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Abstract— Kjeller Vindteknikk has developed a tool, IceRisk, 
to evaluate the risk of ice throw from wind turbines, with several 
major improvements. There are two main parts to the latest 
development; (1) implementing new modules and improvements 
to the software and (2) collecting ice pieces from the field to 
validate the model. 

The work was carried out in a research project “Wind Energy 
in Icing Climates”, led by Kjeller Vindteknikk and Norconsult, 
in collaboration with Fosen Vind, the Norwegian Meteorological 
Institute, Zephyr, Fortum, Fred Olsen Renewables and Hydro, 
with funding from the Norwegian Research Council. 
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I. INTRODUCTION

During periods with low temperatures and fog, rain or 
snowfall, ice can accrete on wind turbines. There is a risk 
associated with this, as the ice can fall or be thrown from the 
turbine blades and the turbine structure. The IceRisk model 
was developed to assess the risk of personal and property 
damage, and to help the operators deal with the risk. 

The IceRisk methodology was first introduced in a paper 
by Rolv Erlend Bredesen in [1]. The first version was ready in 
2014, and this paper presents the development of the new 
version of the tool, with several improvements. There are two 
main parts to the development; (1) implementing new 
modules and improvements to the software and (2) collecting 
ice pieces from the field to further validate the model. 

II. METHODOLOGY

The risk calculations consist of 4 steps, as shown in Fig. 1. 

Fig. 1 Main steps in the IceRisk methodology. 

A. Meteorological data 

The historical meteorological data for the site is created 
using an in-house WRF (Weather Research and Forecasting) 
model. All necessary parameters are extracted from the model, 
such as temperature, liquid water content and precipitation. 

B. Ice accretion 

The ice accretion is calculated using an in-house tool for ice 
accumulation. This method is presented in [2]. The model 
calculates the accretion of ice on the turbine blade as a time 
series based on input from the meteorological model WRF 
(Weather Research and Forecasting). This results in more 
accurate ice accretion on the blade, the possibility to calculate 

icing separately for each individual turbine, and to calculate 
the risk of ice throw not only as an average over the years, but 
also in the time domain. The ice accretion model has been 
calibrated toward CFD ice accretion models in a benchmark 
study [3] and was finally validated using data from 22 
operational wind farms. 

Using the output from the newest ice accretion model is one 
of the improvements in IceRisk, as discussed further in section 
E.  

C. Ice shedding 

The shedding of the ice is calculated using a newly 
developed model (see section F), where the mass and the 
timing of the falling ice pieces are calculated.  

D. Risk analysis 

When the physics are calculated, the evaluation of the 
results begin. The main output of the previous steps is a map 
showing the probability of ice throw around each turbine in 
the wind farm. For each step of the risk evaluation, Kjeller 
Vindteknikk uses the newest Norwegian standard NS 
5814:2021 [4]. This is a state-of-the-art standard for 
evaluating risk with a new and improved version from 2021. 

III. NEW DEVELOPMENT

The new development consists of three main parts, 
implementation of new ice accretion model, creation of a new 
model for ice shedding and calculating the risk in the time 
domain (previously based on average statistics). In addition, 
the used icing types have increased from freezing rain and in-
cloud icing to also incorporate wet snow accretion. The ice 
accretion on the tower structure is also included in the 
calculations. 

E. Ice accretion 

The ice accretion model consists of accretion, melting and 
sublimation. The ice is accreted on a rotating blade cylinder, 
ensuring that the relative speed between the air and the turbine 
blade is higher, which will have a large impact on the 
accretion, and that the meteorological parameters are 
evaluated across the swiped rotor area, i.e., at several heights. 

The formula for droplet accretion on the turbine blade is 
created using several external sources, in combination with 
findings from an in-house research project. 

Implementing the results from the newest ice accretion 
model gives several advantages. First, the model is validated 
with 22 wind farms, which gives it a higher accuracy of the 
results. A higher accuracy is also ensured by combining 
meteorological data for 20 historical years with a geographical 
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resolution of 3-4 km with 1 year data with a higher 
geographical resolution (0.5-1 km). This ensures that the local 
topography is better handled. In addition, the ice accretion is 
calculated per turbine, which creates a better picture of the 
overall risk in the wind farm. 

F. Ice shedding 

Ice shedding is a process where accumulated ice falls off an 
object – either due to dynamic forcing and/or weakened 
adhesion forces/ice structures due to melting or sublimation. 
The process is highly stochastic, and therefore inherently 
difficult to model deterministically. One goal of the “Wind 
Energy in Icing Climates” research project was therefore to 
integrate a probabilistic ice shedding function into the ice 
accretion model on which the ice risk calculations are based. 
The function is an adaptation of the ice shedding model for 
overhead power lines developed by Kjeller Vindteknikk 
through the ICEBOX research project. The model estimates 
the probability of ice shedding as a function of accumulated 
ice mass, ice density, wind speed and temperature for each 
time step. The function uses a logistic regression model 
originally based on an extensive dataset of observed ice 
shedding on overhead powerlines in Iceland. 

G. Risk in the time domain 

In the previous IceRisk versions, the historical data was 
used to create average statistics for the site, such as average 
wind statistics and average icing accumulations. With the new 
shedding model, ice throw is calculated per time step, with a 
corresponding probability. In this way, the wind speed and the 
rpm of the turbine can be directly coupled with the size of the 
ice pieces thrown. 

Calculating the risk of ice throw per time step has several 
advantages beyond a more accurate description of the risk. 
One major advantage is the possibility to couple the risk with 
the meteorological conditions. One example could be the risk 
for third persons on the internal roads as illustrated by 
different conditions in Table I. 

TABLE I. EXAMPLE OF RISK FOR THIRD PERSON IN A WIND FARM

Scenario 
Risk for third 

person 

Walks one time per day on the 
internal roads 

10-4 

Only walks in the day 10-5

Avoids wind speeds above 17 m/s 10-5

Only walks in the day at wind 
speeds below 17 m/s when it does 
not rain 

10-7

H. Wet snow icing 

There are three main reasons for icing: rain, snow, and fog 
/ clouds. Freezing rain and in-cloud icing have the highest 
impact on the aerodynamics around the blade, and therefore 
also on the energy loss due to icing. As shown in Figure 2, wet 
snow can accumulate on the nacelle and the tower. This will 
eventually fall off the turbine and represent a risk for people 
on the ground near the turbine tower. Wet snow can also 
accumulate on the blades near the hub when the turbine is in 
operation. Further out on the turbine blades the wet snow will 
typically slide off due to the movement of the blade before it 

can accumulate to dangerous amounts. However, if the turbine 
is standing still or rotating slowly, there is a potential that the 
wet snow can accumulate along the full length of the turbine 
blade.  

The accumulation of wet snow is highly dependent on the 
temperature, especially the wet-bulb temperature (temperature 
achieved by evaporating all water). The snow is only wet and 
sticky at temperatures around 0 degrees Celsius. For lower 
temperatures, the snow is dry and will not stick to the turbine. 
For higher temperatures, the precipitation will come down as 
water, which will slide off the turbine. The solid to liquid ratio 
gives an indication of the wetness of the snow, with 1 being 
dry snow. Previous experiences show that ice accretion mainly 
occur for a solid to liquid ratio between 0.5 to 0.995 for a wet 
bulb temperature above 0 degrees Celsius [5][6]. 

Fig. 2 Picture of wind turbine with wet snow. Photo credit: Øyfjellet 
wind farm, 12. November 2021, Egil Ragnar Hagen, 
Norconsult. 

I. Icing on the tower structure 

Icing on the tower structure will increase the risk around 
the turbine. As seen in Fig. 2, the wet snow has accumulated 
on the tower, creating a line on the side of the turbine which 
is exposed to the wind direction. Ice thrown off the blade will 
be the dominant risk factor but adding ice build-up on the 
tower structure gives a more accurate picture of the risk close 
to the turbine. The fall distances of ice pieces from the tower 
are shorter than the throw lengths of ice released from a 
rotating blade. 

Icing on the tower structure is included in the calculations 
as it can be important for the overall risk near the turbine tower, 
and it is especially important for creating risk mitigation 
strategies for service personnel. 
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J. Icicles 

Another new problem that has been raised during this work 
are icicles hanging from the nacelle. Fig. 3 shows a photo of a 
nacelle, where you can see the icicles hanging down from the 
side of the turbine. The icicles will form when snow on the 
roof melts due to temperature, solar radiation, or heat from the 
nacelle, and refreezes along the sides of the turbines. They can 
also form during periods of snowy weather when the airborne 
snow is melted in the radiator of the turbine cooling system. 
A possibility to include this in the risk calculations has been 
implemented. 

Fig. 3 Photograph of the nacelle, showing icicles hanging down 
from the side. Photo credit: Storheia wind farm – Norwegian 
Research Council R&D project: “Wind energy in cold 
climate”. 

K. Risk analysis 

Risk consists of more than calculations and numbers. The 
perception of the risk is dependent both on the communication 
of the risk and on personal factors for the recipient. To create 
easily understandable risk analyses and to ensure that the 
communicated risk leads to the proper amount of cautiousness, 
the reports from the risk analysis have been overhauled. To do 
this, specialists within risk assessment have been involved, 
and the reports are created to follow the Norwegian standard 
NS 5814:2021, with state-of-the-art demands to any risk 
assessment [4]. A brief description of the steps in the risk 
analysis is shown in Table II. 

TABLE II. OVERVIEW OF RISK ANALYSIS PROCESS FOLLOWING 

THE NS 5814:2021 [4], TRANSLATED FROM NORWEGIAN

Description Content 

Step 1: 

Boundaries of 
the assessment

 Objectives, requirements, and delimitation

 Define values to protect 

 Safety goals and risk acceptance criteria 

 Description of wind farm and systems to 
be evaluated 

Step 2: 

Hazard 
identification 

 Hazard identification, description of 
threats and occupancy of people 

 List of hazards to be assessed 

Step 3: 

Risk analysis 

 Evaluation of probability 

 Evaluation of consequences 

 Description of uncertainties 

 Description of the result of the risk 
analysis 

Step 4: 

Risk 
evaluation 

 Correlation between assessed risk and 
risk acceptance criteria 

 Consideration of alternative solutions 

 Do the uncertainties and the quality of 
risk assessment meet the requirements? 

 Risk mitigation 

L. Maximum consequence distance 

How far away from the turbine ice throw can occur is a 
reoccurring topic. It is important to differentiate between the 
maximum theoretical distance an ice piece can be thrown, and 
the shorter distance associated with negligible risk. This is 
shown graphically in Fig. 4. 

Fig. 4 Distance between the source of a possible accident and the 
surrounding buildings as a function of the level of risk [7]. 
Translated from Norwegian. 
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IV. COLLECTING ICE PIECES USING DRONES

To validate the model, information about the landing 
positions and sizes of ice pieces around wind turbines is 
needed. There are different methods that have been tested in 
the industry, where the most successful one up until now has 
been manually collecting and registering ice pieces. This 
involves a risk for the participants, and it is time consuming. 
In this work, a new method has been tested, using a drone to 
photograph the ground. 

Ice pieces landing on the snowy ground create craters in the 
ground, which can be detected on a picture. The high-quality 
pictures from the drone made it possible to identify the ice 
pieces on the ground and get information about the number of 
ice pieces and their location and size. Field data from ice 
pieces around wind turbines are rare, and the statistics shown 
will contribute valuable information to the actual risk of ice 
throw. The turbines studied are at the coast of mid-Norway 
close to Trondheim, in a wind farm called Storheia. The 
campaign was carried together with Fosen Vind. The drones 
are owned and operated by aersea, who delivered good quality 
photos. 

M. Hypothesis 

It is possible to derive the position and the size of ice pieces 
around the wind turbine from a high-resolution photograph of 
the ground surrounding the turbine. 

N. Method 

The drone campaign was carried out in four steps. First, the 
flight path of the drones was planned and tested during good, 
warm weather. Second, the drones are flown around the 
turbine after an icing event. An operational weather forecast 
was used to identify suitable situations, based on several 
factors, such as icing on the turbines, clear sky, and snow 
cover. Third, the drone photo is georeferenced, and quality 
checked. At last, the photo is manually inspected to identify 
crates in the snow, and to register the size of the craters. This 
indicates the position and size of the ice pieces. 

O. Site 

The campaign was carried out at Storheia vindpark, north 
of Trondheim in Norway. The turbines are Vestas V117-3.6 
MW and were commissioned in 2019. Some of the turbines 
are equipped with a de-icing system, but it is only usable 
during standstill. The turbines are located between 280 m and 
470 m above sea level. The turbine chosen for the drone 
campaign is located 468 m above sea level. The 
meteorological icing for the turbine is calculated to around 
4 %, which is in the IEA ice class 3. 

P. Results 

On the 2nd of February 2021, the conditions were optimal. 
The resulting photo for one of the turbines is shown in Fig 5. 
The turbine is shown in the left middle, indicated by a green 
dot, and the ice pieces are on the east side of the turbine. Each 
blue dot shows a manually digitized ice piece on the ground. 

The position and the size of the crater in the snow is 
registered for each ice piece. There were some challenges in 
the photo analysis. Some of the craters were clearly created by 
falling ice pieces. But in some cases, it was difficult to 
distinguish craters from rocks covered with snow or features 
created in the snow by the wind. In addition, the quality of the 

photos was varying, in some areas the photos were sharp, 
whereas in other areas they were a bit blurred, which affected 
the analysis. These difficulties have been registered through a 
quality flag for each ice piece. 

The size of the craters was registered to get an idea of the 
size of the ice pieces. There are some challenges with this 
method. Some of the larger ice pieces could have broken down 
to smaller pieces before hitting the ground, thus creating 
several smaller craters. In addition, the angle of attack could 
impact the size of the craters. 

The distribution of the ice pieces shows two things: (1) 
there was wind from the west during the icing event, carrying 
ice pieces towards east, and (2) due to the western wind 
direction, the blades of the turbine are positioned from north 
to south, and the ice pieces are thrown in these directions. 

Fig. 5 Drone photograph with the digitized ice pieces, the position 
of the turbine is indicated in green. 

Fig. 6 shows the landing positions aggregated of the ice 
pieces, with the turbine in the middle (black dot). As expected, 
the highest concentration of ice pieces is close to the turbine, 
with a few ice pieces reaching up to 200 m from the turbine. 

Fig. 6 Distribution of ice pieces around the turbine. 
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The distances from the turbine is an important parameter 
and Fig. 7 shows the number of ice pieces as a function of 
distance. Most ice pieces are within the tip height of the 
turbine (146 m), and no ice pieces were found outside of H+D 
(height + diameter) (204 m). H+D is often used as a 
rudimentary first assessment of the risk [8], and sometimes 1.5 
* (H+D) is used [9].  

Fig. 7 Number of ice pieces as a function of the distance to the 
turbine 

It is not possible to know the exact timing when the ice 
pieces shed. To make an assumption, the SCADA data from 
the turbine was investigated. The most plausible time for ice 
shed was sometime during the 31st of January, presumably the 
second half of the day. This was the only day within a week 
before the drone campaign, where the wind direction came 
from the west. Due to this, it is possible to assume that the ice 
shed on the 31st of January with a high probability. The wind 
rose from the SCADA data for this day is shown in Fig. 8. 

Fig. 8 Wind rose for the day of ice shedding from the SCADA data. 

The wind direction from the west is predominant, with 
wind speeds right above 10 m/s from the west-northwest 
sectors. The wind speed ranges from around 3 m/s to 12 m/s, 
with an average wind speed of 6 m/s. The highest wind speeds 
occur at the second half of the day. The rotations per minute 
(rpm) vary from around 2 to 14, with an average of 9. The 

temperature ranges from between 0 and -4 degrees Celsius. 
The ice amounts calculated from the meteorological model 
data for this day ranged from 4 to 8 kg of ice per meter of blade. 
However, there were no icing signals from SCADA for this 
situation.  

Q. Conclusion 

It is possible to identify both position and size of the ice 
pieces on the photographs. The method is highly dependent on 
good weather conditions, with sunshine, low winds and snow 
cover following an icing event. Under these circumstances, it 
is a cost effective and safe way to gain experience and 
validation data of ice pieces. 

If it is assumed that all ice pieces on the ground are shed 
after one icing event on the 31st of January, the ice pieces 
travel far downstream from the turbine. With the highest wind 
speeds at around 12 m/s, the ice pieces are brought 200 m from 
the turbine, which is almost the distance of H+D (204 m). 

There are a couple of limitations to the method. First, it is 
not possible to know at what time of the day the ice shed and 
what the exact weather conditions were. The ice pieces 
surrounding the turbine could also accumulate during several 
icing events, and it is not possible to distinguish between them. 
In addition, the weather restrictions limit the possible events 
and the likelihood of success and usable photos from the drone. 
The photo analysis also has challenges, such as clearly 
identifying a crater created by an ice piece, the lighting on the 
photograph and determining the size of the ice pieces. 

V. MODEL VALIDATION

The goal of the IceRisk model is to represent the measured 
ice pieces on the ground. The validation was performed by 
running the IceRisk model with the climatic conditions from 
31st of January as input. Especially the wind speed and wind 
direction are driving parameters for the throw length and the 
shape of the risk area. 

One of the main parameters in the model is the ratio of area 
over mass (A/m). This parameter was created to normalize the 
results from several sources of validation data, leading to less 
variation between them. For more information about the ratio 
of area over mass, see [10] and [11]. 

The ratio of A/m usually ranges from around 0.008 up to 
0.4, with the dominant part of the distribution well below 0.2. 
Larger values of A/m (0.3 – 0.4) represent an uneven ice piece, 
with the area chosen as the largest frontal area. Compared to a 
cubic ice piece, the A/m for these uneven ice pieces is 
typically 250 % larger [10].  

A ratio of 0.24 was proven to give the results best fitted to 
the validation data. The simulated risk area for this ratio is 
shown in Fig. 9. The ratio of 0.24 gives larger, lighter ice 
pieces, which are carried by the wind downstream. The shape 
of the risk area in the simulation shows more ice pieces 
downstream, and less ice pieces thrown sideways from the 
turbine. 

There is an uncertainty associated with the results. For 
example, the landing positions northeast of the turbine could 
be caused by sideways throws during winds from the north-
western sector. The resulting A/m would then be below 0.24. 
To account for these and other uncertainties, several sources 
of A/m distributions are used in the simulations. The 
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validation data from previous campaigns include more 
compact pieces (A/m well below 0.2). 

Fig. 9 Simulated risk of ice throw for the test turbine using 
modelled wind statistics from 31st of January. The x- and y-
axes show distance from the turbine in meters.  

The limit of H+D has not been exceeded in a high-quality 
validation campaign. However, the results in this paper show 
ice pieces identified near the H+D limit, with a maximum 
wind speed for the day of only 12 m/s. This could lead to one 
of two conclusions: (1) some of the ice pieces are left from a 
previous icing event, where the wind speeds were higher or (2) 
the current state-of-the-art models for ice throw are 
underestimating the throw length of the ice pieces downstream 
and regarding H+D as a rough estimate for a maximum throw 
distance is probably not sufficient. 

The validation of the model is shown in this example for 
one icing event on one turbine. The data collection campaign 
from the drone has provided valuable data from several 
turbines in Storheia, both from the winter 2020 / 2021 as well 
as from the winter 2021 / 2022. This data will be included in 
the validation, and the model will be calibrated accordingly. 

VI. CONCLUSIONS AND OUTLOOK

R. Conclusions 

The drone campaign provided valuable validation data for 
the ice throw model. Using the data gathered from the winter 
2020 / 2021 and the winter 2021 / 2022, the pool of validation 
data will grow significantly. Proper validation data has been a 
weak point in the industry, and this drone campaign will 
supply good quality validation data to raise the quality of ice 
throw calculations. Norconsult is part of the IEA task 19 group, 
where the ice throw validation data is a part of creating the 
industry standards for ice throw. 

The validation data showed a significant amount of ice 
pieces downstream behind the turbine. The best suited ratio of 
area of mass (A/m) to fit with the measured data is 0.24. These 
larger / lighter ice pieces are usually a small part of the 
distribution of ice pieces in the throw models. This leads to 
the conclusion that the drift of ice pieces downstream is 
underestimated in the state-of-the-art models and that the 
distribution of A/m should be adjusted accordingly. The 
thumb rule for maximum throw length of H+D might not be 

sufficient, but this will be further evaluated with new 
measurement data. 

S. Operator experiences 

Ice on the turbines, including ice and icicles on the nacelle, 
limit the access to turbines for service during winter causing 
increased stops and delayed services. It is often difficult to 
inspect visually if there is ice on the blades or on the nacelle 
due to visibility issues and darkness during the winter months. 
Particularly for nacelles with a flat roof such as seen in Fig. 3 
it is not possible for the service personnel to determine if ice 
or snow is present on the roof. Often the service personnel are 
advised to yaw the turbine to avoid entering the turbine 
underneath the turbine blades, however, this causes the turbine 
entrance to become more exposed to ice falling from the 
nacelle.    

T. Future work 

The work on the risk assessments is not finished, and there 
are several interesting topics for the future. One of the 
upcoming topics is ice falling from the nacelle. This includes 
ice forming on the outside of the nacelle, icicles created from 
snow on the nacelle roof and how the ice behaves based on the 
heat generated from the nacelle. This work has already been 
started, but more work is needed for development and 
validation. 

As the risk of ice throw can be calculated per time step, the 
risk assessment can include different weather scenarios, as 
explained in chapter G. This should be further explored, to get 
a more accurate picture of the risk. 

The latest work has focused on the risk for third persons, 
i.e., private people visiting the park. In the upcoming work, 
the first persons, i.e., the workers in the park, will get more 
attention.  
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