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Abstract 
Wind power will play a major role in the future energy system in Sweden. Most of the major wind 
parks are planned to be built in sites where the cold climate and atmospheric icing can cause 
serious problems. This underlines the importance of addressing these issues. The major cause of 
these problems is in-cloud icing of the rotor blades due to super cooled liquid droplets of clouds. 
The droplets freeze upon impact with the rotor blade and form hard rime ice. This rime ice causes 
disruption in the aerodynamics that leads to production losses, extra loads on the rotor blades and 
when the ice is shed it poses a safety risk to people in the near environment. This master thesis 
focuses on how to measure the accretion of ice and the correlation between measured ice and 
production losses of two wind parks in northern Sweden. 
 
The results show a good correlation between the ice accretion on a stationary sensor and the 
production loss from a wind turbine. In most icing events the icing of the sensor and large 
production losses from the wind turbine correlated clearly. Attempts to quantify the production 
losses at a certain ice rate measured with the stationary sensors was done, however no clear results 
was produced. The reason for this is that the wind turbines often stop completely during an icing 
event and that the time series analyzed was too short to be able to quantify the losses at certain 
wind speed and ice rates. 
 
Recommendations on the type of sensor which should be used was to be produced, however the 
conclusion was that no single sensor has acted satisfactory and could be recommended to measure 
ice accretion for wind turbine applications. Due to this, at least two sensors are recommended to 
increase the redundancy in the measurement system. Modeling ice accretion with standard 
parameters measured has been done and the results show that the time of icing could be 
determined quite well when the sensors was ice free, however when the sensors and especially the 
humidity sensors was iced the time of icing was overestimated.  
 
The main conclusion drawn is that there is a clear relationship between the icing of a stationary 
sensor and the rotor blade. There is still no which fulfills all demands of measuring ice accretion 
for wind turbine applications, further it is possible with simple models to roughly determine when 
icing occurs with standard measurements.  
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Sammanfattning 
Vindkraft kommer att spela en viktig roll i det framtida energisystemet i Sverige och de flesta stora 
vindparker är planerade att byggas i den norra delen av Sverige där det kalla klimatet kan vara ett 
problem. Det främsta problemet orsakat av kallt klimat är nedisning av vindkraftverksbladen på 
grund av underkylda vätskedroppar i låga moln. Dessa fryser till hård rimfrost när de kolliderar 
med vindkraftsverksbladen. Denna rimfrost leder till störningar i aerodynamiken vilket leder till 
produktionsförluster, extra belastningar på rotorbladen och när isen släpper utgör den även en 
säkerhetsrisk för människor i närheten. Detta examensarbete fokuserar på hur ansamlingen av is 
mäts och sambandet mellan uppmätt is och produktionsförluster vid två vindparker i norra Sverige. 
 
Målet var att rekommendationer angående sensorer skulle tas fram, dock kan man konstatera att 
ingen enskild givare har agerat tillfredställande och kan rekommenderas att mäta isbeläggning. På 
grund av detta bör minst två sensorer användas för att öka redundansen i mätsystemet. 
Modellering av isbeläggning med hjälp av standardmätningar så som luftfuktighet, vindhastighet 
och temperatur genomfördes. Resultaten från dessa simuleringar visar att tidpunkten för isbildning 
kunde bestämmas ganska bra när sensorerna var isfria. Stora problem med nedisade luftfuktighets 
sensorer ledde dock till att nedisningstiden överskattades. För att undvika detta bör uppvärmda 
sensorer användas. En rekommenderad uppvärmd sensor för mätning av luftfuktighet är Vaisala 
HMT337. 
 
Korrelationen av isbeläggning på en stillanstående sensor och produktionsförluster från 
vindkraftverk var god. Vid de flesta tillfällen av ispåläggning av sensorn sjönk produktionen 
markant med stora produktionsförluster som följd. Försök med att storleksbestämma 
produktionsförlusterna vid vissa ispåläggningshastigheter och vindhastigheter gav inga tydliga 
resultat då vindkraftverken ofta stannade helt vid ispåläggning och på grund av relativt korta 
tidsperioder som studerades.  
 
De slutsatser som dras av detta examensarbete är att det fortfarande inte finns någon sensor för 
mätning av is som uppfyller alla krav för mätning av nedisning av vindkraftverk. Vidare kan man 
dra slutsatsen att det är möjligt att med hjälp av enkla metoder simulera tidpunkten för nedisning 
med hjälp av standardmätningar, om dessa är korrekta. Huvudslutsatsen från detta examensarbete 
är dock att det finns ett tydligt samband mellan nedisning på en stillastående sensor placerad på 
maskinhuset eller i närheten av ett vindkraftverk och produktionsförluster troligen orsakade av 
nedisning av vindkraftverksbladen.  
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1 Introduction 

Wind power will play a major role in the energy system of the future if the goals which have been 
set by the Swedish government are met. The contribution of the wind power which is planned to 
be built to 2020 is up too 30 TWh, which corresponds to about 19.5% of the annual total electricity 
production in Sweden. To meet this goal wind park projects situated in sites where cold climate 
issues are relevant must be considered, as much as 30 TWh of 54 TWh is planned in places where 
cold climate is an issue1. There are also many large projects in Sweden that is planned to be built 
on hilltops of 300 meters above sea level or more, this further increases the risk of icing. 
 
Cold climates sites are defined as sites where the temperature can drop below the operational 
limits of the wind turbines or sites where icing can occur. Today about 26% of large wind parks 
above 10MW is situated in the northern part of Sweden where you could assume that cold climate 
could be an issue. The power of this part is 97 MW. There are currently about 437 MW (of wind 
parks above 10MW) that are under construction in Sweden, about 85% of these are situated in cold 
climate sites2. This shows the importance of increasing the understanding of cold climate issues 
and addressing these in the right manner.  
 
This master thesis is preformed in the organization Skellefteå Kraft AB, which is one of the major 
energy companies in Sweden. Skellefteå Kraft is currently building a wind park consisting of 10 
wind turbines at a site where cold climate is a serious issue. There are further plans of building 
other wind parks in cold climate sites. The largest project that has been granted all permissions is 
the Blaiken project located in northern Sweden at an elevated position with good wind conditions. 
Icing is believed to be an issue at this site and therefore Skellefteå Kraft AB has interest in 
increasing the knowledge in the subject. 
 
This master thesis focuses on the ice accretion part of the cold climate definition but some 
problems due to low temperatures will briefly be discussed. The purpose of this master thesis is to 
increase the knowledge in the subject wind power in cold climates with the focus on the 
correlation between stationary ice sensors and ice accreted on moving rotor blades. To achieve this 
the following goals are to be met: 

• Perform a literature study on the subject Wind power in cold climates with focus on 
sensors to measure ice accretion. 

• Evaluate if simple standard measurements can be used to predict icing. 
• Find the correlation between ice measured on a stationary sensor and ice accreted on a 

moving rotor blade, the presence of ice on the rotor blade will be assumed when 
production losses are present. 

 
This is done by a theoretical literature study and an experimental part where data from icing 
measurements at two wind parks in northern Sweden were studied. 

1.1 Scope 
The scope of this master thesis is to study methods and sensors to measure ice accretion on large 
wind turbines. This is done by analyzing meteorological parameters measured on top an operating 
wind turbine or a met mast, the output from an ice detector and the power produced by the wind 

                                                 
1 Ronsten G.(2010), “IEA RD&D Wind Task 19 - Wind Energy in Cold Climates” , presentation at VinterVind 2010 
Piteå 
2 http://www.svenskvindenergi.org/files/Karta_09_09_01_red_blue.pdf, 2009-11-18 
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turbine. Two wind parks situated in northern Sweden are analyzed, none of them equipped with 
anti/de-icing equipment. 
 
The work has been performed in the organization Skellefteå Kraft AB, which is one of the largest 
energy companies in Sweden. The duration of the work is 20 weeks or a semester of full time 
studies.  

1.2 Target readers 
The main target readers of this master thesis are people with experience in wind power and wind 
power in cold climate. However people with little or no background knowledge in the subject 
should be able to comprehend the contents of the report since background knowledge needed is 
presented in §2 Background, §3 Theory and §4 Technical description of ice prevention systems 
and ice detection. 

1.3 Methodology 
The current state of knowledge on wind power in cold climates is first summarized by a literature 
study. In this literature study, most parts of the problems due to cold climate are briefly presented 
and measurement methods of ice accretion discussed.  
 
The experimental study preformed in this master thesis is done by analyzing data on 
meteorological parameters, icing measurements and power produced at two wind parks situated in 
the northern part of Sweden. The data analysis was mostly preformed in MATLAB, which is a 
high-level programming language and software. 
 
The period analyzed at one of the parks was the winter 09/10 until the beginning of February. The 
data from the other park covered the winter 08/09 and 09/10 until the middle of mars.   

1.4 Outline 

This first chapter includes a general description of the thesis and information on the paper. 
 
Chapter two of this report provides the background needed to comprehend the results and analysis. 
The intention of this section is to provide background information on wind power in general and 
cold climate issues in particular for readers with little or no knowledge of the subjects. 
 
Chapter three consists of a description on the theory of ice accretion with focus on a physical 
model used to describe ice accretion. Parameters that are important in ice accretion and for 
different types of ice are discussed. This section is followed by a technical review of ice detection 
and ice preventions systems and technologies. This might be interesting to people with knowledge 
in wind power but with little experience of cold climate issues.  
 
In chapter five the methodology of the experimental part of this master thesis is presented. This is 
followed by a presentation of the results. The results are divided into three major parts, 
measurement recommendations, the use of a simple model predict ice load and ice occurrence and 
finally the correlation between ice measured on stationary ice sensing devices and production 
losses from a wind turbine. 
 
The results are discussed in chapter seven and this includes a general discussion of the results and 
the limitations in the study. This chapter is followed by chapter containing the conclusions drawn 
and a recommended plan of action. Finally, the references are presented and followed by 
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appendixes. The appendixes are extensive and contains figures which shows icing events at both 
sites (for one selected wind turbine due to the large amount of figures). 
 



 Master thesis in engineering physics 2010-11-18 

Viktor Carlsson  

Ht 2009 

Master thesis, 30 hp 

Master of Science programme in Engineering Physics, 180 hp 

2 Background 

This chapter describes wind power in general and wind power in cold climates. The first part 
which describes wind power in general is intended for people with little or no background 
knowledge in wind power and the second part is intended for people with some knowledge in wind 
power but little experience in cold climate issues. 

2.1 Wind power 
The history of producing electricity with wind power started in the late 19th century when the first 
windmill that produced electricity was invented. The development of wind turbines continued in 
Denmark and in 1957 a grid connected wind turbine with the power 200 kW was put into 
operation. A large 1.25 MW prototype grid connected wind turbine was produced in US in 1940:s. 
However, it took until the end of the oil crises in the 1970:s before the interest in large-scale grid 
connected wind power started to develop. The number of grid connected wind turbines and size 
has increased rapidly during the last years. This can be seen in the global installed capacity that 
has increased from 20 GW in the year 2000 to about 120 GW in 2008. 

 
Figure 1.  The installed wind-power capacity as a function of time3. 

2.2 Wind characteristics 
This section summarizes some of the important aspects of wind and the energy in the wind. 

2.2.1 The power of the wind 
The power of the wind is expressed by 

3

2
1

AvP ρ=  (1) 

 
, where ρ is the density of air, A is the swept area and v is the wind speed. 
  
As can be seen in Eq.1 a small change in the wind speed produces a large change in the power of 
the wind. This underlines the importance of choosing the site with the best wind conditions when 
planning a wind park. However, one must take in consideration the distribution of the wind at the 
specific site. The wind often follows a Weibull distribution seen in Fig. 2 below.  
 

                                                 
3 http://www.gwec.net/index.php?id=13, 2009-11-09 
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Figure 2. Probability density function of a Weibull distribution with the mean speed 7 m/s and standard deviation 3.5 

m/s. 

2.2.2 Turbulence 
Turbulence is a measure of the occurrence of short-term changes in the wind speed, caused by 
turbulent flows in a point. The turbulence intensity is often defined as the ratio of the variance and 
the mean value of the wind speed for a specific time, often 10 minutes. If the time is longer, long-
term fluctuations of the wind speed will contribute to the turbulence intensity and if the time is 
shorter, there is a chance that the turbulence is overestimated.  

2.2.3 Wind shear 
Air experiences a friction (shear) from the ground when it travels with the wind. This friction is 
dependent on the roughness of the ground. If the roughness is low, i.e. a plain grass field, the wind 
will be less affected compared to when the roughness is high, i.e. dense forest. At a certain height 
above the ground level the wind can be considered unaffected. This means that the wind speed at 
ground level may be low and increase with the height to a maximum.  

2.3 The wind turbine 
A wind turbine converts the kinetic energy of the wind to mechanical energy that is converted to 
electrical energy. The kinetic energy is captured by the rotor blades that are shaped to produce lift 
due to the air-foil shape. The amount of power taken from the wind can be adjusted by adjusting 
the pitch of the blades, this is done in most modern wind turbines. The wind will force the blades 
to rotate and drive a shaft. The frequency of the rotation of the shaft can be altered by a gearbox or 
used directly in a generator depending on the type of generator. Mechanical energy of the shaft is 
converted to electrical by the gearbox. Both the gearbox and the generator are situated in the 
nacelle, the machine house, which also contains all the necessary equipment to monitor and drive 
the wind turbine. Electric energy from the wind turbine is then transformed into other voltages 
before being connected to the major grid. The wind turbine is monitored by the SCADA system 
(Supervisory Control And Data Acquisition) which allows for remote operation.  
 
The nacelle sits on a tower that can be of different types, i.e. tubular steel tower, truss tower or 
concrete towers. Tubular steel towers are however the most common ones used, almost all wind 
turbines in Sweden is built with on this towers. The towers of modern wind turbines are often 
above 80 meters high. 
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A wind turbine has got a rated power curve delivered by the manufacturer. This power curve 
describes the power output of the wind turbine at different wind speeds, an example of a generic 
power curve is shown in Fig.3. This power curve is given for certain densities of air. 
 

Example of power curve

0%

20%

40%

60%

80%

100%

0 5 10 15 20 25 30

Wind speed [m/s] 

P
a
rt

 o
f 

m
a
x
im

u
m

 o
u
tp

u
t

 
Figure 3. The power output from a generic multi-megawatt wind turbine as function of wind speed.   

2.4 Wind power in cold climates 
Wind power in cold climates can be defined according the following statements4: 

• Sites where the temperature can drop below the normal operational limits for standard 
wind turbines (-20oC). 

• Sites where ice accretion occurs. 
 
This master thesis focuses on the ice accretion part of the cold climate definition but some 
problems due to low temperatures will briefly be discussed in §2.4.1. 

2.4.1 Problems observed due to low temperatures 

2.4.1.1 Mechanical problems 

Low temperatures causes a variety of problems such as oils and lubricants that thicken, LCD 
display that freezes, condensation on circuit boards, fragile welds of the steel tubing and cold 
working environment in the nacelle. These problems can all be solved by different techniques and 
choices of materials. There exists “Cold-Climate kits” which solves most of these problems. These 
kits often contains solutions for the control system, sensors (wind speed and direction), yaw 
system, gear box, heating of the nacelle (for the working environment) and proper choice of 
materials such as the right steel and lubricants (oils, greases and hydraulics). 

2.4.1.2 Extra load due to high air density 

The air density is dependent on the temperature, at low temperatures the air is denser than at high 
temperatures. The energy of the wind is dependent on the density of air according to Eq. 1, which 
means that the wind at low temperatures has higher kinetic energy than warm air. The power curve 
(the power as a function wind speed) of a wind turbine is defined at a certain air density. This 
power curve is not valid if the air density deviates from the rated density. The wind speed is 
measured at top of nacelle and is used to control the pitch of the rotor blades. If the density of air is 
                                                 
4 IEA Task 19 – Wind Power in Cold Climates, ”Wind Energy projects in Cold Climate”, p. 8 



 Master thesis in engineering physics 2010-11-18 

Viktor Carlsson  

Ht 2009 

Master thesis, 30 hp 

Master of Science programme in Engineering Physics, 180 hp 

much greater than normally, the control system of the wind turbine will give a stall and pitch that 
will lead to a much higher power output than listed by the power curve. The overloading of the 
wind turbine can lead to extra loads on the generator and transformer and causes fatigue.    

2.4.2 Problems observed due to icing 

2.4.2.1 Complete stop due to icing 

A possible scenario in heavy icing conditions is a complete stop of a wind turbine. The ice 
accreted on the rotor blades will cause aerodynamic imbalances, which leads to vibrations in the 
wind turbine. When these vibrations reach a critical value the turbine is forced to stop to prevent 
damages. An example of this was reported at Äppelbo in Sweden. A 900 kW NEG-micron wind 
turbine is situated at the site. Icing of the blades has caused several stops, in the winter of 2002-
2003 the turbine was stopped 7 weeks5. 
 

 
Figure 4. The production of the wind turbine in Äppelbo (Sweden) in relative to the same type of turbine without 

icing problems.  
  

2.4.2.2 Disruption of aerodynamics 

Ice accretions on airfoils leads to an increase in the drag coefficient and decrease in the lift 
coefficient and an increase in the drag coefficient. In aviation it has been shown that ice accretion 
on the wings can lead to up to 30% decrease in the lift coefficient and 50% increase of the drag 
coefficient6. 
 
Models to estimate the losses at a certain ice load have been suggested and a model can be seen in 
Fig. 5 below. 

                                                 
5 Ronsten G (2004), Elforsk rapport 04:13 ”Svenska erfarenheter av vindkraft i kallt klimat – nedisning, vindkast och 
avisning”, p. 40 
6 Barber Sarah et. Al. (2009), “The effect of ice shapes on wind turbine performance and aerodynamic behaviour”, 
p.1, IWAIS 2009 
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Figure 5. A model of the power output dependent on both the wind speed and ice load.7 

 
Measurements that have been conducted show that ice accretion can disrupt the aerodynamics and 
reduce the reduce power production with up to 22.2% for small amounts of ice accreted and lead 
to a 100% power loss when large amounts of ice is accreted8. Further it has been shown that tip of 
the rotor blade is most sensitive to ice accretion in respect of the power production. The effect on 
power production if the outermost 5 % of the rotor blade is iced is the same as when about 75-95% 
of the rotor blade is iced (for small amounts of accreted ice)9. This shows the significance of 
keeping the outermost part of the blade free of ice. Further is has been shown that, for small 
amounts of accreted ice, only ice on the outermost 25% of the rotor blade give a significant 
contribution to the power loss.  

2.4.2.3 Increased fatigue due to imbalance 

Ice accretion on the rotor blades can cause mass imbalances that lead to shortening of the lifetime 
due to the increase in vibrations and loads. The tower suffers from extra bending loads when the 
blades are iced and the lifetime of the blades them self can be affected due imbalances10.   

                                                 
7 IEA Task 19 – Wind Power in Cold Climates (2009), ”Wind Energy in Cold Climate”, p. 20 
8 Barber Sarah et. al. (2009), “The effect of ice shapes on wind turbine perfomance and aerodynamic behaviour”, p.7, 
IWAIS 2009 
9 Ibid. p.8 
10 Frohboese P. (2007), “Ice Loads on Wind Turbines”, proceedings of EWEC 2007  
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Figure 6. The Fourier transform of the frequency of oscillation of a tower bottom for the ice loads 0kg, 25, 50, 75 kg. 
The blue curve corresponds to 0 kg additional ice load, the green curve to 25 kg, the yellow curve to 50 kg and the red 

curve to 75 kg11. 

2.4.2.4 Ice shedding hazard 

The leading edge of a rotor blade on a wind turbine in operation can collect ice and will drop this 
off regularly, depending on the aerodynamic and centrifugal forces working on the ice. When the 
accreted ice is shedded from the blade it can cause a hazard to people in the vicinity and cause a 
threat to damage other wind turbines in the vicinity.  
 

 
Figure 7.  Ice fragments from a wind turbines. From the left: Glaze ice from a MW turbine, glaze and rime ice from 

500 kW turbine12.  
 

The throwing distance of an ice fragment is determined by the geometry of the ice fragment, the 
rotor azimuth, the rotor speed, the local radius and the wind speed. This means that the size of the 
risk zone must be determined by the mass and size of the ice fragments as well as the wind turbine 
parameters such as hub height and rotor diameter. Observations show that the ice fragments will 
not hit the ground as long slender solid parts but will break of immediately after shedding yielding 
small ice fragments. The results for such simulations can be seen in Fig. 8 below. 
 

                                                 
11 Homola M.C (2005),”Impacts and Causes of Icing on Wind Turbines”, Narvik University College, p. 5 
12 Siefert H et. al. (2003), “Technical requirements for rotor blades operating in cold climate”, p.3 
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Figure 8. The results from simulations of ice throw. Left figure13 and the right figure14. 

 
If one would consider all wind directions a circle were ice thrown from the wind turbine could 
land is formed. A simple equation to determine this circle has been proposed15 according to  
 

( ) 5.1⋅+= HDd  (2) 

 
where d is the radius of the circle in meters, D is the rotor diameter and H is the hub height.  
 
In a similar fashion an equation to determine the risk zone for ice throw from a wind turbine 
standing still can be expressed by 

( )
15
2/ HD

vd
+

= . (3) 

where v is the wind speed in meters per second at the hub height. 
 
By putting in a hub height and rotor diameter from a generic multi-MW wind turbine with the hub 
height of 105 meter and the rotor diameter of 90 meter a risk zone of 285 meters at operation and 
150 meters at standstill (wind speed 15 m/s) is proposed. This however can only be seen as a 
rough estimate of the risk zone and detailed calculations must be done if placing a wind turbine 
near public areas. 

2.5 Present recommendations for ice detection 
IEA (International Energy Agency) has developed recommendations for wind power in cold 
climate. This has been done by an expert group on the subject under the Task 19 “Wind Energy in 
cold climate” program16. The recommendations for ice detection are that an ice detector should be 
used for site measurements. Further it is recommended that a heated and an unheated anemometer 
should be installed as a rough estimate of the icing occurrence (see §4.2.2.2). Acquiring 
information on the cloud base height is also recommended since in-cloud icing is believed to be 
the main cause of ice accretion in Sweden. A dew point detector could be useful since the frost 
point usually is close to the air temperature in in-cloud icing.  
 

                                                 
13 Siefert H. et. al. (2003), “Risk analysis of ice throw from wind turbines”, p.4-6 
14 Battisti L et. al. (2006), “Sea ice and icing risk for offshore wind turbines”, p. 7 
15 Siefert H. et. al. (2003), “Risk analysis of ice throw from wind turbines”, p.4-6 
16 Laakso T. el al. (2005), ”Wind Energy Projects in Cold Climates”, p.16, IEA Task 19 
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3 Theory of ice accretion 

The theory of ice accretion are presented and described in this chapter, based on the physical 
model presented in the current ISO-standard 12494.  

3.1 Different types of ice and their properties 
Atmospheric icing is usually defined in three different formation processes17: 
 

1. Percipation icing 
a. Wet snow 
b. Freezing rain 

2. In-cloud icing 
a. Rime 

i. Hard rime 
ii. Soft rime 

b. Glaze 
3. Hoar frost 

 
Percipation icing is ice that forms due to percipation, the cause of in-cloud icing are super cooled 
liquid droplets in clouds and hoar frost is formed when water vapor in the air sublimates into ice. 
The main types that are of interest for wind turbine applications are percipation icing and in-cloud 
icing, and the main part of the atmospheric icing in Sweden is due to in-cloud icing. The density 
and persistency of hoar frost is too low to affect the power production of a wind turbine. 
 
The amount of accreted ice on a structure depends on several factors but the most important is the 
temperature, humidity and of course the duration of the ice accretion process. Dimensions of the 
structure also play a significant role in the ice accretion process and the amount of accreted ice. 
The properties of the different types of accreted ice can be seen in the table below. 
 

Table 1.  The properties of accreted atmospheric ice. 
Properties of accreted atmospheric ice 

Type of ice Density 

[kg/m
3
] 

Adhesion 

& 

Cohesion 

Color Shape 

Glaze 900 Strong Transparent Evenly 
distributed/
icicles 

Wet snow 300-600 Weak 
(forming), 
strong 
(frozen) 

White Evenly 
distributed/
Eccentric 

Hard Rime 600-900 Strong Opaque Eccentric 
pointing 
windward 

Soft Rime 200-600 Low to 
medium 

White Eccentric 
pointing 
windward 

                                                 
17 ISO 12494:2001, ”Atmospheric icing of structures” 
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Besides the properties mentioned in Table 1 other parameters such as comprehensive strength, 
shear strength etc. can be used to describe the accreted ice. In practice often mixtures of different 
types of ice is formed on a structure. However, from an engineering point of view the types of ice 
do not need to be described in further detail. The different types of ice may form in under different 
meteorological conditions. The conditions can be seen in Table 2 below. 
 

Table 2.  Meteorological parameters for which different types of ice are formed.  
Meteorological parameter for accretion of ice 

Type of 

ice 

Air 

temperature 

Wind 

speed 

Droplet 

size 

Water 

content 

in air 

Typical 

event 

duration 

Perception ice 

Glace 
(freezing 
rain or 
drizzle) 

-10<T<0 Any Large Medium Hours 

Wet 
snow 

0<T<3 Any Flakes Very 
high 

Hours 

In cloud icing 

Glaze See Fig. 9 See Fig. 
9 

Medium High Hours 

Hard 
rime 

See Fig. 9 See Fig. 
9 

Medium Medium Days 

Soft rime See Fig. 9 See Fig. 
9 

Small Low Days 

 
In-cloud icing occurs when small super-cooled droplets, which has got a temperature below 
freezing, hits a structure and freezes upon impact. These super-cooled droplets are what make up 
clouds. It has been shown that the droplets can remain liquid down to -35oC. 
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Figure 9.  Separation between different ice types. The curves are shifted to the left with decreasing object size and 

increasing liquid water content.  

3.1.1 Glaze 
Glaze is formed by freezing rain and by in-cloud icing in temperatures close to zero degrees and 
with high liquid water content. The ice accretion from glaze is normally smooth, transparent and 
evenly distributed over the surface of a structure. Icicles can be formed due to glaze and the shape 
will then be asymmetric. If ice on an object is melted, e.g. by a de-icing technique, and then 
refrozen the new ice formation is often called run-back ice. The run-back ice often forms dense 
glaze ice. In Fig. 10 below an example of run-back ice formation due to insufficient heating of a 
wind turbine rotor blade is illustrated.  
 

 
Figure 10. Run-back ice on a wind turbine rotor blade simulated by TURBICE18. 

 

                                                 
18 Makkonen L. et. al. (2001), “Modelling and prevention of ice accretion on wind turbines”, WIND ENGINEERING 
VOLUME 25 , NO. 1, p. 3–21 
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Glaze can also be formed in freezing rains. Freezing rains can occur when a temperature inversion 
e.g. caused by a warm front is present. When warm air meets cold denser air it is sometimes forced 
above the cold dense air this creates a temperature inversion. If snow starts to fall on a high 
altitude it might melt into liquid water in the warm air layer. When the liquid water passes through 
the cold layer of air near the earth surface it cools down to temperatures below freezing due to 
super cooling effects. When this super cooled rain hits the surface glaze is formed. 

3.1.2 Wet snow 
Wet snow can be able to adhere to a surface of a structure and if a temperature drop follows the 
percipation the snow will freeze. The density, adherence and shape of the frozen snow will vary 
greatly and depends on the wind speed and the fraction of melted water in the wet snow among 
other things. Wet snow accretion happens at temperatures close to zero degrees Celsius. 

3.1.3 Rime 
Rime ice is the result of dry ice accretion meaning that the water droplets freeze immediately on 
impact with the structure. This is the most common type of in-cloud icing and forms eccentric ice 
shapes on the wind ward side of a structure. Depending on the liquid water content in the air, the 
size of the water droplets, the wind speed and the temperature soft or hard rime will be formed. 
 
Rime ice accretion is most severe on freely exposed mountains or in mountain valleys where moist 
air is forced through passes. The air is lifted and the wind speed is increased over the mountain 
causing rime to form. The accretion of rime is dependent not only on the parameters mentioned in 
Table 2 but also on the dimension of the exposed object, a larger object is will have a lower ice 
accretion rate. 

3.1.4 Hoar Frost 
Hoar frost is formed when water vapor sublimates to ice. This happens at very low temperatures 
and will form ice with a very low density, which is normally not considered to cause any 
significant load on a structure.  

3.2 Theoretical model of atmospheric icing 
Ice accretion result from cloud droplets, raindrops, snow or water vapor hitting a structure and 
freeze into ice. The resulting ice accretion is determined by the flux density of these particles and 
constants that describe the sticking to the surface, the collision efficiency and the accretion 
efficiency. The flux density is a product of the mass concentration of the particles and the velocity 
of the particles in respect of the object. The ice accretion rate can be expressed by the following 
equation19 

wAv
dt

dm
321 ηηη= , (4) 

where η1 is the collision efficiency, η2 is the sticking efficiency, η3 is the accretion efficiency, w is 
the mass concentration of particles, A is the cross-section area with respect to the particle velocity 
vector and v is the velocity of the particles with respect to the object. The constants η1, η2 and η3 
are corrections that reduces the ice accretion from the maximum value of wAv. These factors vary 
between 0 and 1. 
 
The ratio of the flux density of particles that hit the object and the maximum flux density is 
represented by the efficiency of collision of particles, η1. This number will be smaller than one due 

                                                 
19 ISO 12494:2001, p.39 
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to the fact that small droplets tend to follow the air stream meanwhile larger droplets will hit the 
object, this can be seen in the Fig. 11 below. 
 

 
Figure 11. Air streamlines and droplet trajectories around a cylindrical object. The number 1. represent the air 

streamlines, 2. A large droplet and 3. A small droplet.   
 
The sticking efficiency, η2, is represented by the ratio of the particles that stick to object and those 
who bounces off. A particle is said to stick to the object if it is permanently collected or it affects 
the icing rate by heat transfer to the object (the time it sticks to the object is enough to affect the 
ice accretion rate). 
 
The ratio of the flux density of the particles that stick to the surface and the particles that freezes is 
represented by the accretion efficiency, η3. This number is smaller than one if the heat flux (the 
heat transportation from the droplets) is not sufficient to freeze all of the droplets that stick to the 
surface. These droplets will then run of the object. 

 

 
Figure 12. Dry growth of rime ice. 
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In the growth of rime ice (dry growth) the sticking efficiency and the accretion efficiency is close 
or equal to one, meanwhile the collision efficiency is close to zero due to the fact that small 
droplets tend to follow the air stream around the object. This is illustrated in Fig 12. 

 
Figure 13. Wet growth of glaze ice, were the numbers represent: 1. Ice, 2. Liquid water and 3. Run off water. 

 
In the growth of glaze the all of the efficiency parameters are less than one. Some droplets will 
follow the air stream around the object, thus the collision parameter is less than one. Once the 
droplets hit the surface some will immediately bounce off, some the once that stay will freeze to 
ice while others will run off if the heat flux is too small to freeze all of the water. This is illustrated 
in Figure 13. 
 
The collision, sticking and accretion efficiency can be determined and a derivation of these factors 
is presented. 

3.2.1 The collision efficiency 
To determine the collision efficiency one must know the aerodynamic drag and inertia of the 
droplet. These two parameters determine the trajectory of the droplet. If the inertia of the droplet is 
greater than the drag then the droplet will hit the object, and if the aerodynamic drag is greater the 
droplet will tend to follow the air around the object. 
 
The relative magnitude of the inertia and drag on the droplets depend on the droplet size, the 
velocity of the air and the dimensions of the object. The collision efficiency can be numerically 
determined by simulating a number of droplets and their trajectories. This has been done for a 
cylindrical object20. Two dimensionless parameters defined below are used in the solution. 
 

D

d
K w

µ

ρ

9

2

=  (5) 

where ρw is the density of water, d is the droplet diameter, µ is the absolute viscosity of air and D is 
the diameter of the cylinder. 

                                                 
20 Finstad K.J. et. al. (1988), “A computational investigation of water droplet trajectories.”, J. Atmos. Oceanic 
Technol., 1988, 5, pp. 160-170 
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K

2Re
=φ  (6) 

Where Reynolds number, Re, is defined as 

µ

ρ dva=Re  (7) 

where ρa is the density of air, d is the droplet diameter, v is the free stream velocity and µ is the 
absolute viscosity of air. 
 
An empirical fit to the data to determine the collision efficiency has been calculated according to 
 

( )454.0028.01 −−−= BCAη  (8) 
where the parameters A, B and C are 

 

( ) 381.0

497.1498.0

103.100616.0

10000637.0

641.3

066.1
694.0

688.0

−=

=

=
−

−

−−

−−

φC

eKB

eKA

K

K

 (9) 

 
It has been shown that the diameter of the droplets can be approximated with the median volume 
diameter of droplets with a good accuracy. Further the results show that for large droplet sizes 
(pericpation) the collision efficiency is very close to one. Therefore one only must take the 
collision efficiency in consideration in the case of in-cloud icing. 

3.2.2 The sticking efficiency 
The sticking efficiency for liquid water droplets are very close to one, that means that in practice 
all of the droplets that hit the object will stick. Super-cooled droplets freezes upon impact and 
freezes immediately other water droplets can splinter into smaller water droplets that leave the 
surface. However the volumes of these splintered droplets are very small and do not affect the ice 
accretion rate significantly. 
 
Frozen water droplets, snow, bounce of the surface very efficiently. The sticking efficiency of dry 
snow is very close to zero. However if the snow contains liquid water or if there is liquid water 
present on the surface the snow will stick more efficiently. Since there is no theory for the sticking 
efficiency of snow one can use the following equation to approximate the sticking efficiency 

v

1
2 =η  (10) 

where v is the wind speed in meters per second. The sticking efficiency can be approximated to 
one in wind speed below 1 m/s. 
 

3.2.3 The accretion efficiency 
The accretion efficiency is one for dry icing, thus the water droplets immidatly freezes upon 
impact. In wet icing the freezing rate depends on the rate of the heat released in the process of 
freezing the water droplets can be transferred from the freezing surface.  
 
One can express the heat balance on the surface 
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slecvf QQQQQQ +++=+  (11) 
where Qf  is the latent heat released during freezing, Qv is the frictional heating of air, Qc is the loss 
of sensible heat to the air, Qe is the heat loss due to evaporation, Ql is the heat loss in warming 
impinging water to the freezing temperature (if the temperture of the impinging water is below 
zero the sign will change) and Qs is the loss of heat due to radiation. 
 
The terms of Eq.11 can be expressed in meteorological and structural parameters.  
 
The latent heat Qf is the heat released when the liquid water freezes,  
 

( ) ff FLQ 31 ηλ−=  (12) 
where λ is the fraction of water that is entrapped in ice and therefore will not freeze, η3 is the 
accretion efficiency, wvF 21ηη=  and Lf the latent heat. 
 
The frictional heating of air, Qv, only gives a small contribution to the heat exchange and can be 
expressed by 

P

v
C

hrv
Q

2

2

=  (13) 

where h is the convective heat transfer coefficient, r is the recovery factor for viscous heating 
(r=0.79 for a cylinder), v is the wind speed and Cp is the specific heat of air.  
 
The convective heat transfer can be expressed by 

( )asc tthQ −=  (14) 
where ts is the temperature of the surface and ta is the temperature of the air.  
 
Qe, the evaporative heat can be parameterized by 

( )
pC

ee
LhQ

p

as
e

−
= θε  (15) 

where ε is the ratio of the molecular masses of dry air and water vapor (ε=0,622), Lθ is the latent 
heat of vaporization, es is the saturation water vapor pressure over the accretion surface (a constant 
with the value es=617 Pa), ea is the ambient vapor pressure in the air stream and p is the air 
pressure.  
 
The term es, the saturation water vapor pressure, can be considered to be constant with the value 
617 Pa. Ambient vapor pressure is a function of temperature and relative humidity (the relative 
humidity is usually considered to be 100% in a cloud). 
 
The heat exchange due to different temperature of the impinging water droplets and the surface 
can be expressed 
 

)( dswl ttFCQ −=  (16) 
where Cw is the specific heat of water and td is the temperature of the water droplets. The 
temperature of air and water droplets can be assumed to be approximately the same in a cloud, the 
same assumption is usually made also for super cooled droplets.  
 
The heat loss due to radiation (only long wave) can be expressed by 
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)( ass ttaQ −= σ  (17) 
 
where a is the linearization constant for black body radiation at long waves (a=8.1⋅107K3) and σ is 
the Stefan-Boltzman constant for black body radiation (σ=5,6705⋅10-8Wm-2K-4) 
 
By putting the expressions for the different heat exchanges into Eq.11 the ice accretion efficiency 
can be expressed 
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All of the variables in Eq.18 above, apart from the convective heat transfer coefficient h, can be 
quite easily determined. The convective heat transfer coefficient however is dependent on the size, 
shape and structure of the object that is studied. Standard methods to determine the overall and 
local values of h exist but in most icing models a cylindrical object is assumed. Even in this simple 
case the structure of the surface can cause problems in the calculations21. 

3.3 Ice accretion on measuring instruments and definitions 
Ice accretion on meteorological instruments can be described using definitions that have been 
developed in the COST 727 project22.  
 

• Meteorological icing is defined as “the duration of a meteorological event or perturbation 
which causes icing” 23 (with time as unit). 

• Instrumental icing is defined as “the duration of the technical perturbation of the 
instrument due to icing” (with time as unit). 

• Incubation time is the “delay between the beginning of the meteorological icing and of the 
instrumental icing.” 

• Recovery time is the “delay between the end of the meteorological icing and the full 
recovery of the performance of the instrument.” 

 
Figure 14. Overall description of icing on a meteorological instrument.  

 
A performance index of a meteorological instrument can be defined using the previous definitions. 
 

                                                 
21 Makkonen. L (1985), ”Heat transfer and icing of a rough cylinder”, Cold Regions Science and Techology No. 10, 
p.105-116 
22 Fikke.S. et. al. (2006), “COST 727: Atmospheric Icing on Structures Measurements and data collection on icing: 
State of the Art” 
23 Ibid. p. 21 
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icing

icing

M

I
PI =  (19) 

where Iicing is the instrumental icing and Micing is the meteorological icing.  
 
If the performance index is close to zero the meteorological instrument reflects good performance 
with respect to icing. A performance index larger than one reflects poor performance, which 
means that the sensor is sensitive to icing. One could also define a site icing index, which 
describes the icing of a site. A suggestion of such a definition is presented in Table 3.  
 

Table 3. Definition of the site icing index. 
Site icing index 

Site icing index Days of 

meteorological 

icing per year 

Duration of 

meteorological 

icing per year 

Intensity of 

icing 

(typical) 

[g/100cm
2
/h] 

Icing 

severity 

S5 >60 >20% >50 Severe 
S4 31-60 10-20 25 Strong  
S3 11-30 5-10 10 Moderate 
S2 3-10 <5 5 Light  
S1 0-2 0-0.5 0-5 Occasional 

 
By combing the site index classes and the performance index an instrument class index could be 
specified.  
 

Table 4. Definition of instument class index. The mean availability is purely hypothetical numbers (in Italic). 
Instrument class index 

Instrument class 

index 

PI for S1 to 

S5 

Mean availability 

in % for S1 to S5 

Remarks 

ICI5 

0 100% 
Excellent 
instrument not 
sensitive to icing 

ICI4 

0-1 99 - 90% 
Good instrument, 
little sensitive to 
icing 

ICI3 

1-5 89 – 70 % 
Instrument 
moderately 
sensitive to icing 

ICI2 

5-20 69 – 40% 

Instrument to be 
used only with 
separe icing 
detection 

ICI1 
20-∞ 39 – 0 % 

Instrument not 
recommended for 
such applications 
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3.4 Ice accretion on a wind turbine rotor blades 
Ice accretion on a wind turbine rotor blade happens firstly on the leading edge of the rotor blade. 
This has been seen in numerous wind parks and is well documented. 
 
Simulations show that ice shape accreted on a wind turbine rotor blade strongly depend on mainly 
the air temperature and droplet size24, however it is difficult to give a general statement on how the 
ice accretes differently due to the discussed parameters. The ice accretion on a rotor blade is also 
dependent on the cord length of the rotor blade25. Simulations has shown that dry rime ice 
accretion seems to be is less severe for larger wind turbines compared to small turbines both in 
terms of local ice mass and in ice layer thickness. The decrease is due to a decrease in the 
collection efficiency of the thicker blades. However, this does not necessarily mean that the 
aerodynamics will be affected in the same manner and quantity since only ice load and accretion 
has been estimated. Other simulations have shown that droplet sizes have little effect on the 
distribution of droplets on the rotor blades26.  
 

 
Figure 15.  A photo of the rotor blade of the wind turbine situated in the Alpine test site Gütch in 2009-11-03 at 
12:56:27. In the upper corner you can see some ice on the leading edge. The photo is taken from the web camera 

situated on the nacelle of the wind turbine27.  

                                                 
24 Makkonen L. (2001), “Modelling and prevention of ice accretion on wind turbines”, WIND ENGINEERING 
VOLUME 25 , NO. 1,  
25Homola M.C (2009) et. al., “The dependence of icing severity on chord length” , EWEC, March 16-19, 2009, 
Marseille, France 
26 Fuchs L. and Szasz R-L (2009), “Ice accretion on wind-turbines”, IWAIS XIII, Andermatt, September 8 to 11 
27 http://www.iwais2009.ch/index.php?id=41 
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Figure 16. A iced rotor blade of a wind turbine in one of the sites analyzed in this thesis (description in §5). Picture 

taken by Fredrik Öhrvall 2009-11-12. 

3.4.1 Thermal energy to melt ice on a turbine rotor blade 
The thermal energy to melt accreted ice on a turbine rotor blade can be quite easily calculated, 
assuming that all of the ice is to be melted, using  

xALE iceicemelt ρ=  (20) 
where Lice is the latent heat of ice (334 kJ/kg), ρice is the density of ice, x is the ice layer thickness 
and A is the area of the ice which is melted.  
 
By assuming a thickness of 1 mm, ice density of 916 kg/m3 (pure ice) and that all of the leading 
edge of three 45 meters long wind turbine rotor blades are covered with a ice with the width of 1 
meter (A=30⋅1 m2) the energy can be calculated to be 11.5 kWh. This means that if one would like 
to be able to melt this amount of ice in about 1 minute you would need heaters with the power 230 
kW on each blade. A typical wind turbine has the power of 2MW meaning that if all the heaters 
would take about 35 % of the total power of the wind turbine. 
 

3.4.2 Thermal energy to keep the turbine rotor blade above zero degrees 
The main cooling effect on the wind turbine rotor blade will be convection from air28

. Simulations 
have been made showing the convective cooling of a 45 meter long wind turbine rotor blade. The 
results from these studies show that the cooling from convection will be about 50kW for the outer 
30 meters of each rotor blade (under the conditions that the rotor blade is kept at 0 degrees Celsius, 
the air is -5 degrees Celsius and the rotor blade travels at optimum speed). The heat loss due to 
convection from droplets can be determined to be 372W (Appendix A) for the same part of the 
blade. This means that if one wants to heat the blade to a constant temperature of 0 degrees in 
order to keep the super-cooled droplets from freezing most of the energy would go to convection 
of air, which means that the method is very inefficient. Less than one percent of the energy is 
going to keeping the droplets from freezing. However it might still be interesting to compare this 
method to melting existing ice on a blade. 

                                                 
28 Lars Bååth and Hans Löfgren (2008), ”New technologies for de-icing wind turbines”, VindForsk report 30988-1/V-
238 
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Figure 17.  Approximate power needed to keep the outermost meter of a 45 meter long wind turbine rotor blade above 

freezing.  
   
If you assume that one would like to be able to heat the leading edge to zero degrees at -15 degrees 
Celsius you would need a de-icing system with the power 1.8 kW/m. Assuming that the same 
power is used over the entire blade, that the width of the heater is 1 m and that the blade is 45 
meters long (same conditions as in § 2.5.2) the power of the heater would be 81 kW and the total 
power for three blades 243 kW. The ratio of the typical output power (2 MW) of a wind turbine 
with rotor diameter 45 meters and the heating power is 12%. 
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4 Technical description of ice prevention systems and ice detection 

4.1 De-icing and anti-icing of wind turbine rotor blades 

Anti-icing of wind turbine rotor blades is actions taken to prevent ice to accrete while de-icing is 
actions taken to remove already accreted ice. In the text below different active and passive 
techniques for anti- and de-icing is presented. 

4.1.1 Active techniques 

4.1.1.1 Electro thermal heating 

By leading an electric current through a resistor thermal energy is produced. This kind of system 
could be laminated under the outer coating of a wind turbine rotor blade or be applied to the outer 
surface29. A lot of research is preformed on these kinds of systems with a semi-conduction 
graphite foile. A system from MW-innovation is currently tested at a Vestas V90 2MW in 
Bleikievare, Sweden. This system consists of graphite foil that covers the leading edge of the blade 
and can be heated in pulses with a very short response time. Another system based on the same 
type of technology is used at Uljabuouda wind park owned by Skellefteå Kraft. 
 
Drawbacks of this kind of system is an increase risk in lighting strikes since a metal foil is 
installed on the wing and inability to de-ice the entire blade at standstill (if heating is installed only 
at the leading edge of the blade). However if graphite foil is used there will be no or little increase 
risk of lightning strikes unlike the case for metallic foils.  

4.1.1.2 Heating with microwaves 

It has been shown that heating ice that accretes on the surface of the wind turbine rotor blade is 
much too inefficient30. However microwaves could be used to heat the surface of the blade and 
then melt ice or heat the surface to a temperature above freezing. This kind of system has not yet 
been developed. 

4.1.1.3 Warm air 

Another way of indirectly heat the surface of the wind turbine rotor blade is to heat the air inside 
it. In this case the aerodynamics of the blade would be unaffected and no increased risk of 
lightning strikes would occur. You would be able to de-ice the entire blade even at standstill. 
However the material of the blade is a good thermal insulator which means that one would need to 
heat the air inside of the blade to a very high temperature and this requires a high heating power31. 
This kind of system has been developed and tested in a full-scale wind turbine. 

4.1.1.4 Mechanical de-icing 

In aviation inflatable rubber coatings has been used to remove ice that has formed on the wings32. 
When the rubber “boot” is inflated the ice will crack and detach from the wing. Similar technique 
could be used on a wind turbine, however it is commonly believed that this kind of system would 
lead to increased maintenance and that the system would disturb the aerodynamics of the wind 
turbine rotor blade.  

                                                 
29 Pederson E. Gedda H. (2009), “Development of an Electro Thermal Wind Turbine Ice Protecion System” 
30 Lars Bååth and Hans Löfgren (2008), ”New technologies for de-icing wind turbines”, VindForsk report 30988-1/V-
238 
31 Seifert H (2003), “Technical requirements for rotor blades operating in cold climate”, p.9 
32Air Safety foundation AOPA, “Safety advisory Weather No 1 - Air Craft icing”, p.6 
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4.1.1.5 Air flow from rotor blade 

Another anti-icing technique that has been discussed is the use of a protective airflow from the 
leading and trailing edges of a wind turbine rotor blade. This airflow could deflect the incoming 
droplets and heat the surface of the wing (if the air is heated).  

4.1.2 Passive techniques 

4.1.2.1 Hydrophobic coatings 

A hydrophobic material is a material that repels liquid water. A coating with hydrophobic 
properties could be used as a passive technique to prevent ice from accreting on a wind turbine 
rotor blade. In Fig. 18 below the parameters to define a hydrophobic coating is shown. 

 
Figure 18.  Surface tensions on a liquid. 

 
The contact angle of a liquid on a solid material can be defined according to Fig. 18 above.  

( )
lv

slsv

γ

γγ
α

−
=cos  (21) 

where α is the contact angle, γsv is the tension between the surface and the vapor, γsl is the tension 
between the surface and the liquid and γlv is the tension between the liquid and  vapor.  
 
The contact angle is used to define the liquid repellant properties of a material. If the contact angle 
is less than 90° the liquid will tend to spread out over the surface and if the angle is equal to 180° 
liquid will form a perfect sphere with minimal contact with the surface. Usually super-
hydrophobic materials have a contact angle above 150°33. Hydrophobic materials prevent ice 
accretion by reducing the area of the interface between the surface of the object and the droplet, 
resulting in a reduced heat transfer. This means that the droplets will have less probability of 
losing their latent heat and freeze upon the object. 
 
A problem with some hydrophobic materials (Teflon) is that they are easily charged with static 
electricity that can cause water, since they are dipoles, to stick to the surface and freeze. However 
there exist surfaces in nature (Lotus leaf) which can repel droplets due to their nanostructure.  
 
Studies in the adhesion of ice to a leading edge of a wind turbine rotor blade show that a 
hydrophobic surface alone cannot reduce the adhesion to a surface34. With the use of heating 
however the hydrophobic surface seems to reduce the adhesion of both rime and glaze ice 
compared to a plain surface with the same heating.  

                                                 
33 Lars Bååth and Hans Löfgren (2008), ”New technologies for de-icing wind turbines”, VindForsk report 30988-1/V-
238, p.49 
34 Kraj AG, Bibeau EL, “Measurement method and results of ice adhesion force on the curved surface of a wind 
turbine blade”, Renewable Energy (2009), doi:10.1016/j.renene.2009.08.030, p.5-6 
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4.1.2.2 Ice-phobic coatings 

Ice-phobic materials are materials with a low adhesion of ice to the material35. The adhesion of ice 
depends on the types and number of chemical and physical bindings between the ice and the 
surface. Ice-phobic materials have weak bindings to ice and therefore low adhesion. There exist 
many different materials listed as ice-phobic and it has been shown that they can reduce the 
adhesion significantly36 37. 

4.1.2.3 Other passive techniques 

Painting the leading edge of the wind turbine black could be a way reducing the ice accretion. By 
doing this one can consider the leading edge as a blackbody, and therefore have close to 100% 
absorption of incoming radiation. This will lead to heating of the leading edge if there is sun light 
present but also higher outgoing radiation which could lead to cooling of the blades when no sun 
light is present, i.e. in a clear night. This has been tried at 900 kW NEG-micron wind turbine at 
near Äppelbo in Sweden38. However, this wind turbine still experienced long stops due to ice 
accretion.  
 
Icing problems is, of course, mostly occurring at the wintertime and at areas where the amount sun 
light present are very limited. This implies that painting the leading edges black might only give a 
small amount of extra heating.  

4.2 Ice sensing techniques 
Detecting ice and ice accretion is a very challenging task due to the different properties of different 
types of ice and the fact that different parameters are interesting in different applications. This 
means that it is virtually impossible to create a sensor that can deal with both rime ice and glaze 
and can measure icing rate, the ice load, icing time and the persistency of the ice. This means that 
it is important to know the application of the measurement and to know what you want. The COST 
727 project stated what parameters of icing which was important to know for different 
applications. This can be seen in Table 5 below.  

                                                 
35 Summer L. et. al. (2004), “A Silicone based Ice-Phobic Coating for Aircraft”, p.2 
36 Ibid. p.6 
37 Kraj AG, Bibeau EL, “Measurement method and results of ice adhesion force on the curved surface of a wind 
turbine blade”, Renewable Energy (2009), doi:10.1016/j.renene.2009.08.030, p. 5-6 
38 Ronsten G. (2004), Elforsk rapport 04:13 ”Svenska erfarenheter av vindkraft i kallt klimat – nedisning, vindkast och 
avisning.”, p. 40 
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Table 5. Requested information of ice accretion for different applications.39 

Requested information for different applications 

Application Icing rate Ice load  Icing time  Persistency 

Wind turbine 
operation 

X X X X 

Wind project 
planning  

 X X X 

Power line 
design 

 X   

Power line 
operation 

X X X X 

Aviation X  X  
Telecom masts  X  X 
Suspension 
bridges 

 X  X 

Transports (roads 
and railways) 

X  X  

Meteorology and 
climatology 

X X X X 

 
From Table 5. you can see that for wind turbine operation all of the stated parameters of ice 
accretion are important to know. This makes the measurements challenging and suggests that 
several sensors may be needed to achieve the goal. 
 
Icing measurements can be divided into direct and indirect techniques where the direct techniques 
measure some physical property of the ice while the indirect techniques measure other parameters, 
which are affected by the accretion of ice.   

4.2.1 Direct ice sensing techniques 
Measuring the ice accretion directly can be done by various means and a summary of these are 
presented below.  

4.2.1.1 Damping of ultra-sonic waves 

A way of measuring the presence of ice on surface may to measure the attuention of an ultrasonic 
signal through an acoustic wave-guide40 41. The sensor may consist of an acoustic wave-guide such 
as a steel or nickel “tape”, which has low acoustic attuention. In one end of the acoustic wave-
guide an ultrasonic signal is generated. In the other end of the wave-guide the acquired signal is 
measured. If the wave-guide is covered in ice the signal will be attuated since the ice will cause the 
wave-guide to stop vibrating. Water on the wave-guide will not cause any attuation since the 
viscosity and density of liquid water is too low. The ultrasonic signal could be acquired and 
measured by piezo-electric elements. A safety check to see if the wave-guide is still intact could be 

                                                 
39 Fikke.S. et. al. (2006), “COST 727: Atmospheric Icing on Structures Measurements and data collection on icing: 
State of the Art”, p.35 
40 Watkins R. D. et al. (1986), US patent 4604612, 1986-08-05 
41 Lukkala M (1995), US patent 5467944, 1995-11-21 
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done by measuring the resistance of the wave-guide. If the wave-guide is broken the resistance 
will be infinite.  
 
There could be similar ways of measuring the presence of ice using microwaves through a wave-
guide and monitoring the reflected waves to determine if ice has attuented the wave or not42.  

4.2.1.2 Measurement of resonant frequency 

The resonant frequency is dependent on the mass of the resonator. This could be used to measure 
ice accretion on an oscillating probe. By forcing a probe to vibrate with its resonant frequency and 
then expose it to icing conditions, ice will accrete on the probe. The frequency of the vibration will 
decrease since the mass increases, according to the laws of classical mechanics. This frequency 
change could provide information on when ice accretes. If then the probe is heated the ice will 
melt and a new measurement could start, the rate of which the probe suffers from ice accretion 
again could provide information on the icing rate. 

4.2.1.3 Measurement of damping of vibrating diaphragm 

Another way of measuring ice accretion is to measure the attuation of a vibrating diaphragm43. A 
coil could be used to induce vibrations of a doped silicon diaphragm. The motion of the diaphragm 
is ten measured by another coil by measuring the change in capacitance. When ice accretes on the 
diaphragm the vibrations will be attuented and the capacitance change between the measuring coil 
and the diaphragm will be less. This kind of sensor could be made very small (a couple of 
millimeters) and affected the aerodynamics of an airfoil very little.  

4.2.1.4 Change of electric properties 

A way of measuring the presence and thickness of ice accreted on a surface could be the use of 
capacitance change between two conductors44. The capacitance is dependent on the dielectric 
constant (permittivity) of the medium between two conductors. Usually the permittivity is 
expressed in terms of relative permittivity, which is the ratio of the permittivity in the medium and 
in vacuum. Some examples of the relative permittivity of different medium can be seen in the 
Table 6 below. 
 

Table 6. The relative permittivity of different medium at low frequencies45 46. 
Relative permittivity of some different medium 

Medium Relative permittivity 

Air 1.0006 
Quartz 4.2 
Water (distilled) 81 
Ice 3.15 

 

                                                 
42 Magenheim B (1977),US patent 4054255,1977-10-18 
43 DeAnna R, US patent 5886256, 1999-03-23 
44 Gerardi J.J et al. (1993),US patent 5191791, 1993-03-09 
45Nordling C and Österman J (1999), ”Physcis handbook for science and engineering” sixth edition, p.47 
Studentlitteratur 
46Jonathan H. Jiang* and Dong L. Wu  (2004), “Ice and water permittivities for millimeter and sub-millimeter remote 
sensing applications”,  Atmos. Sci. Let. 5: 146–151 
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Figure 19. The permittivity as a function of frequency for ice and liquid water.47 

 
In Fig. 19 and Table 6 one can see that the permittivity for ice and air differs by a factor of 3. This 
means that the capacitance will change considerably if ice is accreted as a medium between two 
conductors. The difference in permittivity of liquid water and ice also leads to the conclusion that 
the capacitance when water is the medium and ice is the medium will change a lot. 
 

 
Figure 20.  A sketch of how an ice thickness and presence might be measured using capacitance measurements, where 

the grey rectangles are conductors and the blue is ice. 
 
A way of implementing the capacitance changes to measure ice accretion on a surface could be by 
simply applying two conductors on a PVC film and measure the capacitance between them. If ice 
is accreted the capacitance will increase. By different ways of placing the conductors the 
sensitivity to the ice thickness or presence of ice could be altered (Fig 9). 

                                                 
47 Jonathan H. Jiang* and Dong L. Wu  (2004), “Ice and water permittivities for millimeter and sub-millimeter remote 
sensing applications”,  Atmos. Sci. Let. 5: 146–151 
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4.2.1.5 Temperature change measurements 

A way of detecting ice accretion on a surface might be to use temperature change measurements 
and heating48.  

 
Figure 21.  A principal sketch of ice accretion measurements using simple temperature sensors. 

 
The methodology of these kinds of measurements is to expose one or several temperature sensors 
to an airflow and isolate a reference temperature from the airflow. The temperature sensors, which 
are exposed to the airflow, will experience convection from air and the sensor, which is isolated, 
will not be affected by this in the same degree.  
 
Some kind of heating under the temperature sensors may be used to heat the sensors to a certain 
temperature. Depending on the time constant of reaction (response time) the temperature of the 
sensor will stabilize after a while. By comparing the temperature rise as a function of time against 
a reference on can conclude whether ice was present or not. If ice was not present the sensor 
exposed to air will immediately respond and stabilize at a certain level lower than the isolated 
sensor (due to convection of air). If ice was present the response of the sensor exposed to air will 
be delayed due to the time it takes to melt the ice (see Fig 22). It will then stabilize at a somewhat 
higher level than when no ice was present due to the fact that the remaining ice layer works as a 
protection from convection. The sensor, which was isolated, will be almost unaffected of the ice. 
The response can then be analyzed in a microprocessor and determine whether ice was present of 
not.  
 

 
Figure 22. Principal sketch of the temperature response of two temperature sensors (dotted line is the sensor isolated 

to airflow) in the case of ice present (blue curves) and no ice present (black line). 
 

                                                 
48 Maatuk J, (2004), US patent 6776032 B2, 2004-09-17 
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4.2.1.6 Optical measurement techniques 

4.2.1.6.1 Direct measurement of reflected light 
Optical techniques to measure the ice accretion exist. A way of doing this is to measure reflected 
or emitted light from a light source. If ice accretes on the emitting/reflecting object the light will 
be disturbed and redirected. By measuring the emitted/reflected light one can see when ice 
accretes by monitoring changes in the emittance/reflectance. This technique provides a digital 
signal (either 1 or 0) when ice is covering the object. By heating the object and thus melting the ice 
one can perform the same type of measurement again and the rate of which the object is iced again 
can provide information on the rate of icing.  

4.2.1.6.2 Infrared spectroscopy 
Another optical measurement technique is infrared spectroscopy. This technique is based on the 
absorption and reflection of infrared light by the ice. By measuring the amount of reflected light 
one can determine if ice is present at the surface. The type of ice determines the reflection which 
means that the thickness of ice cannot be determined. 

 
Figure 23. The principle of infrared spectroscopy for the purpose of ice detection. 

 
This technique could also be done non-invasively (from a distance) by the use of lasers or 
diodes.49 

4.2.1.6.3 Reflection from inside of surface 
When light passes from a medium with high refractive index to a medium with lower refractive 
index total internal reflection could happen (this is governed by Snell’s law). By adjusting a light 
source (e.g. a light emitting diode, LED) in the right angle one can make this happen when light 
passes from a PVC or glass medium with a certain refractive index (often around 1.5) to air. When 
ice accretes on the medium through which the light is emitted total internal refraction will not 
happen due to the altered index of refraction. Ice and water has an index of refraction of about 1.3 
compared to air which is very close to one. This can be used as a sensor by measuring the refracted 
light50. Light will be reflected as long as no ice is present on the point where total internal 
refraction happens but light will pass through when ice or water accretes on the surface. 

                                                 
49 http://www.sensice.com/, 2010-04-28 
50 Federow H.L. et al. (1994), US patent 5296853, 1994-03-22 
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Figure 24. The ice measuring principle of total internal reflection.  

 
This measuring method detects both ice and water since the index of refraction is about the same. 
To distinguish the both a temperature sensor could be used, if the temperature is below zero 
degrees Celsius ice or super cooled droplets is present and if the temperature is above water above 
the freezing point is present. 
 
Total internal refraction is the working principle of fiber optics. If one should use a cladding where 
ice and water was allowed to accrete into you would be able to detect ice accretion and distinguish 
this from water by measuring the light coming out of the fiber cable (Fig. 25). If ice is present the 
output signal will be strong and if liquid water is present the output signal will be close to zero. In 
the case of no water of ice present the output signal will take an intermediate value. This happens 
due to the fact that water, ice and air has different refractive index. Ice has refractive index of 
1.33049 and water has 1.3354 (at zero degrees). If a the refractive index of the wave-guide is 
chosen to be between the refractive index of water and ice the optical fiber cable will work as 
described51. 

 
Figure 25. The working principle of ice measurements with a fiber optic cable.  

 

4.2.1.7 Ice loads measurement 

In the international standard ISO 12494 a way of measuring the ice accretion is suggested. By 
measuring the load on a steel rod that is 0.5 meters high (1 meter if heavy icing is expected) and 

                                                 
51 Klainer M.S et. Al. (1990), US patent 4913519, 1990-04-03 
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has the diameter of 30 mm. The rod must be freely rotating or be forced to rotate at a constant 
speed. When ice accretes on the steel rod aerodynamic drag will cause it to rotate, always facing 
the least amount of iced part towards the wind. By measuring the weight of the iced steel rod the 
amount of ice that has accreted can be determined.  

4.2.2 In-direct ice sensing techniques 

4.2.2.1 Difference in expected and real power output 

A simple way of measuring ice accretion on a wind turbine is to measure the expected power from 
a theoretical power curve and the real power output. If the real output power is lower than the 
expected ice can be assumed to have accreted on the rotor blades. This method has several 
drawbacks. You cannot be sure that the deviation between the real and expected power curves is 
due to ice, it may have other reasons such as unbalanced blades or mechanical failures in the 
nacelle. To be able to do this comparison an anemometer preferably mounted on the nacelle may 
be used. In icing conditions this anemometer also may be affected by ice and therefore not to be 
trusted.  
 
One can conclude that this method may be used as a way of analyzing the icing conditions and 
production losses but not as a real-time signal to be used as an input to a de-icing system. Further 
one can say that when you see large deviations in expected and real productions the accretion has 
been going on for a while and this means that this is not a good parameter to be used as to control 
a de-icing system. 

4.2.2.2 Comparison of heated and unheated anemometers 

A crude way measuring ice accretion is to compare the reading of a heated and an unheated 
anemometer. The unheated anemometer may experience ice accretion while, hopefully, the heated 
will not and you can see this by looking at the wind speed from both of the anemometers. The iced 
anemometer will show a substantially lower value than the heated or will be completely frozen and 
show a value close to zero. This can be used as an indicator that ice has formed52. By the use of a 
simple control algorithm and three anemometers with varying degrees of heating indications of the 
ice growth and number of icing events could be measured53. 
 
This method may not be used to control a de-icing system of a wind turbine. The uncertainties of 
such measurements are very large and one cannot be sure that the heated anemometer is 
completely unaffected by ice54. This method can however be a cheap way to estimate icing 
problems in early project planning. Long term measurements of the wind potential is always done 
before building a wind park and by analyzing the data loss due to icing one can get a rough 
estimate on the icing conditions and the number of active icing hours. 

4.2.2.3 Dew point and temperature 

The dew point can be an indicator on icing conditions. When the dew point and the air temperature 
is close (e.g. within 1 degree Celsius) icing is more probable to happen.  

                                                 
52 M.C. Homola et al. (2006), “Ice sensors for wind turbines”, Cold Regions Science and Technology 46 125–131 
53 Dahlberg M. (2010), ”Development of a systen for ice detection by using commercial heated cup anemometers”, 
Master Thesis, KTH Stockholm Sweden. 
54 Tammelin B. et. al. (1998), ”Ice free anemometers”, BOREAS IV, p.248 
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4.2.2.4 Noise measurements 

One way of measuring ice accretion on a wind turbine might be to measure the sound coming from 
the motion of the rotor blades. It has been shown that this sound will be frequency shifted to 
higher frequencies and the noise level will increase55.  

 
Figure 26. Sound pressure level measured from an iced and clean wind turbine rotor blade56.  

 

4.2.2.5 Change in resonant frequency of the wind turbine blade 

The resonant frequency of a wind turbine rotor blade is altered when ice is accreted upon it. By 
monitoring the vibrations of the rotor blade the ice load can be measured. The ice load can be 
determined by the frequency shift observed.  

4.2.2.6 Direct measurements of Liquid water content (LWC) and median volume droplet 
diameter (MVD) 

A way of measuring the ice load on a wind turbine rotor blade could be to measure the LWC and 
the MVD. There exist models that are capable of determining the ice accreted on a rotor blade 
numerically if the LWC and MVD are known (see §3.2). Therefore the ice load could be 
determined by a measurement that provides the LWC and the MVD.  
 
Such a measurement could be the multi-rotating cylinder. This measurement device consists of 
several rotating cylinders of different diameters. By determining the weight of the ice accreted on 
the different cylinders (e.g. by an automatic scale-system) and data on the exposure duration, wind 
speed, air temperature and air pressure the LWC and MVD could be determined since models that 
model ice accretion on cylinders are well confirmed.  
 

                                                 
55 Seifert H. ,“Technical requirements for rotor blades operating in cold climate”, Deutsches Windenergie-Institut 
GmbH, p.5 
56 Ibid. p.5 
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Figure 27.  A multi-rotating cylinder in operation to the left and a method to determine the liquid water content and 

median volume diameter using the data from the rotating multi-cylinder to the right57.  
 
Other methods of measuring the LWC and MVD are using laser spectroscopy with forward 
scattering. Measurements of the LWC and MVD are obtained by measuring the forward scattered 
light by the water droplets present in the air58. This requires expensive and quite sensitive 
equipment. 

4.2.2.7 Cloud base height 

In-cloud icing happens in cloud when the temperature is below freezing, a way of measuring the 
icing rate could therefore be to measure the cloud base height, temperature and wind speed. 
Inserting this data in a model will yield the icing rate on a standard measuring pole.  
 
The cloud base height could be measured directly by using a ceilometer, with is a standard 
meteorological instrument that measures the cloud base height by the use of lasers. The laser light 
is scatter in the cloud and the time delay of the back-scattered light could be use the estimate the 
cloud base height. The cloud base height could also be measured in-directly by measuring the long 
wave radiation from the air. The long wave radiation can be used to determine the temperature of 
the sky above the wind turbine, by using Stefan-Boltzmanns law of blackbody radiation. If the 
temperature of the sky above the wind turbine and the air temperature on the wind turbine is the 
same then the probability of clouds covering the turbine is high59.  

4.2.3 Evaluation of ice sensing techniques 
Previous research on the subject of ice sensing techniques for wind turbine applications concludes 
that measurements on the rotor blades themselves are preferred 60 .This due to mainly three factors: 

                                                 
57 Makkonen L. (1991), “Analysis of Rotating Multicylinder Data in Measuring Cloud-Droplet size and Liquid Water 
Content”,  Journal of Atmospheric and Oceanic Technology, Volume 9 p.259 
58Dr. K. Harstveit1 and J. Hirvonen (2009), “Measurements of Cloud Water Content and Droplet Density; and 
Calculation of Cloud Water Gradients at Kuopio, Finland”, IWAIS XIII, Andermatt, September 8 to 11,  
59 Cattin R. et. al. (2006), “Alpine test site gütsch: Monotoring of a wind turbine under icing conditions”, DEWEK 
2006 proceedings. Deutches Wind-energie Institut. 
60 M.C. Homola et al. (2006), “Ice sensors for wind turbines”, Cold Regions Science and Technology 46 125–131 



 Master thesis in engineering physics 2010-11-18 

Viktor Carlsson  

Ht 2009 

Master thesis, 30 hp 

Master of Science programme in Engineering Physics, 180 hp 

i. Ice accretion is dependent on the wind speed. The wind speed at the blade tip is several 
times larger than, e.g. the nacelle. 

ii. The rotor blades reach 30-45 meters higher than the nacelle and therefore reach low clouds 
more frequently. 

iii. The rotor blades are in contact with larger volumes of air and therefore more ice can be 
accreted. 

 
Most of the techniques described do not measure ice on the rotor blades directly. Among those 
who measures ice on the rotor blades only the technique measurement of the resonance frequency 
of the rotor blade, non-invasive spectroscopy and maybe the measurement of change in electrical 
properties seem practical in wind turbine applications. The other ones require interference in the 
structure of the blade and equipment on the blade that will be exposed to the harsh environment.  
 
There are many techniques of measuring ice by the help of stationary sensors, but as discussed 
these might not be the best solution for wind turbine applications. However techniques that seem 
promising are the load measurement on the standard measurement device, the measurement of the 
resonance frequency of a vibrating rod and the optical measurement techniques discussed. 
 
A good way of solving the issues with ice measurement for wind turbine applications is the 
technique of indirect measurements of different properties that can determine if there is a high risk 
of icing. The most promising is the use of dew point and cloud base height that together can 
determine the icing risk. The production evaluation should be considered as an signal which 
together with the vibrations in the wind turbine should work as an emergency stop signal to 
prevent damages on the turbine. The comparison of the heated and unheated anemometers is not 
enough to control the wind turbine. 

4.3 Commercial sensors available 
A study of some of the commercial available sensors for direct ice detection is presented below, 
however as mentioned in §4.2.2  there could be other ways of measuring ice accretion not using 
sensor specially made for ice detection. These sensors will not be presented since it is beyond the 
scope of this master thesis.  

4.3.1 HoloOptics 
HoloOptics is a Swedish company with main office in Stockholm. They have developed several 
different sensors for ice measurements using optical techniques. The method of detection is 
primarily direct measurement of reflected light (§2.8.1.6.1). A probe emits infrared light that is 
reflected by a reflector, the probe then measures the reflected light. The intensity of the reflected 
light will be dependent on the presence of ice on the reflector. Measurements with HoloOptics 
icing sensors have been conducted as part of the COST 727 project and several independent 
measurement campaigns. One of the measurement campaigns that has been conducted was 
situated in the high coast of Sweden on the nacelle of a Vestas V44 with the hub 40 meter61, Two 
of the series T20 sensors were used, one with heating and one without.  
 
Wind tunnel tests performed in the as part of the COST 727 project show that the HoloOptics 
sensor T26 preformed sufficiently well during light icing conditions62. The sensitivity of the sensor 
was determined to be sufficiently high during these conditions. However, it experienced 

                                                 
61Rolf Westerlund (2009), Elforsk report 09:03 “Is på vindkraftverk”, HoloOptics , p.1 
62 Kimura S. (2009),“Evaluation of ice detecting sensors by icing wind tunnel test”, IWAIS XIII, Andermatt, 
September 8 to 11, 2009 
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difficulties during severe icing conditions due to insufficient heating of the reflector. It failed to 
heat the reflector and remove the ice in these conditions. Other studies in the COST 727 project 
also show that the heating of the reflector is insufficient63.  

4.3.2 Goodrich 
This sensor is widely used in the aviation industry. It consists of a one inch long cylindrical probe 
that vibrates at 40 kHz. When ice is accreted on the probe the vibrating frequency drops due to the 
increase in mass. The change in frequency is detected and a signal that ice has been accreted is 
transmitted. The ice is then melted and a new measurement cycle begins. This means that the 
sensor measures the ice accretion duration and the ice rate (by determining how the rate of the 
probe is iced). 
 
Two sensors from Goodrich were selected by the COST 727 action as reference instruments, one 
was the Goodrich 072J ice detector (prototype) and the other one was 0871LH1 Freezing Rain 
Sensor both manufactured by Campbell Scientific Corp. The results of the tests that have been 
carried out show that the prototype 0872J worked well at one location (Luosto in Finland). The 
heating of the sensor was sufficient and kept the instrument operational even at severe icing 
conditions. A delay in the ice indication was observed in light icing conditions due to the fact that 
the ice accreted was not enough to indicate ice. The commercial sensor 0871LH1 did not work 
correctly. It only behaved as expected during a few icing events, the heating of the probe was not 
sufficient causing ice to build around the sensor which caused sheltering.  
 

 
Figure 28.  The BF Goodrich 0871LH1 ice detection sensor.  

 
Air tunnel testing of the instrument has been conducted and these indicate the same results as the 
field tests.  

4.3.3 Combitech 
Combitechs IceMonitor is build based on the ISO 12494 standard of ice sensing devices. It is 
composed by a 0.5 meter long steel rod with 30 mm diameter and a casing where a load cell that 
weighs the rod and accumulated ice is situated. The steel rod is freely rotating and vital parts of the 
load cell are heated to prevent ice accumulation. According to the manufacturer the accuracy of 
the load measurement is 50g and the range of measurement is 0-100 kg (a 0-50 kg version 
exists)64. 
 

                                                 
63 Per-Erik Persson (2009), Elforsk rapport 09:24 “Mätningar av nedisning i en hög mast”, p. 19 
64 Combitech ,“ICE MONITOR  The ice load survalience sensor”, Combitech broschure 
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Studies of this sensor have been done in the COST 727 action. Since it was the only sensor which 
was built accordingly to the ISO standard it was chosen (along with the Goodrich sensor) to be 
tested on all of the test sites. The conclusions drawn from these extensive tests where that the 
IceMonitor from Combitech were not yet recommend for the market, the reasons being the 
instability of output signals and insufficient warming causing the rod to freeze to the casing and 
preventing free rotation65. The instability (noise) of the output was determined to be caused by the 
heating equipment. Measures to improve these shortcomings were however made by Combitech 
and a new version showed less noisy output. A new version with forced rotation is planned and 
this could maybe solve the problem with the rod freezing to the casing. 

4.3.4 Labko 
Labotec is a Finnish company that offers an ice detection sensor, LID-3210D, which relies on 
ultrasonic vibrations that are attuatend when ice is accreted on the surface of the sensor. When ice 
is detected the sensor will be heated until no ice is present and a new measuring cycle can begin. 
 
Laboratory tests show that the sensor can successfully detect 0.5 mm ice layer66. Field tests of the 
LID-3210C (not the newest version) sensor have been conducted in the northern part of Finland. In 
these test the sensor suffered from snow induced icing indications and the heating was not 
sufficient to melt all ice on the sensor67.  

4.3.5 Infralytic 
Infralytic has developed a prototype ice sensing device that relies on the optical sensing technique 
interferometry. Infrared light is emitted from diodes through fiber optic cables. The light is 
partially reflected in the end of the cable and in the case of ice or water present characteristically 
absorbed. By measuring the reflection the presence on ice or water at the tip could be decided. 
 
Laboratory tests shows promising results68 and the sensor has been field tested however, neither 
reports from the laboratory test or reports from the field test has come to the authors knowledge. 

4.3.6 Instrumar 
Instumar offers an ice sensor, IM101, which measures the surface electrical impedance and 
temperature of a ceramic probe. By combining these measurements an icing signal is calculated. 
The sensor has an internal switch that can be used directly to control e.g. different heating devices. 
No results from field or laboratory tests have come to the author’s knowledge. 

4.3.7 IGUS 
IGUS offers a system called BLADEcontrol that continually measures the natural frequency of the 
rotor blade via acceleration sensors. By doing this they can detect the natural frequency of an 
individual blade with the resolution 0.004 Hz. This allows for analysis of blade damages, mass 
imbalances, ice accretion and dynamic loads. The minimum ice load that can be measured is 4 kg 
on a 10ton rotor blade, this corresponds to 0.04% of the total mass. The system has been certified 
by Germaischer Loyd for ice detection.  

                                                 
65 Fikke M.S (2009), “COST Action 727 WG2 – Review of Results”, IWAIS XIII, Andermatt, September 8 to 11, 2009 
66 VTT TECHNICAL RESEARCH CENTRE OF FINLAND (2008), ICING/FREEZING RAIN ICE DETECTOR 
LID/IS 
67 Fikke.S. et. al. (2006), “COST 727: Atmospheric Icing on Structures Measurements and data collection on icing: 
State of the Art”, p.77 
68René Cattin et. al. (2007),  “Alpine Test Site Guetsch Meteorological measurements and wind turbine performance 
analysis”, IWAIS XII, Yokohama, October 2007 
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Figure 29. The frequency shift when the rotor blades are iced measured with IGUS Bladecontrol.69  

4.3.8 Insensys 
Insensys offers a similar system as IGUS however; Insensys uses different kinds of sensors and 
measures the strain and load on the rotor blades. Fiber optic strain sensors are used to measure the 
load on the rotor blades. This enables for the detection of ice, rotor imbalance, lightning detection 
and blade damage. Germaischer Loyd has certified the system for ice detection. An advantage of 
this system is that no electrical connections are needed on the rotor blade. This implies that no 
increased risk of lightning strikes is presented and that there is no risk of electrical interference and 
noise. With this system a change of mass of 0.2% of the total mass of the rotor blade can be 
detected. This means 20 kg in the case of a 10 ton rotor blade. If one assumes that the outermost 
10% of a 45 m  rotor blade is subject to ice accretion, that this ice has got the density of 700kg/m3 

(rime) and is evenly distributed over the leading edge (~1 m height) a thickness of about 7 mm can 
be detected.  

4.3.9 Evaluation of commercial sensors 
Ice on the rotor blade themselves are only measured with two commercial systems, the IGUS and 
Insensys system, which both relies on strain measurements on the blades to determine the 
resonance frequency. Both these systems has been certified by Germanischer Loyd as ice detection 
systems for wind turbine applications and both can provide information on imbalances, lightning 
strikes, blade damages and ice detection. According to Insensys retrofitting to installed wind 
turbines could be done with their system, no such information on the IGUS system was found. The 
manufacturer’s data on the resolution of ice detection is higher with the system from IGUS. This 
might lead to the conclusion that this system is better suited for ice detection but further 
comparison has to be done. 
 
The most promising stationary sensor seems to be the Combitech IceMonitor. This sensor has been 
installed in several sites in Sweden and it provides information on both the ice load and the ice rate 
according to the current ISO-standard. However there are still problems with noise in the 
measurements that leads to the need to take the mean value over e.g. 1 hour of measurement. 
 
The overall conclusion that can be drawn is that there is still no commercial sensor that can 
measure ice for wind turbine applications satisfactory. There is however two rotor blade 

                                                 
69 Raimers J. (2009), “Ice Detection with BLADEcontrol”, IEA Task 19 Wind Energy in Cold Climates meeting 2009-
12-03 
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monitoring systems which also can detect ice which seem promising, these does however not 
measure the ice directly and previous studies concludes that the resolution is too low. How anti-
icing equipment with heating of the blades and therefore heating of the sensor affect the sensors 
are unknown and need to be examined further. The stationary sensor that seems most promising is 
the Combitech IceMonitor. The results are promising and from measurements with this kind of 
sensor the ice load and the ice rate could be measured. 
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5 Method 

5.1 Site description and experimental setup 

In this master thesis two wind park sites situated in the northern part of Sweden were studied. 
These will be called site A and Site B in the rest of the report.  
 
Site A consists of several modern pitch regulated wind turbines in the multi-megawatt size situated 
in forest surroundings. No de-icing or anti-icing equipment are installed in either of the turbines. 
Due to this fact and the fact that heavy icing conditions has been previously recorded an 
IceMonitor ice sensing device (§4.3.3) were installed in the autumn 2009. The icing measurement 
is situated in a met mast, at 18 meter above ground, in the middle of the wind park. 
 
Site B consists of several stall regulated wind turbines with situated on a low mountain. These 
wind turbines has previously proven to suffer from large losses due to icing of the rotor blades, 
and no de-icing systems are installed. A measurement of the icing with two sensors, the 
IceMonitor and HoloOptics sensor were conducted in the winter 09-10. During the winter 08-09 
icing measurements with the HoloOptics system were conducted. The measurement system is 
situated on top of one of the wind turbines.  

5.2 Data analysis 
The data used in the analysis is described in the tables below. 

 
Table 7. The data used in the analysis. The availability is calculated for the period 2009/08/05-2010/02/10 when icing 

measurements was present. 
Data from the met mast at site A 

 Height Availability Time-

stamp 

Available 

period 

Wind speed 
measurement 

80 m 56.2% (if all values below 0.8 m/s 
where filtered) 

1 h 2009/01/01 – 
2010/02/10 

Wind direction 
measurement 

80 m 87.7%  2009/01/01 – 
2010/02/10 

Temperature 
measurement 

80 m 88.2% 10 min 2009/01/01 – 
2010/02/10 

Relative 
humidity 
measurement 

80 m 61.9% 10 min 2009/01/01 – 
2010/02/10 

Air pressure 80 m 88.0% 10 min 2009/01/01 – 
2010/02/10 

Ice load 
measurement 
(IceMonitor) 

18 m 56.8% 1 h 2009/08/05-
2010/02/10 
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Table 8. Data used in the analysis. The availability is calculated for the period 2009/08/05-2010/02/10 when icing 
measurements was present. 

Data from the wind turbines at site A 

Availability  Height 

WT1 WT2 WT3 WT4 WT5 
Time-

stamp 

Available 

period 

Wind speed 80 m 99.5
% 

99.7
% 

99.3
% 

99.6
% 

98.7
% 

10 min 2009/01/01 – 
2010/02/10 

Temperature 80 m 99.8
% 

99.9
% 

99.7
% 

99.8
% 

99.4
% 

10 min 2009/01/01 – 
2010/02/10 

Production 80 m 86.4
% 

82.8
% 

95.9
% 

93.5
% 

93.2
% 

1 h 2009/01/01 – 
2010/02/10 

 

 
Table 9. Data used in the analysis.  

Data from the ice measurement system at site B 

Availability  Height 

Winter 08/09 Winter 09/10 
Time-

stamp 

Available 

period 

Wind speed 80 m 94.0% 86.3% 10 min 2008/09/01-
2010/03/08 

Wind direction 80 m 100% 100% 10 min 2008/09/01-
2010/03/08 

Temperature 80 m 100% 99.7% 10 min 2008/09/01-
2010/03/08 

Relative 
humidity 

80 m 99.9 99.7 10 min 2008/09/01-
2010/03/08 

Dew point 80 m 100% 99.7% 10 min 2008/09/01-
2010/03/08 

Pressure 80 m 99.9% 99.9% 10 min 2008/09/01-
2010/03/08 

Ice load 
measurement 
(IceMonitor) 

80 m 99.9% 99.8% 10 min 2009/03/10-
2010/03/08 

Ice rate/Icing 
(HoloOptics) 

80 m 99.9% 99.9% 10 min 2008/09/01-
2010/03/08 

 
 
 
Table 10. Data used in the analysis. The availability is calculated for the winter 08/09. Data from WT5 was available 

until 2008/02/03 and data from WT3 was available until 2009/02/27. 
Data from the wind turbines at site B 

Availability  Height 

WT
1 

WT
2 

WT
3 

WT
4 

WT
5 

WT
6 

WT
7 

Time-

stamp 

Available 

period 

Wind speed  80 m 96.
9% 

96.9
% 

98.4
% 

96.5
% 

- 97.8
% 

97.5
% 

10 min 2005/09/30-
2009/03/31 

Production 80 m 100
% 

100
% 

100
% 

100
% 

- 100
% 

100
% 

10 min 2005/09/30-
2009/03/31 
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5.2.1 Data processing and filtering 
The data presented in the tables above have been processed and filtered in different ways to be 
used in the analysis. This section describes how this has been done. 

5.2.1.1 Site A 

Since not all of the measurements was available in 10-minutes averages all of the data was 
recalculated into mean values each hour. 
 
All of the wind speed measurements were filtered. When the wind speed was below 0.8m/s the 
measurement was said to be affected by ice and therefore filtered out. The ice load measurement 
was also filtered. All of the values of ice load when the IceMonitor showed the value -9999 was 
discarded and so was 226 hours when the measurement was judged to be frozen. 
 
The measurement of the relative humidity was vital in the modeling of ice load that was done. This 
measurement had however very low availability when icing occurred according to the IceMonitor. 
This problem was fixed with interpolation of the time series, the relative humidity was interpolated 
to gain a full time series with 100% availability.  
 
The ice load measurement contained a lot of noise therefore this data was averaged with a floating 
mean with the period 5. When the ice rate (the derivative of the ice load) was calculated a floating 
mean with the period 11 was used to further decrease the noise. 

5.2.1.2 Site B 

The same filters of the wind speeds and the ice load measurement as mentioned above was used 
for site B, however there were no values when the ice load was judged to be frozen. Data that 
contained error messages was discarded. 
 
The ice load measurement was averaged into mean values each hour and a floating mean, with 
period 11, of this data was then taken to calculate the ice rate. The reason for this procedure is 
noise that was present in the signal. 

5.3     Procedure 
The procedure to produce the results are presented in this section. It is divided into how the ice 
accretion was predicted with standard measurements and how the correlation between stationary 
sensors and production losses was analyzed. 

5.3.1 Method to predict ice accretion with standard measurements 
To evaluate ice accretion on a standard measurement ice sensing device, a 0.5 meter round pole 
with the diameter 0.03 meter, the formula suggested in ISO 12949 has been used. This requires the 
input data wind speed, temperature and cloud base height. Both wind speed and temperature are 
standard measurements conducted on a site in the early stages of a wind power project. The cloud 
base height however could be measured directly (§4.2.2.7) or estimated by different models. In 
Sweden the Swedish Meteorological and Hydrological Institute both measures and estimates the 
cloud base height and data from this can be bought from them. A crude way of estimating the 
cloud base height could be done in a simple way by the use of the following formula70 
 

                                                 
70 Grunditz E. ”Statistisk undersökning av prognosmetod för stratus efter snöfall”, Examensarbete vid Instutitionen 
för Geovetenskap, Uppsala Universitet  
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( ) ⋅−⋅= dTTCBH 125  (22) 
, where T [K] is the air temperature and Td [K] is the dew point. This formula is based on the 
condensation height which can be determined theoretically. 
 
The dew point (frost point if the temperature is below freezing) can be estimated from the relative 
humidity (Appendix E). The relative humidity is a standard measurement conducted when 
planning a wind park and this means that by using standard measurements such as relative 
humidity, temperature and wind speed the ice accretion could be estimated. 
 
The estimation is done by the use of the following empirical formula suggested by ISO 12494, 
 

vtM 11.0=  (23) 
, where M [kg/m2] is the ice accreted on a standard measurement device, v [m/s] is the wind speed 
and t  [h] is the time in hours for which the icing conditions are fulfilled. The constant in Eq.23 is 
an empiricall constant and has the unit kg/3600m3. 
 
In this study icing conditions were said to be fulfilled when the temperature was below freezing 
and the cloud base height was below 100 meters. This corresponds to a difference in air 
temperature and dew point (frost point) of less than 1 degree Celsius. The algorithm that were used 
in the estimation of the ice load is based on simple assumptions (Appendix C). Ice is accreted as 
long as the icing conditions are fulfilled, but in some cases the wind speed measurement is missing 
(e.g. due to icing) and in these cases a wind speed of 6 m/s is simply assumed. When no icing is 
present the ice load is assumed to decrease in an arbitrary rate (M=-0.4vt) dependent on the wind 
speed. Further the model discussed in ISO 12949 suggests that the ice should stay on the object as 
long as the temperature is below freezing. In this study the ice load is assumed to decrease with 
half of the total ice load when the temperature is above freezing, the reason for this is to prevent 
the ice load to be set to zero when the temperature is above freezing for a single timestep. 

5.3.2 Method to evaluate the connection between ice accreted on a stationary sensor and ice 
accreted on a moving wind turbine rotor blade 

To be able to evaluate when ice has accreted on the rotor blades of the wind turbine it would be 
preferable to have a camera installed that would record the presence of ice on the rotor blades. 
This was however not available in this analysis and therefore another method of proving the 
presence of ice on the rotor blades was used. When the power from the wind turbine deviates 
strongly from the expected power ice is assumed to have accreted on the rotor blades. 
 
The power curve which describes nominal power at a certain wind speed was used to calculate the 
expected power. However at site A the specified power curve seemed to overestimate the power 
produced, the reason for this is beyond the scope of this thesis. To eliminate this problem a new 
power curve was calculated using a full year of measurement. The median of the power produced 
at a certain wind speed interval was used as the new power curve. 
 
At site B no power curve data was available. A power curve was calculated using a long-term time 
series of wind speed and power output (Appendix D). The median of the power produced at a 
certain wind speed range was used to produce a new power curve. 
 
The ratio of the real and expected power could then be calculated according to 
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ected

real

p

p
r

exp

= , (24) 

where preal is the real power and pexpected is the expected power. Two special cases when the 
expected power was zero had to be defined. When the real power was above zero while the 
expected power was zero the ratio was defined to be one and when both the real and expected 
power was zero the ratio was defined to be one. 

5.3.2.1 Definition of icing event on a wind turbine 

The definition of an icing event used in this thesis was that the ratio of the power produced and the 
nominal power described by the power curve would equal or below 0.85. This means that 15% or 
more of the power were lost. The icing events at each wind turbine where then manually selected 
and analyzed. 
 
However at site B icing events where chosen in a different manner due to lack of time and the 
large number of icing events on the wind turbines. The analyzed icing events where chosen when 
the ice sensing device showed that icing was present. This means that the wind turbines could still 
be affected by ice even though the icing event was said to end. This however is not a problem 
when analyzing the correlation between icing of a stationary sensor and the wind turbine but no 
conclusions about the total losses due to icing could be drawn. 
 
 
 



 Master thesis in engineering physics 2010-11-18 

Viktor Carlsson  

Ht 2009 

Master thesis, 30 hp 

Master of Science programme in Engineering Physics, 180 hp 

6 Results 

This section contains the results acquired in the experimental study. This has been devided into a 
evaluation of the sensors and description of the two sites considering the icing conditions. Results 
from the modeling of ice accretion is then followed. Finally the correlation between the stationary 
sensors at the sites and the production losses are presented. 

6.1 Icing conditions at the sites 
The results from the measurements that have been conducted at the sites can be used to get an 
overview of the icing conditions at the sites. This is shown in Table 11 below and in Fig. 30. You 
can see how the icing conditions at site B seem to be more severe than at site A, however the same 
period is not analysed (see Table 7 and Table 9).  
 

Table 11. The icing conditions of site A and site B.  Ice indications while the temperature was above freezing was 
filtered.   

Icing conditions at the sites 

 Site A Site B 

Measured active icing by 
IceMonitor 

15.8% 
(14.7% with 
filter) 

23.2% 
(18.6% with 
filter) 

Measured maximum load by 
IceMonior [kg/m] 

3.05 11.36 

Measured active icing by 
HoloOptics sensor 

- 19.0% 
(14.7% with 
filter) 

 
In Fig. 30 you can see a comparison of the different distributions of measured ice rate at the sites. 
One can see that most of the measured ice accretion is below 0.2 hg/mh and that the most extreme 
ice accretion happens relatively seldom. Less data is analysed at site A and this could be the reason 
for the uneven distribution of ice rate for site A seen in Fig. 30.  
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Figure 30. The frequency of ice rate measured by IceMonitor at the sites. 
 
Is also interesting to compare at which wind speed the icing took place at the two sites, this is done 
in Fig 31, Fig. 32, and Fig. 33 below. In Fig. 32 you can see that most icing events took place at 
high wind speeds, this is not as clear at site A (Fig.31).  
 

 
Figure 31. The frequency of wind speeds for all values and icing events defined by IceMonitor at site A. The icing 

events were defined as when the floating mean (period 11) of the ice load (in hours) was positive. 
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Figure 32. The frequency of wind speeds for all values and icing events defined by IceMonitor at site B. The icing 

events were defined as when the floating mean (period 11) of the ice load (in hours) was positive. 
 

 
Figure 33. The frequency of wind speeds for all values and icing events defined by HoloOptics sensor at site B. 

 
The reason for the difference in Fig. 32 and Fig. 33 is that different time periods was used. The 
HoloOptics sensor was installed in the beginning of winter 08/09 while the IceMonitor was 
installed in end of winter 08/09. Another reason could be that the sensors indicated ice differently 
and sometimes at different times. 

6.2 Recommendations for measuring of ice accretion 
This part of the results are based on the data acquired from the two sites. The evaluation of ice 
sensors based on the literature study is presented in §4.3.9 
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6.2.1 Humidity measurements 
When measuring humidity in icing conditions one must use heated sensors since there is risk of ice 
accretion. Otherwise, ice may form on the sensor and it will give an output of 100% humidity. 
However one must first recalculate the humidity for temperatures below freezing. The reason of 
this is that at temperatures below freezing the humidity should be in reference to ice and not liquid 
water. How this is done is described in Appendix E. 
 
The results from the humidity measurements at site A and B are presented below. 

 

 
Figure 34. Relative humidity as a function of temperature at site A. 

 
When icing occurred at site A the availability of the relative humidity measurement was very low, 
close to zero. To correct this time series was interpolated to create a full time series. This will lead 
to an overestimation of the relative humidity in many cases, this is shown in Fig. 35. In this figure 
you can see how many values are in the range 100-110% and 78-80%. This is due to the 
interpolation that has been done and the fact that the measurement was frozen at times.  
 

 
Figure 35. Histogram over corrected relative humidity at site A. 
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Figure 36. Relative humidity as a function of temperature at site B. 

 
Figure 37. Histogram over relative humidity in respect of ice at site B. 

 
In Fig. 37 you can see that many values of relative humidity are close to 100% this is probably due 
to frozen sensors. When the sensor is frozen the relative humidity (with respect of water) follows 
the temperature. This phenomenon is shown in Fig. 38, where the relative humidity with respect of 
water is dependent on the temperature and the relative humidity with respect of ice is ~102 %. 
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Figure 38. Time series over ice load, temperature, RH (in respect of water in red) and RH (in respect of ice in green). 

You can see that the RH in respect of water follows the temperature, this means that the measurement is saturated 
(shows full output) and that ice has formed on the sensor. 

6.2.2 Evaluation of the direct ice measurements 
The performance of the two different ice sensors used is vital to all of the other results produced. 
This section describes how the overall performance of the sensors with some examples of the data. 

6.2.2.1 IceMonitor 

At site A the IceMonitor had very low availability, 52.6%, the cause of this is unknown to the 
author. Apart from the low availability the IceMonitor seems to have worked quite well. The same 
problems as mentioned in §4.3.3 with noise and freeze to the casing was however present. 226 
measurements was deleted due to that a constant value of the ice load was shown, which means 
that the bearing to the load cell probably was frozen. The signal contained quite a lot of noise 
which was solved by taken the floating mean of the signal.  
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Figure 39.  The ice load at site A during 80h of measurement. The resolution of the measurement is in hours. 

 
The overall function of the IceMonitor at site B was good, the availability was close to 100% and 
no events of frozen bearings was seen. The problem with noise in the signal was still present. To 
fix this some simple techniques such as taking the 1-hour mean and the floating mean were used. 
 

 
Figure 40. The ice load at site B during 36h of measurement. 
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6.2.2.2 HoloOptics sensor 

The HoloOptics sensor was only installed at site B. The availability of the sensor was high during 
both 08/09 and 09/10. There were however problems with indications that probably was incorrect. 
The sensor often indicated ice when the temperature measured was above zero degrees Celsius. 
From table 8 in §6.1 one can see that about 20% of all the indications took place when the 
temperature was above freezing. The reason for this might not only be indications of water but 
also errors in the temperature measurement, one can see that the IceMonitor also suffered from 
indications while the temperature was above freezing. This could be an indication that the 
temperature measurement was uncalibrated.  
 
The indications that could be suspected to be incorrect from the HoloOptics sensor mainly took 
place that these might be indications of water on the sensor. 

6.3 Estimating ice accretion by the help of standard measurements on site 
A simple way of predicting the icing hours and the potential ice load on a site at an early stage of 
project planning would be to use already existing measurements to predict icing. This has been 
done at site A and site B. The results include time series of measured ice load and modeled ice 
load. To model the ice load the formula that has been suggested in ISO 12949 with some 
modifications has been used. The algorithm to calculate the ice load is shown in Appendix C. 
 
The cloud base height has been approximated theoretically by a simple rule of thumb, Eq. 22, used 
in aviation to approximate the cloud base height of cumulus clouds. 
 
When the cloud base height is less than 100 meter and the temperature is below freezing icing is 
presumed to occur. The summarized results are presented in this section and the complete time 
series with all the modeled data can be seen in Appendix F.’ 
 

Table 12. The estimated icing conditions. 
Icing conditions estimated 

Site A Site B Parameter 

Measured 
(IceMonitor) 

Model Measured 
(IceMonitor) 

Model 

Active icing 
time 

15.8%  28.5% 23.2% 27.8% 

Maximum ice 
load [kg/m] 

3.05 5.53 11.4 16.8 

6.3.1 Site A 
The model seems to overestimate the time when icing occurs. However the availability of the data 
of the relative humidity was very low when icing occurred. Therefore, as mentioned in §5.2, the 
data was interpolated. This implies that the uncertainties of these time series are quite large. 
Further the sensor measuring relative humidity seems to be frozen large periods of the time and 
this implies that the model will overestimate when icing occurs. 

6.3.2 Site B 
First one must evaluate the function of the HoloOptics sensor and the IceMonitor from Combitech. 
The HoloOpotics sensor measures the time when the probe is covered in ice every ten-minute 
interval. The ice is melted off continuously meaning that the time it was covered will be a 
proportional to the rate of icing at the time. The IceMonitor from Combitech measures the ice load 
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on a standard measurement probe. With this measurement device not only the icing rate can be 
seen but also the ice load. To be able to compare these measurements the time series of each 
measurement is plotted. The result that can easily be seen is that the HoloOptics sensor and the 
IceMonitor seems to predict when icing occurs well. 
 

 
Figure 41. The ice load at site B. The blue line shows the ice load measured with IceMonitor, the red curve shows the 

output from the HoloOptics sensor divided by the maximum output possible, the cyan line shows the estimated ice 
load using the HoloOptics sensor and the dashed blue line shows the estimated ice load with the model used. 

 
In Fig.42 above one can see how the HoloOptics sensor and the IceMonitor seems to predict when 
icing occurs at the same time. Further the results from the modeling shows that the model used can 
predict when icing occurs quite well but it is more difficult to predict the ice load. The ice load is 
dependent on several factors that have not been included in the model, e.g. how the ice is melted 
of the measurement pole. In the model it has simple been assumed that the ice load is reduced 
proportional to the wind speed at some arbitrary rate less than rate which ice is accreted. 
 
The data from the HoloOptics sensor has also been used to predict the ice load. This has been done 
by calculating the ratio of the output with maximum output, e.g. if the sensor indicated icing 300 
seconds the last tem minute interval the ratio would be 0.5. This ratio is then multiplied with some 
arbitrary experimental constant, 3.3, to get the icing rate in kg/mh. The result from this shows a 
decent correlation between the ice load measured by the IceMonitor and the ice load estimated by 
the HoloOptics sensors. Same problems in the model with how the ice is melted form the standard 
measurement pole is observed in the estimate of the ice load with the HoloOptics sensor. 
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6.4 Relation between ice detected on stationary sensor and ice on the moving wind turbine 

blades   

The correlation of detected ice on the stationary sensors and the production losses from the wind 
turbines are presented in this section.  

6.4.1 Site A 
First one can conclude that ice has lead to significant production losses at site A. The table below 
shows an estimate of these losses. 
 

Table 13. Total losses due to identified icing events at site A. 
Losses at site A 

Wind Turbine Duration [h] Losses [MWh] Losses in percent 
of total 
production 

WT1 1413 398 20.0%  
WT2 2154 1190 55.8%  
WT3 1551 584 19.9%     
WT4 1529 610 22.0% 
WT5 1575 654 24.3%     

The scope of this master thesis is however not to estimate the production losses further but the 
presence of production losses enables the intended method to spot the correlation between ice on 
the rotor blade and ice on a stationary sensor. The complete set of pictures showing the correlation 
between the ice load and the power output from a wind turbine can be seen in Appendix G. 

 
Figure 42. An icing event at site A. The blue line is the measured ice load, the black line the production, the red line 
the nominal production based on the calculated power curve and the green line is the ratio of the production and the 

nominal production. The x-axis shows the time in hours. 
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In Fig. 42 you can see a good correlation between the increasing ice load on the stationary sensor 
and power loss of one of the wind turbines at site A. Many similar periods has been recorded and 
most of these pictures shows a good correlation between the ice load measurement and the power 
loss, the correlation is better when the icing rate of the sensor is large and the duration of the icing 
period is long. When the ice load on the stationary sensor situated at a met mast 18 meters above 
ground in the middle of the wind park increases the wind turbines suffers from production losses, 
which means that ice has accreted on the wind turbine rotor blades. When ice accretes more than a 
couple of hours the wind turbines are most often forced to stop causing production losses that are 
dependent on the wind speed.  
 
Finally, an event when pictures of the rotor blades and the sensor show the ice accreted is 
analyzed.  

 

 
Figure 43. Photo of one of the wind turbine rotor blades at site A taken 2009-11-12 15:15 by Fredrik Öhrvall. 
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Figure 44. Photo of the met mast at site A taken 2009-11-12 15:15 by Fredrik Öhrvall. The red circle marks the 

IceMonitor sensor. 
 

In Fig. 44 and Fig. 45 you can see that the rotor blades are iced and so is the sensor. The 
production and ice load recorded during the same period is illustrated below.  

 

 
Figure 45.  An icing event at site A. The blue line is the measured ice load, the black line the production, the red line 
the nominal production based on the calculated power curve and the green line is the ratio of the production and the 

nominal production. The x-axis shows the time in hours. 
 
By studying Fig.43 you can see that ice has accreted on the wind turbine rotor blades causing the 
significant production losses seen in Fig. 45. In the time that the pictures where taken the wind 
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speed was low causing little or no losses but in the end of the period when the wind speed 
increased significant losses was seen.  
 
Not all but most of the icing event showed a good correlation between the icing of the stationary 
sensor and the production losses from the wind turbines. In the figure below an event when the ice 
load of the sensor decreased meanwhile one of the wind turbines showed a loss in production is 
presented. 

 
Figure 46. An icing event at site a showing decrease in the ice load and losses in production for one of the wind 

turbines. 

6.4.2 Site B 
The production losses due to icing at site B is large, however no estimation of these has been done 
since this is outside the scope of the master thesis. Previous investigations show production losses 
larger than 20% of the production in the winter months.   
 
The results from site B show a good correlation between the icing of a stationary HoloOptics 
sensor and the production losses from the wind turbines. An icing event when the correlation was 
very clear is shown in Fig. 47. These results are however not unambiguous, there is events when 
the stationary sensor has shown icing at the same time as the temperature was below zero but no 
productions losses from the wind turbines was present. Such a case is presented in Fig. 48 (the 
complete set of icing events are presented in Appendix G). 
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Figure 47. An icing event at site B. The blue line is the estimated ice load with the help of the HoloOptics sensor, the 

black line the production losses, the red line is the ratio of the output from the HoloOptics sensor where one is the 
maximum output and the green line is the ratio of the production and the nominal production. The x-axis shows the 

timestamp. 
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Figure 48. An icing event at site B. The blue line is the estimated ice load with the help of the HoloOptics sensor, the 

black line the production losses, the red line is the ratio of the output from the HoloOptics sensor where one is the 
maximum output and the green line is the ratio of the production and the nominal production. The x-axis shows the 
timestamp in 10-minute intervals. The red circle marks an event when the HoloOptics sensor showed that icing was 

present but no production loss was recorded. 
 

6.5 Estimating production losses with icing rate and wind speed 
Attempts to estimate the production of the wind turbines at certain ice rates and wind speed has 
been done by calculating the median power observed at certain wind speeds and ice rates. At site 
A it proved difficult to do this due the small amount of data at each ice rate and wind speed due to 
the short time series and the fact that the production from the wind turbines was often zero during 
the heavy icing periods. 
 
At site B the output from the HoloOptics sensor was used as a measure of the rate of icing. In Fig. 
49 the power curves during the winter 08/09 is shown. 
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Figure 49. The power versus wind speed at site A. No filters has been applied to the production data. The red line 
shows the median power of all values, the green line shows the power when the ice rate measured was above 0.02 

hg/mh and the black line shows the power when the ice rate measured was above 0.1 hg/mh. 
 
The plots shown in Fig.50 shows the how the production is dependent of wind speed when icing is 
present. This could be extended to a three dimensional plot when the icing rate is specified, in Fig. 
50 below such a plot is shown. 
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Figure 50. The production dependent on both the wind speed and icing rate measured at the met mast at site A. 
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Figure 51. The power versus wind speed at site B. No filters has been applied to the production data.  The red line 
shows the median power of all values during the winter 08/09, the green line shows the power when HoloOptics 

sensor showed that icing was present and the black line shows the median power when the output from the HoloOptics 
sensor was above 50%. 

 
The data shown in Fig. 51 could be extended to a three dimensional plot as for site A, an example 
of this is shown in Fig. 52 below (the complete set of figures are shown in Appendix H). You can 
see how the production does not seem to decrease at higher icing rates, this might be explained by 
the fact that the HoloOptics sensor froze at some times and therefore overestimated the icing rate.  
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Figure 52. The production dependent on both the wind speed and icing rate measured at the met mast at 

site A. 
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7 Discussion 

All the results acquired in this master thesis should be considered indicative due to the short time 
series analyzed, the fact that only two wind parks was analyzed and the lack of e.g. cameras or 
photos confirming the production losses to be caused by ice accretion. There is however strong 
indicative results that the correlation between ice measurements and productions losses is good. 
Further the modeling with the help of standard measurements seems promising but this study 
shows the importance of heated and well calibrated sensors. The recommendations on how to 
measure ice accretion for wind turbine applications should be taken as recommendations and not a 
standard on how to measure ice accretion.  

7.1 Limitations and possible errors 
The time period of the data analyzed in this thesis is very short, less than one winter at site A and  
more one and a half winter at site B. This contributes to the uncertainties in the results. However 
even though the time period was short quite a lot of icing events was recorded and in most of these 
the correlation between the sensor and the production losses from the wind turbines was quite 
good. 
 
Another obvious limitation is the way ice on the rotor blades was assumed. When production 
losses were present ice was assumed to have accreted on the rotor blades. The reason for the 
production losses might be other things and production losses due to ice is seen when quite a lot of 
ice has accreted on the rotor blades. This makes the estimate quite rough. 
 
No lists of other errors on the wind turbines was analyzed, this means that no data when other 
errors occurred where filtered out. This error is present in the estimate of the production losses at 
site A, wind turbine 2 is assumed to have suffered from over 50% production losses while the 
other only suffered from about 20% this is not reasonable and the cause of the large production 
losses might be other than icing. 
 
The time intervals between measurements were not the same for all of the data used. This might 
lead to some errors and to be able to compare for example icing measurements and wind speed 
taken from a wind turbine mean values needed to be taken to assure that the same time intervals 
was compared.  
 
When the nominal production was calculated a median value of the power at different wind speeds 
was used, this power curve has not been verified according to the standard methods of 
measurement with a met mast but can for the purpose of this master thesis be assumed be good 
enough. The ice accretion of the rotor blades are assumed to yield larger production losses than 
small errors in the power curve used. 
 
Other limitations that lead to errors are the performance of the measurement equipment. Sensors 
were frozen (e.g. the humidity sensors) causing errors which lead to errors in the modeling results. 
The wind speed measurements are easily affected by ice and it is difficult to decide whether these 
are iced or not. Even small amounts of ice can affect the measurements a lot. The crude filter used 
will be able to sort out whether the anemometers are completely frozen or not, it will however not 
be able to decide if little ice has accreted on the anemometers. 
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8 Conclusions 

The conclusions that can be drawn from the results are presented in this chapter. This is divided 
into four major parts describing the recommendations of ice measurement based on the theoretical 
study and the performance of the two sensors used, the conclusions drawn from the modeling 
results, the correlation between measured ice and production losses and further work that could be 
done. Finally the plans of action for different scenarios are presented. 

8.1 Recommendations for measuring of ice accretion 

8.1.1 Direct ice measurements 
The conclusions drawn from the theoretical study is that none commercial sensor seem to fulfill all 
of the demands for monitoring ice accretion of a wind turbine satisfactory. There are two systems 
which measures the ice load on the rotor blades themselves and the rest of the sensors are 
stationary sensors that can be placed on top or near the wind turbine. Among these sensors 
IceMonitor from Combitech seemed promising although it had some problems with noise in the 
measurement signal and frozen bearings. 
 
While analyzing the output from the sensors analyzed in the experimental part of this thesis 
problems with both the IceMonitor and HoloOptics sensors were observed. The conclusion drawn 
from this is that neither of the sensors should be used alone to e.g. control a anti-/de-icing system. 
However both provides very useful information which together with other parameters could be 
used in such a control algorithm. 

8.1.2 Humidity 
Humidity measurements in icing conditions are difficult since ice can accrete on the sensor and 
cause the sensor to give maximum output (with respect to ice). A heated measuring probe could be 
used to prevent this, however this will lead to heating of the surrounding air and cause an 
underestimate of the relative humidity. This could be solved with the use of a separate temperature 
measurement that together with the dew point can be used to calculate the relative humidity. 
 
A recommended sensor that also could provide the dew point is Vaisala HMT337 with heated 
measuring probe71. This sensor is a new version of the HMP243 that was recommended during 
humidity measuring tests in icing environments72. 

8.2 Estimating ice accretion by the help of standard measurements on site 
Estimations on active ice accretion due to in-cloud icing could be done by analyzing standard 
measurements often taken at wind turbine farms. It is vital to have ice free and well calibrated 
sensors to do this, especially the wind measurement and the relative humidity sensor are sensitive 
to ice accretion. To prevent ice accretion on the sensors heated sensors should be used. A 
recommended sensor for measuring the relative humidity and the dew point is the Vaisala HMT 
337. 
 
A recommended procedure to do this estimation is presented in this thesis and this is based on the 
simple model presented in ISO 12494. 

                                                 
71 Ronsten Göran, Personal contact, 2010-04-14 
72 L. Makkonen and T. Laakso (2005), “Humidity measurements in cold and humid environments”, Boundary-Layer 
Meteorology (2005) 116: 131–147 
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8.3 Relation between ice detected on stationary sensor and rotating wind turbine rotor 

blade 

There is a clear correlation between the icing of a stationary sensor installed on the machine house 
or in the vicinity of a wind turbine and the production losses from this wind turbine. This could be 
used to control a wind turbine, but as mentioned before none of the analyzed sensors preformed 
sufficiently to do this task. 
 
It is however difficult to quantify these production losses at certain wind speeds and icing rates. 
This depends on the fact that the wind turbines often stop during heavy icing periods. If more data 
would be available it might be possible to make a better estimation. 

8.4 Further work 
To develop the work started in this thesis the following actions should be taken: 

i. Measure the ice accreted on top of a wind turbine and the ice measured on the rotor blades 
with the use of resonance frequency. 

ii. Use a web camera to record the ice accretion on the rotor blades. 
iii. A more sophisticated model to estimate the ice accretion could be developed. 

 

8.5 Plans of action 
Based on the results obtained and the literature study made the following proposed actions are 
presented according to the following scenarios: 

i. Early stages of project planning, standard measurements have been/is currently done. 
ii. Existing wind park without de-/anti-icing equipment. 

iii. Existing wind park with de-/anti-icing equipment. 
 
Finally the plan of action for the further work of Skellefteå Kraft is presented. 

8.5.1 Proposed plan of action in early stages of project development 
i. Analyze the loss of wind speed data due to icing. A setup previously discussed could be 

used. 
ii. Use the existing measurements to predict the frequency of icing at the site according to ISO 

12494 and the proposed algorithm in this thesis. 
iii. Buy an extended estimation of production losses due to icing and frequency icing. 
iv. Install an icing measurement device. The results from this thesis shows quite good 

correlation between icing of an stationary sensor and large production losses from a wind 
turbine rotor blade suggesting that a icing measurement could work as a indicator of the 
production losses. 

 
By applying all of or some of the above suggested actions an estimate on the icing conditions at 
the site could be made. This estimate could be used to e.g. decide whether or not to use a de-ant-
icing system or not in the future wind park. 

8.5.2 Proposed plans of action for an existing wind park without de-/anti-icing equipment. 
To evaluate whether or not the wind turbines suffer from icing induced production losses a simple 
evaluation method discussed in this thesis could be made. If the losses are small on further action 
is needed to be done but if large losses are found one could consider installing a de-/anti-icing 
equipment. A simple pay back analysis indicates that the payback time for an investment of 1.5 
Mkr for a wind turbine that should produce 6 GWh annually and loses 25% of the production 



 Master thesis in engineering physics 2010-11-18 

Viktor Carlsson  

Ht 2009 

Master thesis, 30 hp 

Master of Science programme in Engineering Physics, 180 hp 

during 5 winter months is in the range of 3 years. This estimation of the payback time is highly 
dependent on the future prize of electricity and electricity certificates and in this estimation these 
has simply been assumed to increase 2% annually from the prizes today (450kr/MWh and 300 
kr/el.cert.).  

8.5.3 Proposed plans of action for an existing wind park with de-/anti-icing equipment. 
The results from this thesis cover how ice sensors should be used for wind turbine applications. 
The use of a working sensor could be used to control a de-/anti-icing system. However the sensors 
studied did not perform satisfactory in all situations therefore the icing sensor should be used with 
some other system to increase the redundancy.  
 
Optimization of the control strategy of a de-/anti-icing system leads to a more effective use of the 
system. In Table 14 some different control strategies are proposed. A final control strategy could 
consist of a combination of these, e.g. one could use direct ice measurements on top of the nacelle 
together with measurements of the cloud base height. 
 

Table 14. Ice event definition that could be used in control algorithms. 
Ice definitions to be used in control algorithms 

Ice event 

definition 

Data need Short description 

Cloud base close 
to ground, 
temperature 
below zero and 
humidity close to 
100%. 

Cloud 
base 
height. 

Temperature Relative 
humidity 

CBH can be measured in two 
ways, from ground by a 
ceilometer or the use of long wave 
radiation. 

Direct ice 
measurements. 

Data from at least two ice sensors. Icing occurs when the sensors are 
iced. 

Direct ice 
measurements on 
rotor blade. 

Ice load on blades from blade 
monitoring system. 

The ice load on the blades is 
monitored. 

Power 
performance 
evaluation 

Power from wind 
turbine 

Wind speed from 
wind turbine 

When the power produced is less 
than the expected power icing is 
presumed. 

 

8.5.4 Plans of action Skellefteå Kraft AB 
Skellefteå Kraft AB is planning to test different ice prevention systems on future wind parks. A 
proposal on the measurements to monitor these and to be able to control the ice prevention systems 
are presented below.  

8.5.4.1 Standard measurements 

8.5.4.1.1 Wind speed 
Wind speed measurements in icing conditions are very challenging. There is however some 
sensors with heating available which are capable of measuring in icing conditions.  
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Another way of could be the use of non-invasive measurement techniques such as SoDAR or 
LiDAR. A commercial system that has been proven to perform sufficiently during winter 
conditions in Blaiken73 is the SoDAR system AQ500.  

8.5.4.1.2 Humidity 
Humidity measurements in icing conditions are difficult since ice can accrete on the sensor and 
cause the sensor to give maximum output (with respect to ice). To prevent this a heated measuring 
probe could be used. The heating of the probe will lead to heating of the surrounding air and cause 
an underestimate of the relative humidity. This could be solved with the use of a separate 
temperature measurement that together with the dew point can be used to calculate the relative 
humidity. 
 
A recommended sensor that also could provide the dew point is Vaisala HMT337 with heated 
measuring probe74. This sensor is a new version of the HMP243 that was recommended during 
humidity measuring tests in icing environments75. 

8.5.4.2 Direct ice measurements 

Extenstive testing of the ice sensors has been conducted in the COST727 project during 2004-
2008. The conclusions drawn from these test where that there were none sensor that was “feasible 
for practical use without further revisions and developments”76. However the IceMonitor from 
Combitech provided results that seemed promising. 
 
In this master thesis the performance and data of two ice sensors was studied, HoloOptics T26 and 
IceMonitor. None of these was operating perfectly during the analyzed period. The availability 
was low at times and the HoloOptics sensor had quite a lot of incorrect indications, probably due 
to water on the probe. However while they were operating they seemed to correlate well to ice 
induced production losses on a wind turbine. This implies that it might be interesting to measure 
ice directly. 
 
To reduce the risks with these systems of at least two sensors should be used and preferably 
sensors that measures different properties of ice accretion, e.g. the rate of icing and the ice load. 
 
Direct ice measurements on the rotor blade is difficult to perform there is however two 
commercial blade monitoring systems which can provide information on the ice load of the rotor 
blade by measuring the resonance frequency of the blade in real time. This might be interesting to 
look at while examining the how to control an anti-/de-icing system in future wind parks. 

8.5.4.3 Indirect ice measurements 

8.5.4.3.1 Model of icing 
A simple model of icing was used in this master thesis. The results from this model indicates that a 
use of this kind of simple model based on standard measurements such as wind speed, temperature 
and relative humidity could be used to estimate the occurrence of in-cloud icing. It is however 
difficult to accurately determine the ice load with this kind of simple method. 
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74 Göran Ronsten, Personal contact, 2010-04-14 
75 Makkonen L. and Laakso T. (2005), “Humidity measurements in cold and humid environments”, Boundary-Layer 
Meteorology (2005) 116: 131–147 
76 Fikke M.S (2009), “COST Action 727 WG2 – Review of Results”, IWAIS XIII, Andermatt, September 8 to 11, 2009 
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This requires of course correct measurements of the in data, which can be a challenging task (see 
§1.1) 

8.5.4.3.2 Cloud base height 
In-cloud icing happens in cloud when the temperature is below freezing, a way of measuring the 
occurrence of icing could be to measure the cloud base height and temperature. 
 
The cloud base height could be measured directly by using a ceilometer, which is a meteorological 
instrument that measures the cloud base height by the use of laser light. The laser light is scatter in 
the cloud and the time delay of the back-scattered light could be use the estimate the cloud base 
height. The cloud base height could also be measured in-directly by measuring the long wave 
radiation from the air. The long wave radiation can be used to determine the temperature of the sky 
above the wind turbine, by using Stefan-Boltzmanns law of blackbody radiation. If the 
temperature of the sky above the wind turbine and the air temperature on the wind turbine is the 
same then clouds could with high probability be assumed to cover the turbine77.  

8.5.4.3.3 Power performance evaluation 
A crude way of controlling an anti-/de-icing system could be to use the expected power curve. 
When the power produced is lower than the expected power and the temperature is below zero 
degrees ice can be assumed to accrete on the blade. 
 
This method however has got several drawbacks. You cannot be sure that the deviation between 
the real and expected power is due to ice, it may have other reasons such as unbalanced blades or 
mechanical failures in the nacelle. In icing conditions this anemometer also may be affected by ice 
and therefore not to be trusted. This should be considered as a way of analyzing the icing 
conditions and production losses but not as a real-time signal to be used as an input to a de-icing 
system. Further one can say that when you see large deviations in expected and real productions 
the accretion has been going on for a while and this means that this is not a good parameter to be 
used as to control a de-icing system. 

8.5.4.4 Test site setup 

Skellefteå Kraft AB is planning to perform tests of de-/anti-icing systems. This site could consist 
of several wind turbines with one or several different types of de-/anti-icing technologies used. To 
monitor these and to be able to determine a control algorithm for these systems several 
measurements needs to be taken. This can be done at the top of the wind turbines, possibly a met 
mast and ground based.  

8.5.4.4.1 Control strategies 
Different ice event definitions that can be used as to control when the de-/anti-icing system are 
listed in Table 14. 

8.5.5 Measurement proposal 
A proposal for the measurement instruments for a test site setup consisting of several wind 
turbines and a met mast is described in Table 12 below. The proposal considers several different 

                                                 
77 Cattin R. et. al. (2006), “ALPINE TEST SITE GÜTSCH: MONITORING OF A WIND TURBINE UNDER ICING 
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measurements which independent from each other could provide information to control a de-/anti-
icing system.  
 
If a met mast is not used, the measurements proposed to be taken in this could be done on one of 
the wind turbines. The measurements in the met mast should be done at hub height near the 
highest part of the mountain since icing increases with height.  
 
The pyregeometer at the top of the wind turbine is used to estimate the cloud base height and the 
ceilometer measures the cloud base height directly. Not both of these are necessary but can be 
used for validation purposes. 
 
Table 15. The measurements that proposed to be taken at a test site for de-/anti-icing systems for wind turbines. 

Measurement proposal for a test site 

Parameters Type of sensor Short description 

At the wind turbines 

Wind speed Heated 
anemometer 

Two heated anemometers to secure 
the operation of the turbine. 

Wind direction Heated wind 
direction sensor. 

 

Ice load on 
blade 

Blade 
monitoring 
system. 

Blade monitoring by measuring 
natural frequencies. Two commercial 
systems available. 

Ice accretion 
profile on blade 

Camera. Camera to record the ice accretion 
on the blade. 

Long wave 
radiation/Sky 
temperature 

Kipp&Zonen 
CGR3 
Pyrgeometer 

Measures long wave radiation that 
can give the temperature of the sky.  

At a met mast 

Ice load IceMonitor. Measures ice load on standard 
measurement pole. 

Ice rate Ice rate sensor. Several different sensors exist. 
Temperature Standard 

temperature 
measurement. 

 

Relative 
humidity 

Vaisala 
HMT337 

Heated probe to prevent icing. 

Dew point/Frost 
point 

Vaisala 
HMT337 

Heated probe to prevent icing. 

Wind speed Cup 
anemometers 

Both heated anemometers and non 
heated. 

Wind direction Wind vanes Heated wind vane sensor. 
Ground based measurements protected from icing 

Wind speed AQ500 SoDAR equipment. 
Wind direction AQ500 SoDAR equipment. 
Cloud base 
height 

Ceilometer Sensor based on LiDAR technology 
to determine cloud base height. 
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Appendix A – Convective loss due to droplets 

Convective loss due to droplets can be calculated. This has been done for the much simplified case 
where all of the droplets is assumed to hit the rotor blade and therefore providing a upper limit of 
the convective heat loss due to droplets.  

 
Figure A.1 The wind turbine rotor blade. U describes the motion of the droplets.  

 
The power of the convective heat loss can be calculated by the following integral over the radius 
of the rotor blade.  

drm
dt

d
TCP
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r

droplets
water
p∫ ∆=∆

2

1

 (A..1) 

where mdroplets is the mass of the droplets that will hit the wind turbine rotor blade (the derivative is 
the mass per unit time), Cp is the specific heat of water and ∆T is the difference between the 
temperature of the wind turbine rotor blade and the air. 
 
The rate of change of the mass of droplets that hit the wind turbine blade can be estimated by 

( )βαsinULm
dt

d
droplets =  (A.2) 

where U is the speed of the droplets (approximately the wind speed), L is the width of the wind 
turbine rotor blade and β is the liquid water content in the air.  
 
Both the speed of the droplets and the width of the blade is dependent on the radial variable, r 
according to 
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Inserting Eq.A.3 and Eq.A.4 in Eq.A.1 yields 

( ) ( ) ( )∫ ∆=∆
2

1

sin
r

r

water
p TdrCrLrUP βα  (A..5) 

By putting in the liquid water content 0.1⋅10-3kg/m3 , the attack angle 6◦, the temperature 
difference 5◦C and integrating for the outermost 30 meters of the wind turbine rotor blade one can 
find 

WP 372=∆ . (A..6) 
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Appendix B – Icing severity 

Table B1. Rime ice classes according to ISO 12494:2001. 
Rime ice class according to ISO 

12494:2001 
Ice Class Ice mass [kg/m] 

R1 0.5 
R2 0.9 
R3 1.6 
R4 2.8 
R5 5.0 
R6 8.9 
R7 16.0 
R8 28.0 
R9 50.0 
R10 To be used for 

extreme ice 
accretions 

 
Table B2. Annual energy loss approximations from the recommendations of the Task 19 project. 

Approximations for energy loss caused by 
icing  

Frequency of icing 

[days/year] 

Annual energy loss 

<1 Insignificant 
1-10 Small 
10-30 5%- 15% 
30-60 15% - 25% 
>60 >25% 

 
Table B3. Site icing index from COST 727 state of the art report. 

 

Site icing index Days with 

meterological icing 

[days/year] 

Typical intensity of 

icing [g/100cm2h] 

Icing severity 

S5 >60 >50 Heavy 
S4 31-60 25 Strong 
S3 11-30 10 Moderate 
S2 3-10 5 Light 
S1 0-2 0-5 Occasional 
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Appendix C – Algorithm determining the ice load according to ISO 12494:2001 

 
 

Figure C1. A description of the methodology used in the calculations of ice loads according to ISO 12494:2001. 
 

 

Temperature 
below 
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Yes No Set wind speed 
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ice accretion. 

Calculate the 
ice accretion. 
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No 
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calculated. 
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Appendix D – Calculation of nominal power 

The nominal power from the wind turbines where calculated with the use of data over the real 
power produced at certain wind speeds. Long term time series over both wind speed and power 
were used. The data over the power was then divided into different wind speed sectors and the 
median of power within the sector was calculated. The median power and the median of the wind 
speeds within the wind speed sector was then fitted to two third degree polynomials. The lower 
part of the median data was fitted a polynomial and the up to another one. The reason to divide the 
data into two parts was to increase the goodness of fit. In the figures below the result of these 
calculations are shown. 
 

 
Figure D1. The power curves for the wind turbines at site A. The green line is the specified power curve and the black 

line is the calculated median power curve used in analysis. 
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Figure D2. The power curves for the wind turbines at site B. The black line is the calculated median power curve used 

in analysis. 
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Appendix E – Transform relative humidity in respect of water to relative humidity in 
respect of ice 

The relative humidity can be expressed by78 

100
,

, ⋅=
s

iw

vap

iw
e

e
RH . (E.1) 

where evap  is the water vapor pressure and es is the saturated water vapor pressure which means 
the pressure exerted by water vapor, in equilibrium with a plane surface of pure water, or with a 
plane surface of pure ice. 
 
In general: es,i < es,w, therefore RHi > RHw. 
 
Eq B.1 yields 
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The saturated water vapour pressure can be expressed by 
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where e0  is the water vapor pressure at freezing point (6.1078 hPa), T0  is the temperature in K at 
freezing point (273.16 K), Rv  is the gas constant for water vapor (461.51 J K-1 kg-1) and L  is the 
latent heat of either vaporization (2.501x106 J kg-1) or sublimation (2.83x106 J kg-1). 
 
By combining Eq. 2 and Eq. 3 one can caluclate the relative humidity in respect on ice if the 
temperature and relative humidity in respect of water is know. 
 
The dew point (frost point if T<273.15K) can be calculated from the following equation based on 
Eq 379. 
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78 Carleen H. R et. al (2004), “Measuring humidity at temperatures well below zero”, Institute for Marine and 
Atmospheric Research Utrecht, Workshop on the Use of Automatic Weather Stations on Glaciers, Pontresina, March 
2004. 
79 http://iridl.ldeo.columbia.edu/dochelp/QA/Basic/dewpoint.html , 2010-03-16 



 Master thesis in engineering physics 2010-11-18 

Viktor Carlsson  

Ht 2009 

Master thesis, 30 hp 

Master of Science programme in Engineering Physics, 180 hp 

Appendix F – Modeling results 

F.1 Site A 

The 4 figures below show the modeling results for site A. The dashed line show the modeled ice 
load and the solid line show the measured ice load with the IceMonitor. 
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F.2 Site B 

The 15 figures below show the modeling results for site B. The dashed blue line show the modeled 
ice load, the solid blue line show the measured ice load with the IceMonitor, the solid red line 
show the output from the HoloOptics sensor [s/600s] and the cyan line show the estimated ice load 
with the data from the HoloOptics sensor. For the first 4 figures only the HoloOptics sensor was 
installed. 
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Appendix G – Icing events and correlation between production from a wind turbine 

G.1 Site A 

Table G1.1 Identified ice events for wind turbine 1. 
Event 

number 

Duration 

[h] 

Production 

[MWh] 

Nominal 

production 

[MWh] 

Losses  Mean 

temperature 

[degree C] 

Median 

humidity 

% 

Mean 

pressure 

1 26 0.16 9.2757 7.7244 -1.9938 - 940.8 

3 20 1.3 2.8458 1.1189 -1.8175 100.8 958.9 

4 22 0.51 2.2387 1.3929 -2.8768 - 960.28 

5 108 3.5 25.244 17.957 -1.792 88.833 950.15 

7 62 7.61 23.881 12.689 -2.0317 100.66 953.7 

10 80 6.23 26.546 16.334 -2.6502 91.055 949.97 

11 126 24.94 79.26 42.431 -6.1509 111.69 949.15 

12 97 22.08 68.017 35.735 -1.2092 - 937.36 

13 188 0.07 53.125 45.086 -0.4127 90.5 924.36 

14 190 35.21 76.246 29.599 -2.6702 101.44 954.35 

18 4 3.11 3.8116 0.12986 -15.4 103.51 940.87 

21 19 10.65 14.215 1.4329 -13.825 102.7 938.79 

24 51 4.52 21.459 13.72 -11.782 101.78 959.27 

25 308 49.03 151.07 79.381 -11.492 101.59 954.39 

26 13 1.06 2.0397 0.67378 -17.357 102.55 937.05 

27 6 2.55 3.3103 0.26372 -13.405 101.97 941.19 

28 13 2.88 3.7552 0.31196 -14.893 102.47 936.21 

30 64 29.28 36.724 1.9355 -10.956 101.53 954.19 

32 16 1.93 1.9494 -0.27301 -11.912 101.47 950.52 

 

Table G1.2 Identified ice events for wind turbine 2. 
Event 

number 

Duration 

[h] 

Production 

[MWh] 

Nominal 

production 

[MWh] 

Losses  Mean 

temperature 

[degree C] 

Median 

humidity 

% 

Mean 

pressure 

1 26 0.23 11.02 9.14 -1.99 - 940.80 

3 20 1.52 3.66 1.59 -1.82 100.80 958.90 

4 22 0.30 1.86 1.28 -2.88 - 960.28 

5 108 3.55 26.49 18.97 -1.79 88.83 950.15 

7 62 6.51 27.97 17.26 -2.03 100.66 953.70 

9 64 8.05 18.38 7.57 -3.10 - 948.83 

10 126 22.03 81.84 47.54 -6.15 111.69 949.15 

11 97 5.74 70.00 53.76 -1.21 - 937.36 

12 190 31.03 87.85 43.65 -2.67 101.44 954.35 

13 4 1.04 1.08 -0.13 1.93 84.00 934.23 

14 16 0.64 2.31 1.33 -1.36 - 919.84 

15 12 7.60 10.63 1.43 -0.79 - 917.60 

16 71 6.86 16.42 7.10 -4.03 88.21 926.38 

17 4 5.46 6.43 0.01 -2.87 - 933.10 
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18 18 12.07 14.35 0.13 -5.59 91.04 928.51 

19 190 31.03 87.85 43.65 -2.67 101.44 954.35 

22 6 0.39 0.66 0.17 -14.19 103.05 963.43 

24 12 7.41 10.27 1.32 -13.77 106.14 941.41 

25 16 12.69 15.72 0.67 -11.04 111.17 944.50 

26 5 0.91 1.26 0.16 -14.61 103.60 924.42 

27 604 22.75 671.69 548.18 -10.58 102.46 946.65 

28 465 102.00 310.91 162.28 -12.36 101.65 950.79 

30 16 2.24 2.90 0.22 -11.91 101.47 950.52 

 

Table G1.3 Identified ice events for wind turbine 3. 
Event 

number 

Duration 

[h] 

Production 

[MWh] 

Nominal 

production 

[MWh] 

Losses  Mean 

temperature 

[degree C] 

Median 

humidity 

% 

Mean 

pressure 

1 26 0.88 12.151 9.4487 -1.9938 - 940.8 

3 20 2.75 5.8377 2.212 -1.8175 100.8 958.9 

5 108 8.41 30.262 17.313 -1.792 88.833 950.15 

7 12 2.79 4.7554 1.2521 -3.0256 100.66 961.77 

8 45 0.93 22.734 18.394 -1.84 - 950.82 

9 8 4.32 6.0818 0.84956 -3.7407 - 949.11 

10 80 17.79 30.629 8.2449 -2.6502 91.055 949.97 

11 126 15.22 80.352 53.079 -6.1509 111.69 949.15 

12 97 3.36 63.675 50.764 -1.2092 - 937.36 

13 16 0.47 2.8423 1.946 -1.3627 - 919.84 

14 12 3.64 10.132 4.9725 -0.79487 - 917.6 

15 71 14.05 24.278 6.5859 -4.0301 88.213 926.38 

16 4 4.16 5.2991 0.3442 -2.8667 - 933.1 

17 18 11.38 14.602 1.0315 -5.5877 91.035 928.51 

18 208 25.74 123.5 79.238 -2.5486 101.09 955.19 

19 21 5.56 8.8161 1.9337 -10.553 112.36 953.11 

20 6 0.64 0.65726 -0.08133 -14.19 103.05 963.43 

22 12 8 10.824 1.2003 -13.769 106.14 941.41 

23 16 14.71 18.601 1.1012 -11.039 111.17 944.5 

24 5 1.05 1.2666 0.026577 -14.611 103.6 924.42 

25 48 27.33 36.191 3.4324 -13.163 107.47 938.23 

26 38 44.78 60.381 6.5437 -17.778 102.74 938.17 

28 19 7.49 13.988 4.3997 -13.825 102.7 938.79 

30 3 0.49 0.74145 0.14023 -2.5417 70.637 952.33 

31 61 14.86 48.502 26.367 -11.016 101.59 959.33 

32 362 82.96 247.1 127.08 -12.382 101.65 951.57 

33 13 2.47 3.355 0.38171 -14.893 102.47 936.21 

34 3 0.76 0.923 0.02455 -12.292 102.03 944.75 

35 64 24.32 44.179 13.232 -10.956 101.53 954.19 

36 13 3.8 5.5781 0.94136 -11.417 101.92 944.36 
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37 16 1.54 2.5255 0.60664 -11.912 101.47 950.52 

 

 

Table G1.4 Identified ice events for wind turbine 4. 
Event 

number 

Duration 

[h] 

Production 

[MWh] 

Nominal 

production 

[MWh] 

Losses  Mean 

temperature 

[degree C] 

Median 

humidity 

% 

Mean 

pressure 

1 25 1.84 14.73 10.68 -2.07 - 940.79 

3 3 0.03 0.12 0.08 1.13 80.25 957.13 

4 20 3.77 5.12 0.58 -1.82 100.80 958.90 

5 22 0.74 1.50 0.53 -2.88 - 960.28 

6 130 0.81 34.14 28.21 -1.88 85.17 951.73 

8 12 5.20 9.24 2.66 -3.03 100.66 961.77 

9 45 23.15 37.46 8.69 -1.84 - 950.82 

10 8 4.52 6.68 1.16 -3.74 - 949.11 

11 80 20.31 31.48 6.45 -2.65 91.06 949.97 

12 126 13.07 82.55 57.10 -6.15 111.69 949.15 

13 97 3.99 70.71 56.11 -1.21 - 937.36 

14 16 0.33 3.25 2.43 -1.36 - 919.84 

15 12 3.43 10.15 5.19 -0.79 - 917.60 

16 22 3.89 10.43 4.98 -1.57 101.94 917.88 

17 4 4.67 6.01 0.44 -2.87 - 933.10 

18 18 9.51 13.45 1.92 -5.59 91.04 928.51 

19 198 29.23 106.64 61.42 -2.60 101.26 954.76 

23 12 11.78 14.29 0.37 -13.77 106.14 941.41 

24 16 14.16 17.07 0.35 -11.04 111.17 944.50 

26 48 24.73 37.40 7.06 -13.16 107.47 938.23 

27 38 32.45 51.82 11.59 -17.78 102.74 938.17 

28 5 0.39 0.81 0.30 -16.08 103.71 929.39 

29 19 9.19 18.78 6.77 -13.83 102.70 938.79 

30 12 0.88 1.31 0.24 -14.31 102.47 953.26 

32 61 11.58 50.85 31.64 -11.02 101.59 959.33 

33 366 83.10 262.83 140.30 -12.43 101.65 951.40 

34 13 2.28 3.11 0.36 -14.89 102.47 936.21 

35 72 25.46 49.39 16.52 -11.12 101.59 953.29 

36 13 3.42 5.53 1.28 -11.42 101.92 944.36 

37 16 0.97 2.08 0.80 -11.91 101.47 950.52 

 

 

Table G1.5 Identified ice events for wind turbine 5. 
Event 

number 

Duration 

[h] 

Production 

[MWh] 

Nominal 

production 

[MWh] 

Losses  Mean 

temperature 

[degree C] 

Median 

humidity 

% 

Mean 

pressure 

1 24.00 0.82 11.62 9.06 -2.15 - 940.80 

3 3.00 0.02 0.10 0.06 1.13 80.25 957.13 
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4 20.00 3.61 6.29 1.73 -1.82 100.80 958.90 

5 22.00 0.93 1.71 0.53 -2.88 - 960.28 

6 108.00 9.47 32.69 18.32 -1.79 88.83 950.15 

8 12.00 5.01 7.07 1.00 -3.03 100.66 961.77 

9 45.00 3.81 28.67 20.56 -1.84 - 950.82 

10 8.00 4.35 5.34 0.19 -3.74 - 949.11 

11 80.00 13.53 24.00 6.87 -2.65 91.06 949.97 

12 126.00 10.82 71.44 49.90 -6.15 111.69 949.15 

13 97.00 3.48 57.89 45.73 -1.21 - 937.36 

14 25.00 0.59 3.60 2.47 -1.01 - 920.78 

15 12.00 5.01 8.54 2.25 -0.79 - 917.60 

16 46.00 10.03 23.04 9.56 -2.99 89.54 922.53 

17 12.00 2.23 3.27 0.55 -5.69 102.86 934.68 

18 4.00 3.56 4.45 0.22 -2.87 - 933.10 

19 18.00 11.01 14.32 1.16 -5.59 91.04 928.51 

20 190.00 24.71 81.88 44.89 -2.67 101.44 954.35 

24 4.00 4.45 5.12 -0.09 -15.40 103.51 940.87 

25 16.00 11.93 15.70 1.41 -11.04 111.17 944.50 

26 5.00 1.83 1.69 -0.39 -14.61 103.60 924.42 

27 40.00 20.14 25.43 1.47 -12.62 107.85 936.65 

28 38.00 35.89 47.41 4.41 -17.78 102.74 938.17 

30 19.00 9.86 16.71 4.34 -13.83 102.70 938.79 

33 61.00 12.59 50.91 30.68 -11.02 101.59 959.33 

34 524.00 37.53 350.79 260.64 -11.71 101.65 950.36 

35 16.00 0.58 1.87 1.01 -11.91 101.47 950.52 
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G.2 Site B 
 

Table G2.1. The meteorological  parameters during the icing events defiend at site B. 
The meteorological  parameters during the ice events at site B 

Event 
number 

Duration 
[h] 

Mean 
temp 
[C] 

Median 
temp 
[C] 

Mean 
RH 

Median 
RH 

Mean 
pressure 

Median 
pressure 

Mean 
WD 

Median 
WD 

1 70.00 5.77 5.70 86.75 89.00 938.51 940.00 155.73 44.00 

2 51.83 2.48 2.50 95.18 96.85 969.18 970.00 88.63 18.00 

3 36.67 6.61 6.40 92.95 97.80 967.09 967.00 59.09 57.00 

4 76.17 4.48 4.00 80.13 78.00 947.80 955.00 31.37 12.00 

5 66.83 1.98 2.00 95.01 97.80 939.40 939.00 91.65 14.00 

6 61.17 2.86 3.50 89.32 93.32 953.78 954.50 93.98 13.00 

7 172.83 0.59 0.20 95.84 97.60 940.02 940.00 108.37 18.00 

8 56.33 3.61 4.00 89.37 91.90 929.71 929.00 62.67 12.00 

9 127.33 0.90 1.20 90.47 97.27 937.00 937.00 87.57 16.00 

10 114.67 -3.52 -3.30 86.01 91.03 949.47 950.00 74.23 18.00 

11 201.83 -1.65 -1.35 91.18 97.37 949.22 950.00 119.93 37.00 

12 131.17 -5.32 -5.60 91.21 97.36 926.65 921.00 77.55 19.00 

13 364.00 -5.82 -5.60 96.79 96.79 942.01 944.00 119.99 43.00 

14 25.50 -5.26 -4.75 95.59 95.71 945.34 945.00 229.12 328.50 

15 201.67 -3.60 -3.50 94.67 95.35 958.13 962.00 229.94 313.00 

16 109.33 -5.55 -6.10 95.89 95.99 950.92 948.00 197.16 221.00 

17 11.50 -8.67 -8.30 99.17 99.08 931.14 931.00 108.87 15.50 

18 5.00 -3.76 -3.80 98.65 98.78 943.03 943.00 164.16 20.00 

19 5.67 -0.01 0.00 96.72 97.50 919.17 919.00 87.49 12.00 

20 11.67 -4.59 -5.00 98.58 98.90 923.62 923.00 199.34 231.00 

21 226.33 -7.93 -7.90 94.10 95.35 949.43 950.00 147.98 108.00 

22 41.67 -7.23 -7.30 97.32 97.16 967.25 968.00 175.15 94.00 

23 176.33 -15.15 -17.70 101.65 102.83 940.33 943.00 110.71 16.00 

24 19.00 -8.88 -8.50 97.01 98.18 951.40 951.00 170.77 80.00 

25 19.83 -11.10 -11.05 97.67 97.83 952.78 952.00 110.15 35.50 

26 10.00 -12.61 -13.00 93.33 94.48 959.38 959.00 293.38 327.00 

27 137.50 -10.47 -9.20 97.15 97.70 957.46 960.00 162.31 191.00 

28 21.50 -11.12 -11.35 97.92 98.08 949.08 949.00 112.74 15.50 

29 113.00 -6.37 -5.70 97.57 97.73 951.87 953.00 114.34 28.00 

30 21.33 -4.59 -4.50 97.02 97.06 956.81 957.00 97.76 17.00 

31 66.00 -9.32 -9.30 95.89 96.69 950.45 951.00 176.72 48.00 

32 59.50 -4.15 -4.00 97.16 97.01 951.19 951.00 155.05 23.00 

33 19.00 -2.94 -2.90 97.43 97.51 955.10 955.00 191.10 334.00 

34 8.00 -5.09 -5.20 91.99 98.53 954.04 954.00 232.33 350.02 

35 26.83 -4.21 -4.00 96.79 96.93 945.30 945.00 178.86 61.00 
 

Table G2.1. The production during the icing events defiend at site B for wind turbine 1-3. 
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The production during icing events at site B 

 WT1 WT2 WT3 

Event 
number 

Duration 
[h] 

P 
[MWh] 

P_nom 
[MWH] 

Losses 
[MWh] 

P 
[MWh] 

P_nom 
[MWH] 

Losses 
[MWh] 

P 
[MWh] 

P_nom 
[MWH] 

Losses 
[MWh] 

1 70.00 44.56 42.79 -1.77 43.14 42.61 -0.53 38.64 37.47 -1.17 

2 51.83 36.01 33.39 -2.62 28.65 27.16 -1.50 27.53 25.62 -1.91 

3 36.67 46.58 48.19 1.61 47.84 48.07 0.23 39.74 44.21 4.48 

4 76.17 101.53 101.80 0.27 97.15 97.62 0.48 98.80 97.54 -1.26 

5 66.83 47.74 46.78 -0.96 12.59 37.56 24.97 38.56 37.63 -0.93 

6 61.17 63.61 61.71 -1.91 54.25 50.54 -3.70 57.35 54.43 -2.92 

7 172.83 42.78 51.60 8.82 38.62 48.41 9.79 36.13 40.62 4.49 

8 56.33 70.87 73.88 3.01 68.98 71.24 2.25 66.91 70.43 3.53 

9 127.33 104.13 104.34 0.20 96.55 96.70 0.15 95.01 93.42 -1.60 

10 114.67 96.12 112.28 16.16 99.31 111.49 12.17 95.29 109.22 13.92 

11 201.83 105.16 113.02 7.86 80.99 96.19 15.20 93.75 99.91 6.16 

12 131.17 88.32 91.18 2.85 86.64 87.11 0.48 76.56 80.19 3.63 

13 364.00 73.11 162.14 89.03 82.70 147.06 64.36 58.03 135.63 77.59 

14 25.50 4.51 22.53 18.03 18.10 22.73 4.63 11.54 21.81 10.27 

15 201.67 84.09 166.72 82.63 89.04 171.75 82.72 58.53 167.02 108.49 

16 109.33 45.51 54.24 8.73 40.47 47.96 7.49 31.48 36.19 4.71 

17 11.50 9.63 12.50 2.87 9.47 11.78 2.32 9.05 11.61 2.56 

18 5.00 7.08 7.85 0.77 7.41 7.85 0.45 7.58 7.85 0.27 

19 5.67 8.04 8.87 0.83 8.58 8.86 0.28 0.74 8.21 7.47 

20 11.67 9.22 13.25 4.03 8.54 13.33 4.79 8.78 12.86 4.09 

21 226.33 33.80 91.08 57.29 29.58 93.36 63.79 27.55 74.59 47.04 

22 41.67 6.74 35.48 28.74 3.86 33.80 29.94 4.15 31.64 27.50 

23 176.33 115.33 144.32 28.98 109.90 139.39 29.49 111.36 140.21 28.85 

24 19.00 9.71 11.36 1.65 9.53 11.00 1.47 9.41 10.78 1.37 

25 19.83 2.02 4.08 2.06 0.43 1.52 1.10 0.67 2.42 1.75 

26 10.00 -0.05 0.69 0.74 0.10 0.67 0.57 -0.05 0.31 0.36 

27 137.50 132.01 152.18 20.17 118.01 134.92 16.91 94.76 138.29 43.53 

28 21.50 0.21 0.20 -0.01 0.19 0.23 0.03 - - - 

29 113.00 43.18 63.08 19.90 36.56 52.98 16.42 - - - 

30 21.33 9.93 9.69 -0.24 5.26 5.40 0.14 - - - 

31 66.00 9.43 9.67 0.24 16.28 17.01 0.74 - - - 

32 59.50 37.68 41.23 3.56 16.96 29.09 12.13 - - - 

33 19.00 14.87 17.65 2.78 13.75 16.75 2.99 - - - 

34 8.00 12.36 12.41 0.05 11.90 12.41 0.51 - - - 

35 26.83 2.53 2.38 -0.15 2.15 2.24 0.09 - - - 
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Table G2.2. The production during the icing events defiend at site B for wind turbine 4. 5 and 7. 
Production during icing  events at site B 

 WT4 WT6 WT7 

Event 
number 

Duration 
[h] 

P 
[MWh] 

P_nom 
[MWH] 

Losses 
[MWh] 

P 
[MWh] 

P_nom 
[MWH] 

Losses 
[MWh] 

P 
[MWh] 

P_nom 
[MWH] 

Losses 
[MWh] 

1 70.00 34.45 47.20 12.74 48.68 51.10 2.42 24.63 44.40 19.76 

2 51.83 30.42 32.19 1.77 26.37 26.84 0.47 12.61 19.48 6.87 

3 36.67 41.27 48.60 7.34 46.35 47.99 1.64 3.60 41.24 37.64 

4 76.17 68.81 101.50 32.68 101.44 102.31 0.87 101.39 100.57 -0.83 

5 66.83 44.31 44.93 0.62 49.64 52.14 2.49 50.45 51.85 1.41 

6 61.17 66.13 60.98 -5.15 57.44 56.91 -0.53 59.94 58.37 -1.57 

7 172.83 43.70 56.42 12.73 44.97 60.49 15.52 45.26 63.77 18.51 

8 56.33 66.67 73.36 6.69 70.11 75.95 5.84 74.77 75.09 0.32 

9 127.33 85.95 92.47 6.52 74.05 94.69 20.64 99.85 101.55 1.71 

10 114.67 85.23 116.39 31.16 80.58 119.17 38.59 113.71 126.77 13.06 

11 201.83 98.63 110.93 12.29 -0.49 85.64 86.13 74.88 110.01 35.14 

12 131.17 90.92 95.68 4.76 -0.45 71.88 72.33 100.44 105.09 4.65 

13 364.00 70.60 160.80 90.21 0.46 143.82 143.36 78.41 156.84 78.42 

14 25.50 16.01 24.59 8.59 -0.08 15.46 15.55 9.01 21.54 12.53 

15 201.67 60.88 168.40 107.52 -0.84 145.76 146.60 52.08 152.55 100.47 

16 109.33 47.83 63.09 15.26 -0.56 67.02 67.59 49.45 67.42 17.97 

17 11.50 8.49 12.06 3.57 9.10 12.55 3.45 8.49 12.01 3.52 

18 5.00 5.82 7.85 2.03 -0.01 7.76 7.77 6.96 7.85 0.90 

19 5.67 0.34 8.27 7.92 -0.01 7.45 7.46 8.16 8.34 0.18 

20 11.67 8.31 14.12 5.81 8.19 14.34 6.15 8.36 14.66 6.30 

21 226.33 22.66 93.36 70.70 17.26 92.98 75.72 12.32 81.07 68.75 

22 41.67 0.48 28.90 28.42 2.01 26.26 24.25 -0.18 21.90 22.08 

23 176.33 112.39 145.92 33.53 94.83 164.28 69.45 92.01 156.26 64.25 

24 19.00 6.35 10.82 4.47 6.21 11.84 5.63 7.26 10.71 3.45 

25 19.83 0.38 1.25 0.87 3.77 8.54 4.77 1.70 6.40 4.70 

26 10.00 -0.06 0.68 0.74 -0.07 0.77 0.84 0.04 0.77 0.73 

27 137.50 79.54 126.57 47.03 90.85 141.48 50.63 69.70 139.63 69.93 

28 21.50 -0.01 0.44 0.44 2.98 8.97 5.99 4.76 9.71 4.95 

29 113.00 -0.30 46.67 46.96 58.30 90.86 32.55 56.11 80.52 24.41 

30 21.33 -0.07 4.84 4.91 5.64 7.79 2.15 5.08 6.99 1.91 

31 66.00 -0.23 21.97 22.19 16.22 21.04 4.82 16.13 18.17 2.04 

32 59.50 -0.16 34.79 34.96 30.77 40.20 9.42 30.35 37.43 7.08 

33 19.00 -0.05 19.63 19.68 14.09 19.62 5.54 11.59 16.26 4.67 

34 8.00 -0.02 12.26 12.28 12.38 12.41 0.03 12.40 12.41 0.01 

35 26.83 -0.07 2.04 2.11 1.88 2.20 0.33 2.36 2.57 0.21 

 
The figures describing the ice events at site B is presented below. The x-axis of these figures is the 
pctimestamp in the resolution of 10-minutes averages.  
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Appe
ndix H – Production dependence of icing rate and wind speed 

H1.Site A 
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