

accidents per square meter around a wind turbine. It is generally accepted that the level 

of risk increases with a factor of 10 for every 50 meters one gets closer to the turbine 

base. However, the actual amount of strikes per square meter can vary by a factor of 

100.000 in different operation scenarios with different rotor technologies. There is a 

demand of more research to be conducted to draw clear conclusions on the risks. 

6.2. Ice throw mitigation methods 

When speaking with experts in the field, the ice throw mitigation methods can be 

divided into preferred and non-preferred mitigation policies. The preferred mitigation 

methods are related to international guidelines. The interviewed experts all emphasised 

the vitality of international guidelines to describe how to conduct a risk assessment, and 

how to interpret the assessment to be able to get the deep local understanding of the 

risks. The understanding is needed to take appropriate risk mitigation actions that fit the 

local context of the wind farm. 
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Until these scientifically founded international guidelines exist, it is to be expected that 

there are occasions in which authorities, developers or operators involved with a wind 

farm do not understand the ice induced risks for the public. Therefore authorities in 

various countries apply different policies to ice throw mitigation. In some cases this has 

led to the non-preferred mitigation policies. The non-preferred mitigation policies 

involve full restriction on operation during icing periods and restriction unless heating 

systems are applied. 

6.3. Effect of different scenarios 

The preferred scenario, based on international guidelines, involves a full assessment of a 

given site and could lead to a large variety of mitigation methods. Within the scope of 

this research it is not possible to determine all the mitigation options and to calculate the 

effects of these methods on the yield of a wind farm. In fact, many mitigation methods 

like warning systems would in essence not be yield-related. Therefore to be able to 

compare these kinds of methods with yield-related methods, a full financial analysis 

would have been needed including all investment costs and O&M costs related to the 

used methods and technologies.  

 

The non-preferred scenarios involve obliged turbine shut downs during icing or 

conditional restrictions on operation based on the used heating system. These were 

calculated to give indicative numbers of the amount of losses for each operation strategy. 

These results should be viewed as indicative, as assumptions have been applied to 

aerodynamic losses and losses due to technical motivations to pause operation. Also the 

energy costs of heating systems and their efficiency are based on assumptions and the 

calculations are based on the assumption that de-icing and anti-icing systems would 

make the blades entirely ice free, which is usually not the case in reality. The 

calculations were performed on 200 annual icing hours. In this icing climate scenario, 

the benchmark of allowed operation with no heating system caused annual ice induced 



 60 

yield losses of 1,22%. If operation during icing is not allowed, the losses would be 

2,28%. If heating systems are functioning according to their theoretical optimum 

performance, the losses when operating through icing would be 0,67% with de-icing and 

0,11% with anti-icing systems.  

6.4. Final conclusion 

Ice throw risks should be treated seriously, as the effect of a lethal accident could 

seriously harm the wind industry as a whole. A fatal accident could cause a shock effect 

among the public, which can lead to the rapid implementation of inappropriate risk 

mitigation policies. The worst case scenario is a forced shut down of any turbine during 

icing periods, independent of the local context. In the case wind farm, this would lead to 

losses of 2,28% on the annual yield, lost in winter times when the demand for electricity 

is at its highest. Therefore it would be less feasible to develop wind energy in icing areas 

when forced shut down policies would apply. The other non-preferred policies 

mentioned by experts are related to pre-scribed heating systems to gain permission for 

operation. This policy would harm the annual yield in a lower extend, indicative with 

0,67% annual yield loss using a de-icing system and a 0,11% annual yield loss using a 

hypothetical optimum performing anti-icing system. However, there has not been 

sufficient research confirming that operation with heating systems is safer than without, 

in reality it could be more dangerous. Next to that, one should also consider that the 

extra investment costs and O&M costs related to heating systems were not included in 

this study. 

 

The preference in terms of risk mitigation and the financial feasibility of wind power 

development is a focus on international guidelines on how to assess the risks on a local 

level, and how to mitigate them. International guidelines would serve a purpose to create 

a deeper understanding of the phenomenon, the risk assessment and its limitations 

among authorities, developers and operators. The guidelines would give the industry and 

the authorities something to fall back on and act upon. The optimal situation is that 
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resulting mitigation methods would depend on a standardised risk assessment process. 

While the process would in this case be standardised, the actions for risk mitigation 

would be diverse and locally applied. This could vary from active warning systems, to 

shutdowns in very specific combinations of icing and wind direction and conditions, to 

relocating turbines or roads. When the risks are understood by the stakeholders, 

appropriate measures can take any form and be applied to serve both the safety aspects 

and financial aspects of a wind farm. 
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APPENDIX A : Interview guide 

This appendix shows the interview guide that was used during the conversations with six 

experts. The interview guide has a function to introduce topics, rather than to be a 

question list. Therefore, there were many more sub questions that developed during the 

interviews. 

 

Questions:  
The interview is based on a semi-structured approach for qualitative research, meaning that 
each question introduces a topic on which the conversation within that topic can develop 
freely.   
  
How do you apply the methodology which is used in your research (mathematics, 
physics/aerodynamics/field study)?  
  
What are your main results so far (for example the covered areas, risk layout, prime weather 
conditions on which the risks occur, etc.)  
  
What could policymakers derive from your research? And what should ‘they’ do to your 
opinion?  
  
What developments in policies have you seen on a local, national and European level? On 
which aspects do these comply with or contradict to the suggestions from your research?  
  
Do you expect policy scenario’s other than your suggested policy? What would be the realistic 
worst-case and best-case policy scenarios for the wind industry?  
  
What would happen if a lethal accident would occur due to ice throw of a wind turbine? 
 
What would the mentioned policy(/policies) imply for losses or profit? 
 

 

 

 


