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Abstract

A Comparison of Wind Power Production with Three
Different De- and Anti-Icing Systems

Sandra Kolar

This thesis is done within the master program in energy systems engineering at
Uppsala University and in cooperation with OX2. The aim was to compare the
operation and performance of three different de- and anti-icing systems for wind
turbines during the winter 2014/2015. The systems evaluated were de-icing with
heating resistances, de-icing with warm air and anti-icing with heating resistances.

Inconsistency in the operation of the wind turbines and the de- and ant-icing systems
as well as lack of information made it hard to compare the efficiencies of the systems.
The systems showed tendencies to improve the production. Especially examples
during single ice events where the systems increased the power output was found,
but the examples also showed possible improvements regarding the size of the
systems and the duration of the de-or anti-icing cycles. Based on the approximated
gain in production, during the studied time period, none of the systems could be
determined to be profitable. The gain in production does however not have to be
especially large for the systems to become profitable, and the results could be very
different in a year with more ice, higher electricity prices or a more consistent
operation of the systems.
 
Important characteristics of the systems were found to be the duration of a cycle, the
energy required for the operation of the system and the trigger-point for activation of
the system. Additional benefits like for instance decreased loads, risk for standstill and
ice throws could also be provided by the system.
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Executive Summary 
In this work it was found that all evaluated wind farms were subject to ice and experienced losses in 

production due to ice. Consideration of the installation of de- or anti-icing systems when establishing 

wind farms at locations with similar ice conditions is therefore recommended. The energy required 

for the operation of the system, the duration of a de-or anti-icing cycle and the trigger-point for 

activation of the system are then important characteristics of the system. 

The systems evaluated were de-icing with heating resistances, de-icing with warm air and anti-icing 

with heating resistances. During the studied time period (December 2014 to March 2015) the 

systems showed tendencies to improve the production. Examples during single ice events where the 

production was improved by having a de- or anti-icing system installed were found, but there also 

appears to be a potential for improvements regarding for instance the size of the systems and 

duration of the de-icing cycles.  

The calculated gain of the systems is displayed in Figure 1 below. It can be seen that none of the 

systems, for certain, have reduced the losses compared to the reference wind farms during the 

studied season, if the energy for operation of the systems (in Wind Farms 3 and 5) are considered. 

There is however large uncertainties due to inconsistent operation, lack of data and information and 

a longer time period needs to be studied to determine the efficiencies. The average gain in 

production based on the studied time period was not enough for the systems to be profitable with 

today's electricity prices and a discount rate of 7 %, it was however shown that the gain does not 

have to be especially large in order for the systems to become profitable. 

 

Figure 1: Outcome of having the de- and anti-icing systems installed during the winter 2014/2015. The colored bars show 
the average production gain in relation to reference wind farms. The error bars are illustrating a confidence interval of 95 
%. Energy for operation of the systems is not included for Wind Farms 3 and 5. 



 
 

Populärvetenskaplig sammanfattning 
Det har blivit vanligare att vindkraftverk placerade på platser där det förekommer is, likt klimatet i 

stora delar av Sverige, är utrustade med avisningssystem. Det finns två strategier för avisning 

tillgängliga, de som syftar till att motverka isbildning på bladen (anti-icing) och de som syftar till att ta 

bort is som redan bildats (de-icing). Alla tillverkare har dock sina egna system för att genomföra 

avisningsprocessen. Detta arbete genomfördes med syftet att jämföra effektiviteten hos tre olika 

avisningssystem under vintern 2014/2015. De avisningssystem som utvärderats är de-icing baserat 

på värmeresistanser, de-icing med varmluft och anti-icing med värmeresistanser. Arbetet är utfört 

som en del av civilingenjörsprogrammet i energisystem på Uppsala Universitet i samarbete med OX2.  

Isbildning på bladen på vindkraftverk minskar produktionen från turbinerna jämfört med 

produktionen i isfria förhållanden. Detta beror på att isen förändrar egenskaperna hos bladen, vilket 

påvekar luftflödet runt dem och därmed påverkar produktionsförutsättningarna. Isbildning på bladen 

riskerar till och med att vindkraftverket stannar helt till följd av exempelvis ökade vibrationer, laster 

m.m. Produktionsbortfallet innebär förlorade inkomster för ägaren av vindkraftverket. Utöver 

förändrade produktionsförutsättningar, kan is på bladen också medföra exempelvis mer ljud och risk 

för iskast.  

Inom IEA Task 19 - Wind energy in cold climates har ett förslag till en standard för att beräkna 

produktionsförlusterna hos vindkraftverk på grund av isbildning utarbetats. I standarden beräknas 

förlusterna baserat på avvikelser mot vad som anses vara produktion i isfria förhållanden, genom 

identifiering av tre sorters ishändelser: produktionsförluster (produktion under den förväntade), 

stillastående turbin (på grund av isbildning, men i detta arbete också tillföljd av drift av 

avisningssystemet) samt överproduktion (till följd av frusna anemometrar och fel i vindmätningarna). 

I arbetet utarbetades ett MATLAB-script baserat på den föreslagna standarden för att utvärdera 

isförlusterna under den studerade tidsperioden. 

Utvärderingen visade att alla vindkratsparker i jämförelsen var utsatta för is och produktionsförluster 

till följd av detta. Alla systemen visade också tendenser till att förbättra produktionen jämfört med 

närliggande referensparker utan installerade avisningssystem. På grund av att avisningssystemen inte 

varit i drift kontinuerligt, bristande datarapportering och information om systemen finns stora 

osäkerheter i jämförelsen och det var inte möjligt att jämföra effektiviteten av systemen under den 

studerade perioden. Det gick dock att identifiera exempel där systemen medförde en 

produktionsförbättring under enskilda isförekomster, men även tillfällen där systemen visade 

potential till förbättring genom exempelvis en högre installerad effekt eller längre/kortare tid för en 

avisningscykel. 

En ekonomisk utvärdering där produktionsvinsten av att ha avisningssystemen installerade baserades 

på den framräknade produktionsvinsten under den studerade perioden (December till Mars) och 

antogs vara samma över 25 år, visade att inget av systemen var lönsamt med ett elektricitetspris på 

250 SEK/MWh, elcertifikat på 200 SEK/MWh i 15 år samt en antagen internränta på 7 %. Detta var 

dock ett år med mindre is än man kan förvänta sig och okontinuerlig drift av systemen. 

Produktionsvinsten behöver inte vara särskilt stor för att systemen ska vara lönsamma, och 

lönsamheten baserat på ett år med mer is, högre elpriser eller mer kontinuerlig drift av systemen kan 

ge ett annat utfall. För att utvärdera effektiviteten och lönsamheten av systemen rekommenderas att 



 
 

en längre tidsperiod utvärderas. Dock behövs mer information om systemen och en mer kontinuerlig 

drift av systemen i en framtida utvärdering. 

Eftersom samtliga parker påvisade produktionsförluster på grund av is rekommenderas att behovet 

av avisningssystem på platser i liknande isförhållande också i fortsättningen utvärderas. Viktiga 

faktorer i lönsamhetskalkylerna är då längden på en avisningscykel, energiåtgången för att driva 

systemet och de driftförhållanden för vilka systemet aktiveras. Då is även kan leda till extra kostnader 

för avvikelser från produktionsprognoser, högre försäkring m.m. och dessutom kan medföra 

exempelvis högre laster, mer ljud och iskast, kan avisningssystem medföra extra fördelar som bör tas 

med i avvägningen när värdet av avisningssystemet utvärderas.   
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1. Definitions 
 

ADIS Anti- and De-icing system. 

Anti-icing systems Systems that aim to prevent ice accretion on the blades of the wind turbine. 

Code Code is referring to the MATLAB-code produced to evaluate the losses due to 
ice. 

De-icing systems Systems that aim to remove ice from the blades once already formed. 

IEA Task 19 - Wind 
energy in cold 
climates 

A working group within IEA Wind energy, working with icing of wind turbines 
among other things. 
 

LOESS A smoothing function based on local regression using weighted linear least 
squares and a second degree polynomial. 

MATLAB Program, from MathWorks, for calculation and coding. 

Moving Average Low pass filter that filters the coefficients equal to the reciprocal of the span. 

Overproduction Power output higher than expected for a certain wind speed, due to for 
instance frozen anemometers. 

Power 
performance curve 

"Power curve" 
The relation between wind speed and power output for a specific turbine. 

Reference 
production 

The expected output of the wind turbine at a certain wind speed, based on the 
power curve. 

Reference wind 
farm 

Wind farms located near the evaluated wind farms, without any de- or anti-
icing systems installed. 

SCADA-data Supervisory Control And Data Acquisition, in form of parameters/  
measurements of the operation of the turbine and ambient conditions. 

Smoothing 
function 

Function that captures the characteristics of a data set and reduces the impact 
of noise in the measurements. 

"The proposed 
standard" 

Refers to the proposed standard (T19IceLossMethod) for evaluating losses due 
to ice from IEA task 19. 

Wind Farm 1 Evaluated wind farm with de-icing system based on heating resistances. 

Wind Farm 2 Evaluated wind farm used as a reference to Wind Farm 1. 

Wind Farm 3 Evaluated wind farm with de-icing system based on warm air. 

Wind Farm 4 Evaluated wind farm used as a reference to Wind Farm 3. 

Wind Farm 5 Evaluated wind farm with an anti-icing system based on heating resistances. 

Wind Farm 6 Evaluated wind farm used as a reference to Wind Farm 5. 

WindPRO A module-based software for evaluating sites and projects from EMD 
International A/S. 

WTG Wind Turbine Generator, synonym to wind turbine or turbine. 
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2. Introduction  
This work is a master thesis within the master program in energy systems engineering at Uppsala 

University and covers 30 credits. The thesis is done in cooperation with OX2 and aims to evaluate 

three Anti- and De-Icing Systems (ADIS) installed in three wind farms in Sweden operated by OX2.  

2.1 Background 
Ice accretion on the blades of wind turbines causes a lower energy production compared to the 

energy production in the same wind conditions with no ice, and thereby results in a loss of income 

for the owner of the wind turbine [1]. The loss of production can also cause an additional cost for the 

owner because of deviations from the production forecast, this cost is however very small in relation 

to the loss of income [2]. In many locations, the winter is the time of the year with the most wind, 

which makes it especially important to ensure availability of the production during this period [3]. 

Furthermore, cold climate and ice can increase the costs for maintenance and insurance as well as 

increase the loads on the turbine, give rise to more noise and form a safety risk due to ice throws [4], 

[5]. Wind turbines in cold climates, like the climate in the north of Sweden, could therefore have a 

de- or anti-icing system installed. In this report anti-icing refers to systems that aim to prevent ice 

from forming on the blades of the turbine whereas de-icing refers to systems with the strategy to 

remove ice once it already has been formed on the surface. 

Today there are little information about the operation of wind turbines in ice conditions due to lack 

of measurements [6]. There is also no general technique for de- and anti-icing of the blades available 

[7]. For a de- or anti-icing system to be advantageous to install, the gain in production must be 

compared to the higher investment cost of the turbine as well as the additional cost for the 

operation of system [1], [2], [8]. It is therefore of interest to learn more about the operation and 

efficiency of different de- and anti-icing systems, in order to minimize the losses and maximize the 

income of a wind farm. 

2.2 Presentation of OX2 
OX2 is a privately held company, active within the renewable energy sector. OX2 is active in many 

stages of the wind energy industry, from developing projects to building, selling and managing wind 

turbines. In 2013 OX2 had installed about half of the total established onshore wind power capacity 

in the Nordic region, seen to projects larger than 30 MW [9]. 

2.3 Aim of the Thesis 
The aim of this thesis is to compare the operation and efficiency of three different de- and anti-icing 

systems installed in three wind farms operated by OX2. The de- and anti-icing techniques that will be 

evaluated are de-icing with heating resistances, anti-icing with heating resistances and de-icing with 

warm air. The main focus will be to evaluate the production of the wind farms during the winter 

2014/2015. The performance will be evaluated against the production in conditions considered to be 

free from ice, against a wind farm nearby the evaluated wind farm without an ADIS installed and 

against the other ADIS studied. 

2.4 Limitations 
In the evaluation, the production from three wind farms with de- and anti-icing systems installed will 

be evaluated. Only a limited time period, December 2014 to March 2015, is being studied. Because of 

the relatively short time period, the statistical basis is small and the results are only valid for the 
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studied months. To statistically determine the behavior of the systems, a longer time period needs to 

be studied.  

The evaluation is based on SCADA-data in form of measurements of power output, temperature, 

wind speed and wind direction together with information about the operational state of the turbine 

and alarm-lists. Knowledge about the conditions at the site, as for instance wind turbulence, duration 

and intensity of icing events etc. are not available. Because of that, turbulence, etc. is not considered 

and all losses are treated as losses due to ice. Furthermore all identified ice events are treated the 

same and there is no differentiation done with respect to type of ice, duration and intensity.  

Production from summer months is not available from all wind farms and there is no opportunity to 

manually stop and start the de- and anti-icing systems. The production in ice free conditions are 

therefore assumed to be production over a certain temperature and the effect of the ADIS is 

calculated by using "reference parks" nearby.   



4 
 

3. Theory 

3.1 Electricity Production from Wind Turbines 

3.1.1 Energy in the Wind 

The power (P, [W]) from a WTG (Wind Turbine Generator) originates from the kinetic energy in the 

wind (W, [J]). The available power in the wind is thereby determined by the velocity (U, [m/s]) and 

the mass flow (dm/dt, [kg/s]) of the air through the swept area of the rotor of the WTG (A, [m2]) 

according to 

   
  

  
 

 

 

  

  
  =

 

 
       (1) 

where ρ ([kg/m3]) is the air density. Due to technical and physical constraints the WTG cannot utilize 

all the available kinetic energy in the wind. The expression above is therefore corrected with a rotor 

power coefficient (Cp) defined as the ratio between the power output of the rotor and the available 

power in the wind. The theoretical maximum value of Cp is given by Betz limit and is equal to 16/27. 

This value is in reality never achieved due to rotation of the wake behind the rotor, a finite number 

of blades, tip losses and aerodynamical drag together with the efficiency of the electrical 

components. ([10], p.36, 94-96).  

 

In Figure 1 the cross section of a blade of a WTG is illustrated. The velocity of the air increase over 

the upper side of the blade which results in a lower pressure compared to the lower side of the 

blade, according to Bernoulli's principle. The difference in pressure creates a force component 

perpendicular to the wind direction, the lift force. The difference in pressure together with viscous 

friction between the blade and the air gives rise to a force component parallel to the wind called drag 

force. The size of the two forces will thereby vary in size with the angle of the wind. The component 

of the resultant, of the two forces, that is in the plane of rotation creates the torque of the WTG. In 

traditional horizontal WTGs, the component from the lift force is the one generating power ([10], 

p.102-121). 

 

Figure 1: Nomenclature blade. Because of a difference in pressure between the two sides of the blade and viscous 
friction, two forces are created. The lift force is perpendicular to the wind direction and the component in the plane of 
rotation is usually the one generating power for traditional horizontal WTGs. 

3.1.2 Power Performance Curve 

The power performance curve ("power curve") describes the electrical power output of the WTG as a 

function of the wind velocity at hub height. An example of a power curve can be seen in Figure 2. 
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Three wind speeds (cut-in, nominal and cut-out) are of special importance for the operation of the 

WTG and are marked in the figure. The cut-in wind speed is the wind speed for which the WTG will 

start to produce electricity. The nominal (or rated) wind speed is the speed where the nominal power 

output, usually the maximum power, is reached and the cut-off wind speed is the maximum wind 

speed where the WTG will generate electricity. At higher wind speeds the WTG will be turned off due 

to limits in strength and for safety reasons ([10], p.7).  

 

Figure 2: Example of a power curve. The three wind speeds (cut-in, nominal and cut-out) marked in the figure are of 
special importance and show at which wind speeds the WTG starts/stops to produce power and when nominal power is 
reached. 

The power curve is characteristic for each WTG model and valid for specific conditions. In this work 

production lower than expected is assumed to be loss due to ice. A change in outer conditions, like 

air density or influence of turbulence intensity and wind shear, do however affect the available 

energy in the wind and thereby lead to deviations from the power curve. Deviations from the power 

curve can also occur due to the characteristics of the WTG itself such as errors in wind 

measurements, yaw misalignment and the condition of the blades [4], [11]. These factors are 

explained further below. 

3.1.2.1 Influence of Air Density 

A change in air density (ρ, [kg/m3]) can cause a change in the power output of the WTG by up to 5 % 

for a given wind speed [4]. The standard density is 1.225 kg/m3, but in reality the density depends on 

both temperature (T, [K]) and air pressure (p, [kPa]) according to the ideal gas law 

  
 

  
   (2) 

where R is the specific gas constant of air 0.2871 [kN m kg-1 K-1]. It can be seen that the density 

increases with low temperature and high air pressure. The air pressure decreases with height and the 

density is therefore lower at higher altitudes. The temperature is however of greater importance of 

the two parameters ( [10], p.36-37). The influence of the air density is further evaluated in Appendix 

A. 



6 
 

3.1.2.2 Influence of Changing Wind Conditions 

The wind speed varies between different years, within a year, over a day and over a couple of 

minutes. Long term differences in wind speed are due to weather, climate and seasonal changes 

whereas short term differences are due to solar radiation, turbulence and gusts ([10] p.27ff.). 

3.1.2.2.1 Turbulence and Gusts 

Variations of the wind speed in time periods shorter than 10 minutes are called turbulence and single 

events in turbulent wind conditions are called gusts. This may be variations along, perpendicular and 

in vertical direction to the wind speed, causing kinetic energy in the wind to transform into thermal 

energy. Turbulence may cause the wind to vary considerably over short time periods and at the same 

time give rise to a close to constant mean value of the wind speed over time periods of one hour or 

more. Important characteristics of the changes are the amplitude, rise time, variation and duration 

([10] p.27-33, 39-40). Because of the characteristics of the power curve, a higher turbulence intensity 

will increase the power output in low winds (where the power curve is concave) but decrease the 

power output at higher winds (where the power curve is convex).  

3.1.2.2.2 Solar Radiation 

The surface of the ground is heated by the sun during the day which, because of temperature 

differences, gives rise to winds. Since the radiation from the sun differs during day and night, the 

wind speed varies during a day. It is most common that the wind speed is lowest from midnight to 

sunrise. Usually the difference between day and night is largest during spring and summer and 

smallest during the winter ([10] p.27ff.). 

3.1.2.2.3 Wind Shear and Atmospheric Stability 

The variation of wind speed with height is called wind shear and results in a varying wind speed 

across the rotor of the WTG. The wind shear depends both on the stability of the atmospheric 

boundary layer, the terrain shape and surface roughness. Stability of the atmospheric boundary layer 

is the ability to counteract vertical motion and turbulence, which depends on for instance the 

temperature gradient of the air with height. The surface roughness describes the characteristics of 

the surface of the ground, since a rougher surface, for example vegetation, will decrease the wind 

more than a smooth surface, for example water. The terrain shape may work as obstacles and cause 

a decrease of speed, change in wind direction and turbulence, but may also work to channel and 

increase the wind in, for instance, in concave terrain formations or on elevations ([10] p.36-39, 44-

46)  

3.1.2.2.4 Array Losses and Wakes 

WTGs located downwind from other WTGs in a wind farm will experience a lower wind speed and an 

increase of turbulence as a result of already extracted energy and the "additional obstacle" in the 

form of the rotating rotor of the WTG upwind. This results in lower energy production (array losses) 

and fluctuations in the power output of the WTG in the wake of other WTGs. The length and depth of 

the wake depends on the rotor dimensions and the energy extracted. The energy content in the wind 

wake will be refilled through mixing with the surrounding air, which will be faster with turbulence. If 

the WTGs are placed about 8-10 rotor diameters from each other in the wind direction the array 

losses is usually less than 10 % ([10] p.422ff.).  
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3.1.2.3 Influence of Characteristics of the Turbine 

3.1.2.3.1 Yaw Error and Blade Degradation 

If the WTG is misaligned, i.e. the rotor axis is not in line with the wind direction, the aerodynamical 

torque and the performance of the WTG may be different than expected. Unclean blades may affect 

the aerodynamics of the blade and the performance may be degraded by several percent ([10] 

p.131ff.). 

3.1.2.3.2 Location of Measuring Instruments 

The measurements of wind speed etc. will be affected by turbulence, the surrounding topology and 

the placement of the instruments [12]. If the instruments for instance are placed on the nacelle, 

which is common, the conditions by the blades can be very different compared to the point of the 

measurement [5]. 

3.2 Ice Formation 

3.2.1 Conditions for Ice Formation 

The formation of ice is especially affected by the temperature and moisture content of the air, the 

distribution of the water droplets and the wind speed over the entire swept area of the rotor [5]. The 

aero dynamical effects of the WTG also have an impact on the ice accretion on the blades and ice 

accretion will thereby vary with for instance turbulence, but also for different WTG models. The 

collection efficiency of a WTG is the "catch rate" of droplets and ice, caused by collision and 

adhesion. The collection efficiency depends on the rotational speed of the WTG and physical 

properties such as chord length, the area and curvature of the blades [8], [13], [14]. 

If the WTG rotates in humid air such as clouds, fog, etc. there is a risk for ice accretion at low 

temperatures. Ice accretion is therefore more common at low air pressure, since this is characteristic 

for front passages and situations where the clouds appear at a low altitude. The altitude of the 

clouds are adapted to the ground level at a certain location, but will not be influenced by single 

heights. Local height peaks will thereby be exposed to clouds in a higher degree and are more 

frequently exposed to icing events if the temperature drops [15]. Because of this the number of icing 

hours varies with the topography, and local variations in height are of great importance for icing [8]. 

Especially the leading edge of the WTG is exposed to icing in such conditions. Ice will however also 

form during WTG standstill in conditions such as sleet [15]. 

Icing events are most common at temperatures around 0 °C. Usually ice is not formed below -25°C, 

but icing events below this temperature have also been reported. If fog and sleet come in contact 

with cold surfaces, ice can also form above 0 °C and for instance frost can be created in temperatures 

up to +4 °C [8], [15]. Some ice formation benefits from low wind speeds, but will fall off the WTG if 

the wind is too high. Higher wind speeds inside clouds have however a tendency to increase ice 

formation on the blades. The wind direction is also of importance, and icing will for instance be more 

common if the wind has travelled over water [15]. The droplet size affects the icing, since small 

droplets tend to scatter around the structure without hitting it, without forming ice on the structure 

[13]. 
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3.2.2 Types of Ice 

The impact of ice on the power output of the WTGs varies with different types of ice. In this work all 

types of ice is treated the same. There are however three types of ice formations relevant to WTGs, 

which are presented below.  

1) In-cloud icing occurs when super cooled water droplets come in contact with a surface below 0 °C 

and close to immediately freeze on the surface [13]. Since the water droplets are transported by the 

wind, the ice is usually built on the wind side of the WTG. The worst cases are found at places where 

the wind speed increases, for instance over ridges [8]. Depending on the ambient conditions, the ice 

can appear as rime or glaze [13]. Rime usually occurs at temperatures between -20 °C and 0 °C [8]. 

Soft rime appears as needles and flakes with low density and low adhesion on the structure whereas 

hard rime has higher density and is more difficult to remove. Glaze is created when the water 

droplets do not freeze immediately upon contact with the blades and forms ice with strong adhesion 

and high density [13]. Glaze is usually created between temperatures of -6 °C and 0 °C and does not 

always cause significant changes in the profile of the blade [8], [15]. 

2) Precipitation, in form of snow or rain, may form ice at much higher rate than in-cloud icing and 

may also cause more damage. If rain falls on surfaces below 0 °C (freezing rain) it creates ice with 

high density and adhesion [13]. This occurs when warm air melts snow crystals, for instance in 

connection to temperature inversions, warm fronts and valleys [8], [13]. Snow that is partially liquid 

(wet snow) occurs at temperatures between 0 °C and +3 °C. Followed by a temperature decrease it 

may form ice that can be hard to remove [8]. 

3) Frost is created when water vapor freezes on a cold surface. Frost has a low density and accretion 

rate, and does not increase the load on the WTGs substantially [8]. The adhesion of frost may 

however be rather strong, but it erodes or sublimates fast [13], [15]. The formation of frost is more 

common in low wind speeds [13]. 

3.2.3 Occurrence of Ice  

The period of icing is defined by two parameters. The time period when the ambient conditions are 

advantageous for ice accretion (meteorological icing) and the time period for which there is ice on 

the structure (instrumental icing). The time in between the meteorological icing and the instrumental 

icing (i.e. the time it takes for ice to form) is called incubation time and the time between the end of 

the meteorological icing and the end of the instrumental icing (i.e. the time ice remains on the 

structure after the conditions for ice accretion have stopped) is called the recovery time [8]. The ice 

will either melt, erode, sublimate or fall off a rotating WTG in time and long icing periods, most 

probably, would require repeated occurrence of icing events. According to one study done in 1996 

ice that has formed on the blades of the WTG will melt if the intensity of the sun is about 300 W/m2. 

This means that the icing events will be shorter on lower latitudes on the north hemisphere and the 

southern parts of Sweden are not exposed to especially long periods of ice events. From a production 

point of view, anti- or de-icing is therefore redundant in the southern parts of Sweden [15].  

The meteorological winter begins when the mean temperature is 0 °C or less for five days in a row. In 

Kiruna this normally occurs around the 10th of October, in Östersund around the 4th of November 

and in Malmö around the 7th of January [16]. The winter ends when the mean temperature is 

between 0 °C and 10 °C for 7 days in a row. This normally occurs the 1st of May in Kiruna, the 11th of 

April in Östersund and the 22nd of February in Malmö [17]. In the northern parts of Sweden a typical 
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number of active icing hours (defined as an ice accretion >10g/h) per month is about 50 hours. The 

amount of active icing is usually more in the most northern parts of Norrland than anywhere else in 

the country [12]. According to an icing map from Kjeller Vindteknikk the numbers of active icing at 

100 m height are up to about 500 h/year at four of the studied sites and up to 1000 h/year at two of 

the studied sites [18].  

3.3 Effects of Icing and Cold Climate on Wind Turbines 

3.3.1 Power Losses 

When ice accumulates on the rotor blades both the shape and the roughness of the surface changes 

and the aerodynamic properties of the blade will therefore be altered. Already a small amount of ice 

will significantly reduce the power output and heavy icing conditions may even cause a stop of the 

WTG [1]. The stop may be caused by either the changed aerodynamics of the blades or by the control 

system of the WTG, due to for instance increased loads [8], [19]. According to studies, the production 

losses can, in worst cases, be up to 50 % of the annual electricity production. The losses depend on 

the intensity and duration of the ice [13]. In addition to the conditions of the ice event, the operation 

strategy of the wind farm, for instance if the WTG is heated or not and if it is stopped or continued to 

run in icing events, also has a large impact on the power losses [6].  

According to a study done in Canada, the amount of ice increases towards the tip in the case of in-

cloud icing. The ice was also found to mostly form at the leading edge and on the high pressure side 

of the blade. Run-off ice occurred most on the outer third of the blade [7]. The location of the ice 

accretion is of importance, since a unit area of the blade will contribute more to the production 

further out on the blade, due to a larger torque, according to 

             (3) 

where P is the power [W], F is the force [N], v is the velocity [m/s], M is the torque [Nm] and ω is the 

rotational speed [s-1]. The tip of the blade is however an exception because of changes in the air flow 

[15]. As a consequence of Equation (3), the parts of the blade closest to the root have less impact on 

production losses due to icing [8]. 

If the wind speed is much lower than the rated wind speed the production losses can momentarily be 

about 70 % compared to the production if there were no ice. If the wind speed instead is much 

higher than the rated speed, the losses become much smaller, since the "excess energy" in the wind 

keeps the production closer to rated power, as long as the efficiency of the blades doesn't decrease 

substantially [4]. The losses are thereby usually greater in lower wind speeds. In one study it was also 

shown that losses occur mostly during conditions for ice accretion. When the ice was formed the 

production increased again, which could possibly be explained by ice falling of the rotating WTG 

faster than the measuring instrument [12]. 

Ice on the blade usually results in a decrease of the lift force coefficient (the lift force in relation to 

the dynamic force, per unit length) and an increase of the aerodynamical drag coefficient (drag force 

in relation to the dynamic force, per unit length). This causes a reduction of the torque and thereby a 

reduction of the power output of the WTG [10], [15]. This effect is greater on the outer third of the 

blade [7], as explained above. Freezing rain may however form an even surface and in that case do 

not reduce the power output. For passive stall regulated WTGs, with a blade design to increase the 



10 
 

angle of attack in high winds and thereby reduce the power output, such ice formations may even 

cause overproduction if the reduction of power is delayed, which could result in overheating of the 

components of the WTG [15]. In this work there are no stall regulated WTGs included. 

The losses are affected by other components of the WTG as well. If there is ice on the wind 

anemometer the input for the control of the WTG is altered. If the anemometer is completely frozen 

the measurement error may even prevent the WTG from starting, causing losses of production [1]. 

With ice on the blades, a WTG with an asynchronous generator that is directly connected to the grid 

(i.e. requires a constant rotational speed) may not always be able to reach the required rotational 

speed for grid connection, and thereby reduce the production. This problem is smaller for WTGs with 

variable speed [15]. None of the studied WTGs in this work have an asynchronous generator directly 

connected to the grid. 

3.3.2 Indirect Effects on Production 

Some effects of icing and cold climate that could influence the production through for instance the 

control system, regulations or impact on WTG components, are listed below. 

3.3.2.1 Measurement Errors 

Anemometers, wind vanes and temperature sensors can, be affected by ice. Errors in wind speed 

measurements can be as high as 60 % for regular standard anemometers during ice events. This may 

for instance affect the evaluation phase of a site and the control of the WTG in form of starts/stops, 

yaw etc. [13].  

3.3.2.2 Overproduction 

The air density is higher during winter time due to lower air temperatures. This increases the energy 

yield at a certain wind speed and may cause overproduction. The properties of the airfoil can also be 

altered by ice, especially glaze ice, in a way that may cause overproduction [13].  

3.3.2.3 Mechanical Failures 

Ice accumulated on the blades of the WTG will result in an additional weight and change the mass 

distribution as well as the aerodynamics. This may cause the natural frequency of the WTG to be 

altered, and result in less damping of the system, leading to vibrations, resonance and mass 

imbalance [13], [15]. In addition to increased loads, the low temperature will change the viscosity of 

different lubricants etc. as well as change the dimensions and properties of different components of 

the WTG, which may result in for instance overheating, fatigue and problems with cold starts [5], 

[13]. 

 3.3.2.4 Electrical Failures and Grid Stability 

Leakage of snow into the nacelle and cold temperatures may lead to condensation in the electronics 

[13]. In addition insulation of cables and the possibility of overproduction, causing overheating, could 

be a problem in cold climates [1]. During ice events the power output from the WTGs can decrease 

quickly. In a large wind farm, the loss of production risks affecting the stability of the grid if the loss is 

large and quick enough [6], [8]. 

3.3.2.5 Safety hazards and noise 

Ice throws from the WTG can reach a distance of about 1.5 times the length of the height of the WTG 

together with the rotor diameter [15]. Ice on the blades also causes the boundary layer to become 
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fully turbulent at the leading edge, resulting in noise with a higher frequency than normal, which can 

be heard more clearly [13]. This may force a stop of the WTG due to regulations. 

3.3.3 Economics 

Apart from a decrease in the power output, ice on the WTG also could reduce the availability (ability 

for production), which is of importance since winter is the time of the year with most wind in many 

locations [3], [5]. In addition to the loss of income for the production, there can, as already 

mentioned, be an additional cost due to deviations from the production forecast (much smaller), in 

the market for energy trade [2].  

WTGs adapted to cold climate are usually more expensive than WTGs designed for standard 

conditions. If the WTG is not adapted to the conditions, the increased loads caused by icing may 

result in increased wear and premature failures [5]. Furthermore ice increases the costs for 

maintenance since access is more difficult and more time could be required to conduct the work [1], 

[5]. If the WTG is equipped with an ADIS the investment cost for the WTG is increased and there will 

be an additional cost for operation of the system, because of energy required to run the system or 

additional maintenance depending on the design of the ADIS [8], [13] .  

The long term evaluation of a site could also be affected by icing events, which will influence the 

decision basis of the project [4]. Locations exposed to ice means a higher economical risk and could 

lead to higher costs for insurance [4], [20]. 

3.4 De- and Anti-Icing 
In order to keep the blades of the WTG free from ice, there are two main strategies, anti-icing which 

mostly aims to prevent ice from forming on the surface and de-icing which mostly aims to remove 

the ice once it already has been formed on the surface. Furthermore both of these strategies could 

be executed by either passive methods, through physical properties of the blade, or active methods 

which require external systems and a supply of energy [13]. The main strategies and some examples 

of different techniques are summarized in Figure 3. The three techniques that will be evaluated in 

this report are marked in red. 
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Figure 3: Overview of different de- and anti-icing strategies. The evaluated techniques in the report are marked in red 
(anti-icing with heating resistances, de-icing with heating resistances and de-icing with warm air). The techniques marked 
with (commercial), are the techniques available from manufacturers. Most common are heat based systems in parallel 
with hydrophobic coatings. 

In 2011 there were no ADIS (Anti- or De-Icing System) being mass produced [7]. The most common 

technique used today is active heating of the blades in parallel with passive hydrophobic coatings on 

the blades in order to lower the energy consumption [7], [13]. With a heat based ADIS, the WTG will 

require more energy for internal use. Anti-icing will require more energy in total, compared to de-

icing, because of a longer period of heating. De-icing will however need a higher power to be able to 

remove already accreted ice. A heat based ADIS will also require more maintenance compared to a 

WTG without ADIS [7].  

The outer third of the blade is most important to keep free from ice, and by doing so 90 % of the 

aerodynamical performance can be maintained. At the same time not covering the entire blade 

requires less material and energy [13]. Information about the energy required to operate an ADIS 

differs between different reference sources. Information about 2-3 % of the annual electricity 

production and 2-25 % of the nominal output can be found [5], [13]. A study showed that more 

energy for de-icing was needed at the tip compared to the root, both for the leading and trailing 

edge, of the blade and also for the lower surface compared to the upper surface of the blade [7]. 

In order to effectively decrease the losses of production ice must be detected quickly. In a study, 

sensors on the tip of the blades were considered to be important, since the tip sweep a larger area 

and have a higher relative speed than the rest of the blade. Ice must also be detected at an early 

stage, since small amounts of ice significantly reduce the production. More power will also be 
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required to remove the ice once the flow of air becomes more turbulent, because the heat is then 

distributed away from the blade. The last requirement suggested in the report, is that the system 

must be able to detect ice over large areas, because the accretion of ice appears at different parts on 

the blade at different times [13]. 

3.4.1 Techniques for De- and Anti-Icing 

An overview of different techniques for de- and anti-icing is presented below. The techniques in 

focus for this study are de-icing with heating resistances, anti-icing with heating resistances and de-

icing with warm air. Since the detailed information about the wind farms are kept confidential, these 

techniques are presented closer in Appendix B (confidential).  

3.4.1.1 Passive Anti-Icing 

Passive anti-icing techniques work to prevent ice accretion on the blades by altering the properties of 

the blade. The most common solution is hydrophobic or ice-phobic coatings of some sort [13]. There 

are also studies done with for example biochemical coatings (for instance proteins) or nano-based 

coatings [7], [8]. Other approaches studied are to use black paint to increase the heat absorption 

from the sun or chemicals that lower the freezing point of water. The main advantages of using 

passive anti-icing are that it is a relatively cheap solution, is applied over the entire surface and 

require relatively low maintenance. The main disadvantages are that today coatings alone are not 

enough to prevent icing on the blades and that the durability of the coatings is low. Consideration of 

black paint and chemicals overheating, requirement of solar intensity and pollutants are also 

mentioned as disadvantages [13].  

3.4.1.2 Active Anti-Icing 

Active anti-icing works to prevent ice accretion through external systems and an input of energy. 

Heating is the most common approach used today through either heating resistances or warm air 

[13]. It is easier to achieve a more efficient distribution of the heat with resistances than by using 

warm air [7]. One downside of using heating elements is however that they risk attracting lightning. 

Using thermal techniques is also constricted by the softening points of the materials in the blades 

which cannot be exceeded [13]. Other alternatives of active anti-icing suggested are blowing air from 

inside the blades through small holes close to the leading edge and create an ice-preventing air layer 

around the surface, using micro-waves to heat the blades or have an emitter on the tower that heats 

the blade as it passes by [7], [13]. Today it is not common to use ice detectors on the blades, anti-

icing does however require sensors to evaluate the conditions on the blades [15]. 

3.4.1.3 Passive De-Icing 

Passive de-icing techniques is used to remove ice from the blade by using properties of the blade, for 

instance this could be carried out by using more flexible blades which can move enough to crack the 

ice. The ice could also be shed by controlling the pitching of the blades and orient the blades into the 

sunlight [13].  

3.4.1.4 Active De-Icing 

With active de-icing the ice is removed through external systems and an input of energy. As in the 

case of active anti-icing heating resistance and hot air are common techniques. When the blade is 

heated a water film is created between the ice and the surface of the blade and the ice could be 

removed by the centrifugal forces when rotating the blades. One downside to using heating 

elements is, in addition to the risk of attracting lightning, that run back on the blades, which could 
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freeze later on, is quite common. The downside with heated air is that the thermal efficiency is about 

30 % which is much lower in comparison to direct heating, as with heating resistances, with a 

thermal efficiency close to 100 %. Other approaches for active de-icing suggested are flexible 

pneumatic boots with de-icers inflated by compressed air or electromagnetically induced vibrations 

that crack the ice [13]. The ice could also be removed mechanically [1]. 

3.5 Statistical Expressions 

3.5.1 Arithmetic Mean Value (Average Value) 

The arithmetic mean value      of n number of measurements (xj) are defined according to Equation 

(4) ( [21], p.288). 
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3.5.2 Standard Deviation 

The standard deviation (σ) is a measurement of how the data are spread in relation to the mean 

value. If the values are close to each other, σ will become small and if the values are more spread out 

σ will be larger. The standard deviation is defined as  
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where n is the number of measurements (xj) and    is the arithmetic mean value ([21], p.288). 

3.5.3 Percentiles 

The nth percentile represents the value for which n percentage of the observations meet a certain 

criteria. This means that the median of the observations is represented by the 50th percentile (P50), 

[22]. In this report the nth percentile will be represented by the lowest value for which the criteria is 

met, i.e. nth percent of the observations have a lower value. In MATLAB the percentiles are found by 

the algorithm, 
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by sorting all values (N) and finding the value x corresponding to the percentile. Percentiles in 

between these percentages are found by linear interpolation [23]. 

3.5.4 Confidence Interval 

A confidence interval describes an interval, based on measurements, that contains an approximation 

of the mean value of a variable with a certain probability. In this work the confidence level will be 

0.95, which means that there is a risk of 0.05 that the true average value lays outside the 

approximated interval. The confidence interval of the difference between two estimated mean 

values of normally distributed data, is described by  
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where        is the confidence interval between the "true mean values" (µ1 and µ2), of the two 

variables.           are the approximated mean values based on the measurements. λα/2 is a constant, 

which is 1.96 for a 95 % confidence interval.   
  and   

  are the standard deviations of the 

measurements and n1 and n2 are the number of measurements ([21], p.298-299). 

3.6 Net Present Value 
The net present value (NPV) is a method for investment calculation, where all incoming and outgoing 

payments are discounted to the value at the time of the investment. The investment (I) is profitable 

if the present value of the net income (a) exceeds the investment, i.e. the present value is greater 

than zero. The present value is calculated according to 
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 where n is number of year, ax is the difference between inflow and outflow of payments at year x 

and k is discount rate, which is based on requirements from banks and owners ([24], p.194-208).  
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4. Method  
Today production losses due to icing are calculated with many different methods. IEA Task 19 - Wind 

energy in cold climates, a working group within IEA Wind, are currently working on a standard 

method (T19IceLossMethod) to evaluate the production losses due to icing [25]. In this work a 

MATLAB-code was produced based on the main outlines in the proposed standard, with some 

alterations. The basic strategy of the guidelines is illustrated in Figure 4 below.  

 

Figure 4: The main steps in the proposed standard from IEA task 19 for calculating losses in production from wind 
turbines due to ice.  

The evaluation is based on 10-minute average values of SCADA-data. The parameters being used are 

wind speed, wind direction and ambient temperature which are measured at the nacelle, the power 

output and the state of operation of the WTG. Measurements where one or more variables are 

missing are excluded from the evaluation. 

4.1 Step 1: Correct the Wind Speed with Respect to Density 
In the proposed standard the variation in density is taken into account by adjusting the wind speed 

(U) with the outside temperature (T, [K]) and the elevation of the WTG (h, [m, above sea level]) 

according to 
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stated in the standard ISO 2533. In the equation subscript measured are the measured values at the 

site. The variable v is the wind speed [m/s], ρ is the density [kg/m3] and p is the pressure [Pa]. The 

subscript standard indicates standard values which are 101 325 Pa and 288.15 K (corresponding to 

15 °C), which would result in the standard density of 1.225 kg/m3 at sea level. Usite is the corrected 

wind speed used in the evaluation [25]. 

4.2 Step 2: Reference Power Curve 
A reference power curve for production not influenced by icing events is created. Manual stops are 

excluded since it would result in a lower production when creating the power curves and would be 

seen as stops due to icing in the evaluation. In this evaluation, this is done by filtering measurements 

according to the operational state of the WTGs and removing all measurements that coincide with 

manual stops. A reference curve is produced for every WTG every month [25]. In this work the 

months between December and March are considered. 

In this evaluation, outliers are removed from the data before constructing the power curves. Outliers 

are assumed to be measurements more than two standard deviations above or under the mean 

value of the production in each bin, defined below. The purpose is to remove values that deviate 

greatly from the normal production so that the bins, especially those containing few values, will not 

be inaccurate. Since these values were mostly found to be under the power curve, the majority of 

them were probably due to icing events and were therefore included in the estimation of the icing 

events later on. 

In a first assessment only measurements corresponding to times with temperatures over +3 °C are 

included, and thought of as ice free time periods. The production data are thereafter divided into 

wind bins with respects to speed and direction, here in intervals of 1 m/s and 90 °. Four bins for wind 

direction were chosen to have more data points in each bin. The bins are constructed so that the 

point of interest is in the centre of the bin i.e. the bin for a wind speed of 3 m/s consists of values 

between 2.5 m/s and 3.5 m/s. Each bin must consist of a minimum of 6 points to be acceptable. The 

mean of the measured power output for each bin is calculated and used to create the power curve 

[25]. In this work, if a wind bin consists of less than 6 measurements the average power for that wind 

speed in all wind directions is used. As a last option, if there are fewer than 6 measurements for a 

certain wind speed in total, values from the standard power curve given by the manufactures are 

used. The reason for this approach, even though smoothing functions were applied, is to receive 

more accurate points from which to form the power curve, when there are very few measurements. 

This occurs in times with little wind from a certain direction, few measurements over +3 °C and 

months with a lot of icing events.  

In the standard a gamma smoothing function or a LOESS smoothing function (local regression based 

on weighted linear least squares and second polynomials) are proposed to fill in the gaps [26]. When 

writing the MATLAB-code for this evaluation, both of these functions were found to give very 

irregular power curves at times, especially if the data used for building power curves still included 

times of ice. A smoothing function based on the principal of moving average was considered to be 

more robust and give a better result. The deviations were more effectively smoothed but the 

production was later on showed to underestimate the production at the knee of the power curve, 

where the power curve is convex. Because of the single deviations mentioned when all icing events 

have not been excluded, especially if the bins contained few measurements, single points of the 
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power curve were lower compared to the point just before (at a lower wind speed). Those values 

were set to the previous value, corresponding to the wind speed before, also with the purpose to 

smooth the power curves. An example of the resulting power curves can be seen in Figure 5. The 

deviation between the standard power curve, given by the manufacturer, and the constructed power 

curves is probably caused mainly by the location of the measurement instrument (on the nacelle, 

after the rotor), wakes from other turbines, turbulence and the smoothing function applied. 

 

Figure 5: Reference power curves in four wind directions, from one of the studied WTGs. The power curves are 
constructed based on production considered to be free of ice. The reference production was estimated for intervals of 1 
m/s and 90 °. The deviation between the standard power curve and the constructed power curves is probably due to, for 
example, the location of the measurement instrument, wakes, turbulence and the smoothing function applied.  

4.3 Step 3: Identification of Icing Events 
IEA Task 19 has identified three types of icing events, illustrated in Figure 6. 

Type A) Loss of production 

Type B) WTG standstill due to icing 

Type C) Ice influenced wind anemometers, resulting in overproduction compared to the power curve. 
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Figure 6: Classification of ice events, example from one of the studied WTGs. Blue points are ice events A (reduction in 
production), red points are ice events B (standstill due to ice and stops due to de- or anti-icing) and green points are ice 
events C (overproduction due to iced anemometers). 

For all three types of icing event to start, a temperature below 0 °C is required. There are no 

temperature requirements for the rest of the ice event. Ice events of type A (production losses) occur 

if three following measurements (10-minute averages) of the power output are below the 10th 

percentile (P10) and last until three following measurements are above the P10. Ice event of type B 

(stand still) start if one measurement is below P10 and the following two measurements indicate a 

stop of the WTG, i.e. the mean power output is less than 0.5 % of the rated power. The event stops 

when three following measurements are above P10. Ice event C (overproduction) begins when three 

following measurements are above the 90th percentile (P90) and ends if three following 

measurements are below P90 [25]. In the code used, stops of the WTG are identified by the 

operation state of the WTG instead of limits in the power output as proposed in the standard. The 

reason for this was to make the calculation of the losses more manageable later on.  

When identifying ice conditions as above, the icing events classified as A, B and C are overlapping for 

certain measurements. This occurs for instance if an icing event starts as type A by a reduction in 

power output and thereafter turns into an ice event of type B, where the WTG stops. Both icing 

events then stop at the same time when the output exceeds P10 for three following values. In this 

evaluation overlapping values were identified and sorted into one of the two icing events in order 

not to be treated twice during the evaluation of the losses. All icing events of type C that were 

overlapping with either A or B where put into ice event A and B respectively if the production was 

under P90 and classified as C if the production was over P90. Overlaps between events A and B were 

classified as A if the WTG was producing energy and classified as B if the WTG was at standstill.  
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4.4 Step 4 & 5: New Power Curve and New Identification of Icing Events 
The icing events identified, as above, are removed from the complete data set, i.e. not only data 

above +3 °C, and new reference power curves are estimated according to step 2 but without the 

temperature criteria of +3 °C. The new power curves will contain reference production during "winter 

conditions", since for example wind shear may be different during summer. Icing events are then 

once more identified from the entire data set as in step 3 [25].  

4.5 Step 6: Calculation of Losses 
Losses in production are calculated for icing events of type A (production losses) and B (standstill). 

The reference production during icing event C cannot be estimated since there is no knowledge 

about the actual wind speed. The loss of production during ice event A is defined as the difference 

between reference output and the actual output, where the reference output is the energy that 

would have been produced at the measured wind speed according to the reference power curve. The 

loss during ice event B is defined as the reference output according to the power curve [25]. Since 

the purpose with this work is to evaluate the performance of different anti- and de-icing systems the 

losses for ice events of type B were defined as the power input for running the ADIS in addition to 

the production according to the reference power curve. 

4.6 Validation of the Method 

4.6.1 Choice of Data 

The data collected is exposed to a number of uncertainties. These include errors and accuracy of the 

measurements, the sample rate of the measurements and usage of 10-minute average values, the 

identification and sorting of ice events, the identification of outliers and the sorting and 

interpretation of error codes of the different manufactures. The possible errors are however not 

possible to quantify in this report because of a lack of information and time. In addition undetected 

mistakes in for instance the MATLAB-script and the handling of the information are a source of error 

in the results.  

4.6.2 Air Density 

In Appendix A, a more thorough evaluation of the influence of air density on the production is done. 

It is shown that the variations in density could result in a difference in production of up to several 

100 kW/WTG, at the same wind speed, at the studied sites. Since no pressure measurements are 

available at the nacelle, measurements from the closest weather station would have to be used in 

order to incorporate varying air pressure in the evaluation. The outcome of correcting the wind 

speed according to Equation (9), by adapting the standard pressure with height (as proposed), 

compared to using varying air pressure adapted to height was found to be very similar. Since there 

also are uncertainties related to using measurements from another location and height, using the 

proposed method is considered to be the best choice. 

4.6.3 Power Curves 

The largest source of error considering the construction of the power curves is perceived to be the 

smoothing function applied to the power curves. Smoothing using the LOESS-method gave the best 

agreement to power curves without any smoothing applied, but in some cases resulted in large 

deviations that were considered to create great uncertainties. The moving average-method gave a 

more smooth response and was considered to be more robust. However, it was found that the 
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power curves used especially tend to underestimate the power output at the knee of the power 

curve. Using LOESS or another smoothing strategy is proposed to be further evaluated in future 

work. 

Another source of error for the construction of the power curves are icing events A still included in 

the data as well as data mistakenly identified as icing event C removed from the data that forms the 

base of the power curves. Both cases result in a lower average output at a certain wind speed. This 

was especially perceived to happen when there were few measurements, above +3 °C or for a certain 

wind direction, which results in an inaccurate choice of percentiles and thereby wrongly identified ice 

events. 

The efficiencies of the power curve (output in relation to the output with the power curve provided 

by the manufacturer) were compared both to efficiencies estimated with the program WindPRO and 

a "mean power curve" for each WTG. The mean power curve was constructed without binning the 

data into wind directions, in order to have more measurements when creating the power curves, and 

without applying any smoothing function, in order to avoid the effects of the smoothing function 

mentioned. The difference compared to the efficiency estimated with WindPRO was on average over 

the studied months less than 5 percentages except in Wind Farm 5 where it was 9.3 percentages. The 

difference compared to the mean power curve was less than 0.5 percentages in all cases, which 

could be due to smoothing and the consideration of different wind directions. 

4.6.4 Spread in Data Summer and Winter 

In order to validate the estimation of ice losses, data from one summer month (July) and one winter 

month (December) were compared, see Figure 7. Because of lack of data and time this was only done 

for one evaluated wind farm (Wind Farm 1). It can be seen that the data in July (blue) is much less 

spread than the data in December (red). The calculated P10 (10th percentile) for December is 

illustrated in green. The losses for both months were calculated for each WTG by taking the 

difference between the power curve and the output for all values under P10. In July the loss was 

then found to be 0.7 % of the monthly production on average for the WTGs with a standard deviation 

of 0.6 % between the WTGs. In December the losses was 5.0 % on average, with a standard deviation 

of 0.7 %. All WTG stops were removed from the data sets. 

Since there are few measurements from July under the power curve, the most common cause for the 

measurements under the curve in December is probably ice. Deviations could however also be 

caused for instance by increased turbulence etc. According to the result there are some 

measurements that will be treated as ice losses that are caused by other factors. For Wind Farm 1 

this is about 1 % of the monthly production. This is however without considering the requirement for 

three following measurements to indicate the start of an ice event, which possibly could reduce the 

number further. The results are also without the requirement of a temperature below 0 °C for an ice 

event to begin, since this obviously would result in no losses during the summer. 
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Figure 7: Distribution in production for summer (blue) and winter (red) measurements. The figure shows that most 
measurements under the P10 (green), in December, probably are due to ice. About 1 % of the measurements in July are 
however also under the P10 for December, indicating that there are some measurements that will be wrongly identified 
as ice losses. 

4.6.5 Distribution of the Production during Night and Day 

The wind shear may vary between day and night, depending on the stability of the atmosphere, 

which would affect the form of the power curves. The power output was therefore divided in to two 

data sets, day (8:00-19:59) and night (20:00-07:59), see example from one studied WTG in Figure 8. 

The evaluation showed that there was no pronounced difference between the two data sets during 

the studied time period. Separating the measurements, into two sets for day and night, are not 

proposed in the standard and would in addition result in fewer data points for constructing the 

power curves. The approach chosen seems to be a good choice in this case. 

Figure 8: Production night and day, example from one of the studied WTGs. No pronounced difference between the two 
data sets was shown.  
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5. Results  
The results from the analysis are presented below. In order to keep the identity of the wind farms 

confidential, all figures are normalized so that actual production and number of WTGs are kept 

unknown. In total 66 turbines in 6 wind farms are evaluated in the time period between December 

2014 and March 2015. Wind farms 1, 3 and 5 all have anti- or de-icing icing system (ADIS) installed 

whereas wind farms 2, 4 and 6 are without ADIS and are used as "reference farms". The reference 

farms are located nearby the evaluated wind farms, and the production is used for comparison in 

order to get an understanding of the operation of the ADIS. 

In the validation and discussion the sources of error and potential deviations in the results are 

discussed further. It is however important to be aware of some things when taking part of the results 

below. 

 First, the short time period for the evaluation form a very small statistical basis. The results can 

therefore only be taken as an estimation of the performance of the ADIS during this season and 

those specific conditions. The operation of some of the WTGs or the de- or anti-icing systems in 

some of the wind farms have been somewhat irregular during the studied months, which 

influence the size of the statistical basis as well. 

 It is important to keep in mind that ice conditions varies greatly locally, according to theory, and 

the conditions cannot be expected to be the same within one wind farm and between two wind 

farms. Thus the purpose of using the reference parks is only to get an understanding of the 

operation of the studied systems. The results are generalized for each wind farm and presented 

as average values of all WTGs in it. The variation between different WTGs does however mean 

that the outcome may deviate significantly from the average losses of the farm, which are 

indicated by the standard deviation in the tables.  

  Finally it is important to be aware that for instance the state codes and how the energy 

consumption for internal purposes within the WTG is accounted for differs between different 

manufacturers, which risk causing deviations in the selection of data and the results.    

5.1 Overview of the Studied Wind Farms 

5.1.1 Characteristics of the Studied Systems 

In Table 1 some of the characteristics of the ADIS are summarized. Wind Farm 3 (de-icing with warm 

air) has the lowest installed power for operation of the system in relation to rated power, whereas 

the system in Wind Farm 5 (anti-icing with heating resistances) has the highest installed power as 

well as the highest range of power installed. Since the de-icing system in Wind Farm 3 is the only 

system using warm air, the thermal efficiency could also be expected to be lower compared to the 

other two systems according to theory. The de-icing cycle in Wind Farm 3 is often about 5 hours 

longer in comparison to Wind Farm 1 (de-icing with heating resistances), and the de-icing system in 

Wind Farm 3 is the only system which treats one blade at the time. The system in Wind Farm 1 had a 

lot more starts per WTG during all months except March compared to Wind Farm 3. Information 

about the length of the anti-icing cycles and the number of starts during the studied months was not 

available or possible to identify based on the given information in Wind Farm 5.  
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Table 1: Overview of the characteristics of the studied systems. The information about the anti-icing system in Wind 
Farm 5 was too sparse to determine the length of an anti-icing cycle and the number of starts of the system 

 WIND FARM 1 WIND FARM 3 WIND FARM 5 

De- or Anti-icing 
system 

De-icing, heating 
resistances 

De-icing, warm air Anti-icing, heating 
resistances 

Energy for 
operation of the 
system 
[% of rated power] 

1 blade: 1.2-1.4 %  
3 blades: 3.5-4.3 % at 
normal respectively 
maximum operation. 

1 blade: 0.9-1.3 % at 
normal respectively 
maximum operation. 

1 blade:1.2-3.2 % 
3 blades: 3.6-10.4 %  

Duration of one de- 
or anti-icing cycle 

About 30-60 minutes Most common cycle is 
6 h. However, much 
shorter events are also 
recorded, some just 
for a few minutes 

Unknown 
(Due to lack of 
information) 

Operating 
characteristics 

3 blades at a time, 
during standstill 

1 blade at a time, 
during standstill 

3 blades at a time, 
during operation (or 
standstill) 

Starts during the 
studied months 
[average number of 
starts/ WTG] 

Dec:  24.9 
Jan:   37.6 
Feb:  20.7 
Mar: 1.4 

Dec:  1.5 * 
Jan:   2.4* 
Feb:  1.6* 
Mar: 1.5* 

Unknown 
(Due to lack of 
information) 

*Only cycles of at least 20 minutes taken into account 

5.1.2 Outcome during the Studied Time Period 

In Figure 9 the average losses in the different wind farms during the studied months are illustrated. 

The error bars (in black) are the standard deviation between the different WTGs, illustrating the 

variation within the wind farm. Energy required for operation of the ADIS in Wind Farm 3 and 5 is 

however not included in the figure. During the studied months Wind Farm 3 appears to have the 

highest amount of losses, whereas Wind Farm 1 and 5 have somewhat lower losses. The losses in 

Wind Farm 3 during December and March are not accounted for because of very few WTGs, with de-

icing in operation, during those months. 

 

Figure 9: Summary of the average losses in the studied wind farms (colored bars). Energy for the operations of the ADIS is 
included in Wind Farm 1, but not for Wind Farm 3 and 5. The error bars illustrate the standard variation between the 
WTGs in the wind farm. 



25 
 

5.2 Wind Farm 1 - De-Icing with Heating Resistances 
Wind Farm 1 is equipped with a de-icing system based on heated resistances in the blades. Wind 

Farm 2 is located nearby Wind Farm 1 and does not have an ADIS installed. The mean altitude above 

sea level (mean altitude of the location together with the hub height) is about 10 m higher in Wind 

Farm 1. 

5.2.1 Monthly Losses 

In Table 2 and Table 3 the results from the evaluations of Wind Farms 1 and 2 are presented. As can 

be seen from the tables, Wind Farm 1 (de-icing) has on average less losses than Wind Farm 2 

(reference) during all months except March. When taking the variation of the turbines into account, 

there is no apparent gain of the de-icing system during the studied time period, compared to the 

losses in Wind Farm 2. The distribution of losses of type A (production loss) and B (standstill and de-

icing) are similar in January, February and March. In December there are however more losses due to 

standstill (ice event B) in Wind Farm 2 seen to both production and time. The losses during an ice 

event A are on average lower in Wind Farm 1 compared to Wind Farm 2, during all months except 

March. During ice events of type B the energy required for the operation of the de-icing system in 

Wind Farm 1 is on average about 4-11 % of the expected output during the event (giving a total loss 

of about 104-111 % in relation to the expected output of 100 % during the ice event). The duration of 

ice events are quite similar between the two wind farms, the largest difference being in December 

and March where the icing is about 6 percentages more in Wind Farm 1.  

Table 2: Evaluation of Wind Farm 1. The figures are given as mean values of the WTGs in the wind farm ± the standard 
deviation between the WTGs 

WIND FARM 1 December January February March 

Ice Event 
A= Reduced production 
B= Standstill and de-icing 

A B A B A B A B 

Total losses all WTGs 
[% of the estimated production 
during the month if no ice] 

Average:  
5.3 ± 0.6 

Min:  4.5 
Max: 6.5 

Average:  
4.4 ± 1.2 

Min:  2.4 
Max: 6.3 

Average:  
3.3 ± 1.3 

Min:  0.8 
Max: 4.5 

Average:  
1.2 ± 0.4 

Min:  0.6 
Max: 1.8 

Distribution between losses 
of A & B 
[% of total losses (above) that is due 
to ice event A respectively B] 

97.5 2.5 96.9 3.1 92.2 7.8 97.6 2.4 

Time of ice (events A & B) on 
average per WTG  
[% of available time ] 

30.9 ± 2.7 26.8 ± 5.1 19.8 ± 4.4 10.7 ± 2.8 

Distribution of time between 
events A & B 
[% of total time (above) that is due 
to ice event A respectively B] 

98.3 1.7 98.0 2.0 96.6 3.4 97.5 2.5 

Average losses during an ice 
events A or B 
[% of reference output during the 
ice event if no ice] 

26.9 
± 3.5 

108.8 
± 2.8 

24.5 
± 4.0 

109.0 
± 2.8 

24.4 
± 6.0 

104.1 
± 1.9 

19.8 
± 5.0 

111.2  
± 8.8 
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Table 3: Evaluation of Wind Farm 2. The figures are given as mean values of the WTGs in the wind farm ± the standard 
deviation between the WTGs 

WIND FARM 2 December January February March 

Ice Event 
A= Reduced production 
B= Standstill  

A B A B A B A B 

Total losses all WTGs 
[% of the estimated production 
during the month if no ice] 

Average: 
6.9 ± 1.2 

Min:  5.1 
Max: 9.4 

Average: 
4.9 ± 0.7 

Min:  3.8 
Max: 6.0 

Average: 
3.7 ± 0.7 

Min:  3.1 
Max: 5.0 

Average: 
0.4  ± 0.2 

Min:  0.2 
Max: 0.6 

Distribution between losses 
of A & B 
[% of total losses (above) that is due 
to ice event A respectively B] 

67.6 32.4 97.6 2.4 97.4 2.3 98.5 1.5 

Time of ice (events A & B) on 
average per WTG  
[% of available time ] 

25.2 ± 5.6 26.6 ± 4.4 20.6 ± 4.0 4.1 ± 1.6 

Distribution of time between 
events A & B 
[% of total time (above) that is due 
to ice event A respectively B] 

87.2 12.8 96.0 4.0 97.7 2.3 98.5 1.5 

Average losses during an ice 
events A or B 
[% of reference output during the 
ice event if no ice] 

35.0 
±3.4 

100.0
± 0.1 

29.7 
± 3.0 

100.1
± 0.2 

29.0 
± 2.5 

100.3  
0.3 

19.9 
± 4.7 

100.1
± 0.2 

5.2.2 Example of icing events 

Below, the production from one WTG in each wind farm is compared during two different days. The 

losses are calculated by taking the deviation between the expected output (reference output, in red) 

based on the power curve and the actual output (in blue). The purpose with these examples is to get 

an understanding of the operation of the de-icing system during single ice events. 

5.2.2.1 Example 1- December 22nd 

During the 22nd of December the temperature in Wind Farm 1 (de-icing) and Wind Farm 2 

(reference) was on average -2.0 °C and -2.5 °C respectively and the average wind speed 6.1 m/s and 

7.5 m/s respectively. The losses during the day for the studied WTG in Wind Farm 1 were about 50 % 

compared to the reference output, and the losses for the WTG in Wind Farm 2 about 81 %. It can be 

seen in Figure 11 that the WTG in Wind Farm 2 was still for 16 hours and the reference output was 

not achieved during the day. Since there were no error messages or manual stops and the wind 

speed was above cut-in wind speed, the stop was probably due to ice. When the production 

increased in the end of the day there was no change in temperature.  

The de-icing system of the WTG in Wind Farm 1 was activated 9 times, marked 1-9 in Figure 10, and 

for each de-icing cycle about 3 % of the rated power was used for the operation of the de-icing 

system. 30 minutes before cycle one started the output was on average about 56 % of the reference 

output. Before cycle 6 and 9 the WTG had the status "retrying error of the de-icing system" for 100 

and 80 minutes respectively, and the WTG was at standstill, trying to restart. The de-icing cycles 

lasted for 40 minutes in all cases but one, where it lasted for 60 minutes. Between cycles 2 and 9 the 

de-icing system was reactivated within 20-40 minutes after the end of a cycle. The reference power 

was achieved about 1.5 hours after de-icing cycle 9. The many starts of the system indicate that one 
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de-icing cycle does not ensure that the production reaches the reference output and perhaps there is 

room for improvement regarding power, control etc. 

 

Figure 10: Output of a WTG with de-icing, during the 22nd of December. The de-icing system was started 9 times, marked 
1-9 in the figure. The loss was about 50 % compared to the reference output. At 21:30 the production was 87 % of the 
reference output. 

Figure 11: Output of a WTG without de-icing, during the 22nd of December. The WTG was at standstill for about 16 hours 
and the loss was about 81 % of the reference output. At 21:30 the production was 48 % of the reference output. 

5.2.2.2 Example 2- January 26th 

During the 26th of January the average temperature in Wind Farm 1 (de-icing) and Wind Farm 2 

(reference) was -1.8 °C and -0.9 °C respectively and the mean wind speed 8.8 m/s and 9.7 m/s 

respectively. As can be seen in and Figure 13, there are occurrences of ice during the first part of the 

day and the losses during the day for the WTGs in both wind farms were about 27 % compared to the 

reference output. The output of both WTGs reached the reference output by the end of the day, 
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probably because the ice was melted by the sun during the middle of the day. The de-icing system of 

the WTG in Wind Farm 1 was activated 4 times during the day, marked with 1-4 in Figure 12. All four 

de-icing cycles took 60 minutes each, a stop for 40-50 minutes and an idling stage of 10-20 minutes. 

Before the starts of the deicing cycles the power output over 30 minutes was about 100, 87, 91 and 

84 % of the reference power. For de-icing cycles 1-3 at least 98 % of the reference output were 

achieved 20 minutes after the end of the de-icing cycles, indicating that the ice was removed from 

the blades or that the wind speed was much higher than the rated wind speed. After de-icing cycle 4 

however, the output did not reach 90 % compared to the reference power until about 3 hours after 

the end of the de-icing cycle. During the de-icing cycles 3 % of the rated power was used to run the 

de-icing system. The output of the WTG in Wind Farm 2, Figure 13, increased in relation to the 

reference power about 07:00. This could be because the temperature changed from -1 °C to 0 °C 

during that time period. The temperature stayed at 0 °C during the rest of the day.  

 

Figure 12: Output of a WTG with de-icing, during the 26th of January. The loss was about 27 % of the reference output 
during the day. At 12:00 the output was 63 % of the reference output. 

 

 

 

 

 

 

 

 

Figure 13: Output of a WTG without de-icing, during the 26th of January. The loss was about 27 % of the 
reference output during the day. At 12:00 the output was 59 % of the reference output. 



29 
 

5.3 Wind Farm 3 - De-Icing with Warm Air  
Wind Farm 3 has a de-icing system based on warm air installed. The studied time period, has been a 

test period for the system and the operation of the system has been altered and the system has not 

been run continuously. Therefore only WTGs for which the system has been run for at least 20 

minutes at three times during the month are chosen for the evaluation. This however resulted in a 

small number of WTGs to evaluate, and the number of WTGs is only considered to be large enough in 

January and too small to evaluate at all in December and March. Wind Farm 4 is located nearby Wind 

Farm 3 and does not have a de- or anti-icing system installed. In Wind Farm 4 there were instead a 

small number of WTGs that were run continuously in January, which makes the comparison 

uncertain. The height above sea level is the same for both Wind Farm 3 and 4. 

5.3.1 Monthly Losses 

In Table 4 and Table 5 the evaluations of Wind Farms 3 (de-icing) and 4 (reference park) are 

displayed. In Wind Farm 3, stops due to the operation of the de-icing system appear to have the 

same state code as manual stops and the two kinds of stops could not be separated. As a result of 

this approximately about 18 h of icing event B should be added per WTG in both January and 

February, the corrected figures are in the brackets marked ** in Table 4. The energy for operation of 

the de-icing system is not available in the production data and is therefore not accounted for in Table 

4. According to the manufacturer the system requires about 0.9-1.3 % of rated power. At a wind 

speed of 10 m/s this is equivalent to 1.6-2.3 % of the reference power output. In order to be able to 

compare the results, losses of only type A are shown in the brackets marked * in both tables. 

During both January and February Wind Farm 3 (de-icing) appears to have lower losses than Wind 

Farm 4 (reference). As mentioned above, the uncertainty in this evaluation is however largely due to 

a small number of WTGs in the evaluation and the inconsistent operation. Taking the standard 

deviation in to account the losses are about the same size. If only considering losses of type A 

(production losses), they are about the same in January, but somewhat smaller in Wind Farm 3 in 

February. The maximum number of starts of the de-icing system, that lasted over 20 minutes, was 7 

and 4 in January and February respectively. The icing duration, when corrected, is about the same in 

both wind farms. In January there were more losses and longer periods of ice event B (stops) in Wind 

Farm 4. In February the duration for stops is however larger in Wind Farm 3. Losses during ice event 

A are about the same in January (taking the standard deviation into account), but somewhat less in 

Wind Farm 3 during February. 

Table 4: Evaluation of Wind Farm 3. The figures are given as mean values of the WTGs in the wind farm ± the standard 
deviation between the WTGs 

WIND FARM 3 December January February March 

Ice Event 
A= Reduced production 
B= Standstill and de-icing 

A B A B A B A B 

Total losses all WTGs 
[% of the estimated production 
during the month if no ice] 

 Average:  
11.6 ± 4.6 
(6.2 ± 3.3)* 

Min:  7.0 
Max: 19.6 

Average: 
7.9 ± 1.0 
(6.8 ± 1.1)* 

Min:  6.8 
Max: 8.8 

 

Distribution between losses of 
A & B 

  53.3 46.7 86.2 13.9   
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[% of total losses (above) that is due 
to ice event A respectively B] 
Time of ice (events A & B) on 
average per WTG  
[% of available time ] 

 33.7 ± 10.4 
(36.3 ±10.4)** 

39.9 ± 5.8 
(42.8 ± 5.8)** 

 

Distribution of time between 
events A & B 
[% of total time (above) that is due to 
ice event A respectively B] 

  69.1 
(64)** 

30.9 
(36)** 

93.7 
(88)** 

6.3 
(12)** 

  

Average losses during an ice 
events A or B 
[% of reference output during the ice 
event if no ice] 

  27.9 
± 
10.2 

 19.1  
± 1.9 

   

* Losses only due to ice event A (production losses) 
** Corrected with time for the de-icing process 

Table 5: Evaluation of Wind Farm 4. The figures are given as mean values of the WTGs in the wind farm ± the standard 
deviation between the WTGs 

WIND FARM 4 December January February March 

Ice Event 
A= Reduced production 
B= Standstill 

A B A B A B A B 

Total losses all WTGs 
[% of the estimated production 
during the month if no ice] 

Average: 
5.8 ± 2.3 
 

Min:  3.3 
Max: 11.7 

Average: 
16.8 ± 1.1 
(4.3 ± 0.6)

* 

Min:  15.5 
Max: 17.5 

Average: 
10.9 ± 2.0 
(9.6 ± 1.2)

* 

Min:   8.3 
Max: 13.7 

Average: 
1.9 ± 0.5 
 

Min:  1.4 
Max: 3.0 

Distribution between losses 
of A & B 
[% of total losses (above) that is due 
to ice event A respectively B] 

86.0 14.0 25.6 74.4 88.4 11.7 98.2 1.8 

Time of ice (events A & B) on 
average per WTG  
[% of available time ] 

30.6 ± 6.1 36.4  ± 1.8 40.2 ± 4.6 16.9  ± 3.8 

Distribution of time between 
events A & B 
[% of total time (above) that is due 
to ice event A respectively B] 

94.8 5.2 49.1 50.9 93.1 6.9 99.2 0.8 

Average losses during an ice 
events A or B 
[% of reference output during the 
ice event if no ice] 

19.9 
± 3.8 

100.5 
± 0.2 

25.5 
± 4.5 

100.4 
± 0.2 

24.6 
± 2.2 

100.6 
±0.1 

15.2 
± 3.7 

100.2 
± 0.4 

* Losses only due to ice event A (production losses) 

5.3.2 Example of Icing Events 

In the examples below, the production of one WTG in Wind Farm 3 and 4 during two different days 

are compared. The losses are calculated by taking the deviation between the expected output 

(reference output, in red) based on the power curve and the actual output (in blue).  

5.3.2.1 Example 1- January 31st 

During the 31st of January the average temperature in Wind Farm 3 and 4 was -6.4 °C and -5.5 °C 

respectively and the average wind speed was 8.5 m/s and 8.9 m/s respectively. As can be seen in 
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Figure 15 there is an ice event A (production losses) during the whole day in Wind Farm 4 and the 

losses of the studied WTG are about 39 % compared to the reference output. In Wind Farm 3 the de-

icing system of the WTG was started 3 times, marked 1-3 in Figure 14, and the loss was about 83 % 

compared to the reference output. The losses do not include the energy for the operation of the 

system which, based on the information given by the manufacturer, if included would result in losses 

about 84-85 % depending on if the energy input was "normal" or at "maximum". All three de-icing 

cycles take just under 6 hours. The blades are de-iced one at the time and the process takes about 

100 minutes for one blade. Between the first and second cycle the output reaches about 50 % of the 

reference output, but is later on at standstill for about 8 hours even though the wind is above cut-in 

speed. After the second de-icing cycle about 65 % of the reference power is achieved. Just before the 

third de-icing cycle starts the output is 32 % of the reference output.  

 

Figure 14: Output of a WTG with de-icing, during the 31st of January. The de-icing system was in operation 3 times and 
the losses were about 83-85 % during the day. At 20:00 the output was 57 % of the reference output. 

 

Figure 15: Output of a WTG without de-icing, during the 31st of January. The losses during the day were about 39 % 
during the day. At 20:00 the output was about 78 % of the reference output. 
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5.3.2.2 Example 2- February 1st 

During the 1st of February the average temperature in Wind Farm 3 (de-icing) and 4 (reference) was 

on average - 11.1 °C and -9.0 °C respectively and the average wind speed was 12.2 m/s and 13.9 m/s 

respectively. The loss for the WTG in Wind Farm 4 was about 34 % during the day, see Figure 17. The 

de-icing system of the WTG in Wind Farm 3 was started 3 times during the day, see Figure 16, and 

the loss was about 76 %. If the energy for running the de-icing system is included the loss is about 77 

% instead. Each de-icing cycle takes about 6 hours. The average outputs over 30 minutes before the 

start of the cycles are 44, 30 and 52 % of the reference output. After the first cycle the output is a 

maximum 45 % of the reference output and after the second de-icing cycle 55 % of the reference 

output. This indicates that the de-icing system was not able to remove the ice. 

 

Figure 16: Output with de-icing system, 1st of February. The losses during the day are about 77-76 % of the reference 
output. At 20:50 the output is about 55 % of the reference output. 

 

Figure 17: Output without de-icing, 1st of February. The losses during the day are about 34 % of the reference output. At 
20:50 the output is about 68 % of the reference output. 
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5.4 Wind Farm 5 - Anti-Icing with Heating Resistances  
Wind Farm 5 has an anti-icing system based on heating resistances installed. During the studied time 

period there were long occasions without measurements, and in some cases a couple of days are 

missing from the evaluation. Some WTGs was considered to have too few measurements and were 

therefore removed from the analysis. In addition there was no information available about when the 

anti-icing system was in operation. Wind Farm 6 is located nearby and has no de- or anti-icing system 

installed. The height difference is on average about 80 meters more in Wind Farm 5. 

5.4.1 Monthly Losses 

In Table 6 and Table 7 the evaluations of Wind Farms 5 and 6 are displayed. The energy consumption 

for operation of the anti-icing system was not included in the production data. According to the 

manufacturers the system requires about 3.6-10.4 % of rated power. In order to be able to compare 

the results, losses of only type A are shown in the brackets marked * in the tables.  

During all four months the losses in Wind Farm 5 (anti-icing) appears to be quite small compared to 

Wind Farm 6 (reference park), but the energy for the operation of the anti-icing is, as mentioned, not 

included in the data and the losses may be significantly larger in Wind Farm 5. Losses of type B 

(standstill) are a very large portion of the total losses in Wind Farm 6. In December and February 

there is one WTG (the same in both cases) in Wind Farm 6 with much higher time for standstill than 

the other WTGs, causing the large standard deviation. If that WTG is excluded from the evaluation, 

the losses in December are 9.8 % instead, and 7.4 % in February. If only considering losses of type A 

(production losses), there are fewer losses in Wind Farm 6 during all months except March. The 

losses during the ice events do however appear to be smaller in Wind Farm 5. The standard deviation 

is large in January and February in Wind Farm 5, which creates a higher uncertainty. The time of ice 

events, in relation to available time, is much less in Wind Farm 5. This could possibly be due to the 

anti-icing system or that days of "more severe" icing were in the missing data. 

Table 6: Evaluation of Wind Farm 5. The figures are given as mean values of the WTGs in the wind farm ± the standard 
deviation between the WTGs 

WIND FARM 5 December January February March 

Ice Event 
A= Reduced production 
B= Standstill (and anti-icing) 

A B A B A B A B 

Total losses all WTGs 
[% of the estimated production 
during the month if no ice] 

Average 
4.6 ± 3.6  
(3.4 ± 3.8)* 

Min:  0.6 
Max: 11.2 

Average: 
4.3 ± 2.4 
(4.1 ± 2.4)* 

Min:  1.5 
Max: 7.7 

Average: 
4.7 ± 0.9 
(4.4 ± 0.8)* 

Min:  0.5 
Max: 5.9 

Average: 
1.4 ± 0.3 
(1.2 ± 0.2)* 

Min:  1.0 
Max: 1.8 

Distribution between 
losses of A & B 
[% of total losses (above) that is 
due to ice event A respectively B] 

74.0 26.0 96.7 3.3 94.4 5.6 87.2 12.8 

Time of ice (events A & B) 
on average per WTG  
[% of available time ] 

9.4 ± 7.3 11.9 ± 7.8 22.8 ± 2.4 9.3 ± 2.1 

Distribution of time 
between events A & B 
[% of total time (above) that is 
due to ice event A respectively B] 

84.2 15.8 96.2 3.8 97.6 2.4 83.3 16.7 
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Average losses during an 
ice events A or B 
[% of reference output during the 
ice event if no ice] 

19.8 
± 9.8 

 24.1 
± 11.6 

 26.2 
± 4.5 

 19.6 
± 2.3 

 

* Losses only due to ice event A (production losses) 

Table 7: Evaluation of Wind Farm 6. The figures are given as mean values of the WTGs in the wind farm ± the standard 
deviation between the WTGs 

WIND FARM  6 December January February March 

Ice Event 
A= Reduced production 
B= Standstill  

A B A B A B A B 

Total losses all WTGs 
[% of the estimated production 
during the month if no ice] 

Average: 
11.7 ± 6.7 
(1.8 ± 0.5)* 

Min:  7.5 
Max: 30.9 
(14.1**) 

Average: 
10.7 ± 2.4 
(2.2 ± 0.9)* 

Min:  5.8 
Max: 14.6 

Average: 
10.4 ± 10.2 
(3.2 ± 1.4)* 

Min:  3.9 
Max: 40.7 
(10.4**) 

Average: 
4.1 ± 0.5  
(1.4 ± 0.3)* 

Min:  3.5 
Max: 4.9 

Distribution between 
losses of A & B 
[% of total losses (above) that is 
due to ice event A respectively B] 

15.5 84.5 20.3 79.7 30.4 69.6 33.9 66.0 

Time of ice (events A & B) 
on average per WTG  
[% of available time ] 

30.9 ± 6.3 31.5 ± 5.1 25.6 ± 6.7 14.7 ± 2.1 

Distribution of time 
between events A & B 
[% of total time (above) that is 
due to ice event A respectively B] 

27.7 72.3 31.1 68.9 40.1 59.0 26.4 73.6 

Average losses during an 
ice events A or B 
[% of reference output during the 
ice event if no ice] 

21.1 
± 2.0 

100 21.0 
± 4.4 

100 27.8 
±7.3 

100 23.1 
±5.3 

100 

*  Losses only due to ice event A (production losses) 
**Second largest losses, one since on WTG with had a lot more losses of type B (stand still) compared to the 

other WTGs. 

5.4.2 Example of Icing Events 

Below, the production from one WTG in each wind farm is compared during one day. Since there is 

no information about the operation of the anti-icing system, it was not found to be of interest to 

illustrate more examples. The losses are calculated by taking the deviation between the expected 

output (reference output, in red) based on the power curve and the actual output (in blue).  

5.4.2.1 Example 1- 21st of January 

During the 21st of January the average temperature in Wind Farm 5 (anti-icing) and 6 (reference) was 

-2.1  °C and -4.9 °C respectively and the average wind speed was 6.8 m/s and 8.4 m/s respectively. As 

can be seen in Figure 18 and Figure 19 the wind profiles in this case are very different, and a 

comparison between the wind farms is difficult. In Wind Farm 6 there were two stops of the WTG 

during the day, the first one for about 1.5 hours could be due to ice, whereas the second stop at 

about 10:30 is a manual stop. The loss of the WTG in Wind Farm 6 was about 35 % during the day. 

The reference power for the WTG in Wind Farm 5 is in this example underestimated as can be seen 
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in Figure 18. There were however very few WTGs with measurements from this day and the selection 

was small. Because of this the losses are not estimated in this case. There is no available information 

about the operation of the anti-icing system. 

 

Figure 18: Output of one WTG with anti-icing during January 21st. 

 

Figure 19: Output of one WTG without anti-icing during January 21st. The losses were about 35 % of the reference 
output. 

5.5 Impact of Having the De- and Anti-Icing Systems Installed 
Based on the approximated losses presented for each wind farm, the possible "gain" of having the 

de- or anti-icing systems installed during the evaluated winter (in relation to the reference wind 

farms) are illustrated in Figure 20. The error bars are describing a confidence interval of 95 %, which 

means that the difference between the average losses of the two wind farms will be found within the 

extremes ("lowest gain" and "highest gain") with a certainty of 95 %.  
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It can be seen that in the "lowest gain- scenario" i.e. the lower end of the confidence interval, there 

is no gain of having the system in Wind Farm 1 (de-icing with heated resistances) during the studied 

period compared to the reference wind farm. This is probably partly because the losses in the 

reference wind farm (Wind Farm 2) were small as well. In the "lowest gain- scenario" the systems in 

Wind Farms 3 and 5 (de-icing with warm air and anti-icing with heating resistances) show a small gain 

compared to the reference wind farms, in all cases except Wind Farm 5 in February probably because 

of the large variation in the corresponding reference wind farm (Wind Farm 6). Energy for operation 

of the systems in Wind Farms 3 and 5 is however not included, and the bars should be somewhat 

lower. Since the gain is small, none of the systems can, for certain, be said to be advantageous in this 

scenario when considering the energy for the operation of the systems. In both the "average gain-" 

and the "highest gain-scenario" all systems perform better than the reference wind farms, except 

Wind Farm 1 in March, since the loss in the corresponding reference wind farm was close to zero. 

The system in Wind Farm 5 appears to have the highest gain of all systems, but has at the same time 

the largest variation, which is probably due to the large uncertainty due to lack of data and 

information. Also Wind Farm 3 is showing a large variation, which could be due to the large 

uncertainty due to the small number of WTGs and inconsistent operation of the de-icing system. The 

WTGs in Wind Farm 1 do not show an apparent gain during the studied time period, the confidence 

intervals are however small, indicating a small variation between the WTGs.  

 

Figure 20: Outcome of having the de- and anti-icing systems installed during the winter 2014/2015. The colored bars 
show the average production gain in relation to the reference wind farms. The error bars are illustrating a confidence 
interval of 95 %. Energy for operation of the systems is not included for Wind Farms 3 and 5. 
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5.6 Economic Evaluation 
The economic impact of having an ADIS installed was evaluated through the net present value (NPV). 

Since the actual result of having the system installed is unknown, the evaluation was carried out by 

assuming that the difference in losses (in percent) between the evaluated wind farms and the 

reference wind farms are the gain in production by having the ADIS. This is however a very rough 

estimation, since the conditions may vary greatly, and the evaluation, as mentioned, contains a lot of 

uncertainties. 

The spot price for electricity in price area SE3 (Stockholm) was on average during 2014 about 288 

SEK/MWh on Nordpool Spot [27]. The average price for electricity certificates was about 197 

SEK/MWh during 2014 [28]. Based on this information a price for certificates of 200 SEK/MWh was 

assumed for 15 years and the outcome with electricity prices of 250, 450 and 650 SEK/MWh were 

evaluated. An inflation of the electricity price of 1 % was assumed, slightly lower than the price 

inflation. 

Only the investment cost was considered, i.e. no costs for additional maintenance etc. were included. 

The lifetime of the WTG was assumed to be 25 years. 1 EUR was assumed to be 9.0968 SEK, based on 

the average value of one EUR during 2014 [29]. The inflation of the price was assumed to be 2 % and 

the discount rate 7 %. The investment was assumed to be done one year ("year -1") before the 

establishment of the WTG (at "year 0") and the first income assumed to be in the end of "year 1". 

In Table 8 the NPV of the ADIS per WTG is presented. It is important to be aware that the gain in 

production is only based on the time between December and March, and other months where there 

could be icing are not included. Energy for the operation of the de-icing system is manually added in 

Wind Farm 3 based on the power required for normal operation of the de-icing system, the duration 

of the de-icing cycles and the average number of starts of the systems. However only the gain in 

production from the months January and February is included, since there were very few WTGs with 

the de-icing system in operation during December and March. In Wind Farm 5 the energy for the 

operation is not included, since there is no information about how much the system has been in 

operation. However the results of assuming 15 hours of normal operation of the anti-icing system 

per month is shown in the brackets marked *. As can be seen none of the systems are profitable with 

the corrected figures based on the outcome of the studied time period and today's prices. However 

the operation of the WTGs and systems in Wind Farms 3 and 5 are considered very inconsistent 

during the time period. The gain with the system in Wind Farm 1 was very small during the studied 

time period, resulting in low profitability. 

Table 8: NPV [kkr] based on the calculated production gain between December and March 2014/2015. Energy for 
operation of the system in Wind Farm 5 is not included and in Wind Farm 3 only the gain in January and February is 
included. Electricity certificate of 200 SEK/MWh for 15 years and a discount rate of 7 % are assumed 

NPV [kkr] per WTG,  
At electricity price: 

Wind Farm 1 Wind Farm 3 Wind Farm 5 

250 SEK/MWh -440 -98 12 (-13*) 

450 SEK/MWh -405 88 276 (239 *) 

650 SEK/MWh -370 274 538 (491 *) 
* 

15 hours of normal operation per month assumed 
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Due to the great uncertainty and the short time period, the economical validation is not considered 

to be representative. The following example is therefore done, with the purpose to get a better 

understanding of when the systems become profitable. The WTG is now assumed to have a monthly 

production corresponding to operation at rated power about 30 % of the available time, and the gain 

in production from having an ADIS installed is assumed to be 6 % of the monthly production, 

between November and March. The gain of 6 % is chosen to illustrate a winter with more ice and 

based on the calculated average gain in Figure 20, a gain of 6 % is possible to achieve. As can be seen 

in Table 9, the systems are all profitable at an electricity price of 250 SEK/MWh in this situation, with 

the same assumptions as above. The point of break even with an electricity price of 250 SEK/MWh 

and electricity certificate of 200 SEK/MWh, is with the assumed production, a gain in production of 

about 3-5 %/month between November and March. The difference is mainly caused by the size of 

the WTGs, leading to a larger gain in production (in absolute numbers) with larger WTGs. This gain in 

production is not possible to confirm with the available data in the study. 

Table 9: NPV [kkr] based on the assumption of production corresponding to operation at rated power 30 % of the month 
and a gain in production of 6 %/month between November and March. Electricity certificates of 200 SEK/MWh for 15 
years and a discount rate of 7 % are assumed 

NPV [kkr] per WTG, 
At electricity price: 

Wind Farm 1 Wind Farm 3 Wind Farm 5 

250 SEK/MWh 167 411 217 

450 SEK/MWh 504 850 583 

650 SEK/MWh 840 1290 949 

As mentioned in the theory, the WTG could be at standstill for several days due to icing, which OX2 

has experienced. If the WTG would be at standstill for 7-10 weeks during the entire lifetime, due to 

ice, all the studied ADIS:s will have repaid themselves, assuming that the production would have 

been equal to production at rated power 30 % of the time of standstill, an electricity price of 250 

SEK/MWh and a electricity certificate price of 200 SEK/MWh. 

5.7 Validation of the Results 
The perception is that especially the duration of icing event of type C (overproduction) is 

overestimated at times. This is probably due to the underestimation of the power curves and 

percentiles due to smoothing, icing events of type A (production loss) left in the data for construction 

of power curves etc as mentioned earlier. These icing events are however not evaluated but may 

influence the result through the construction of the power curves.  

The largest source of error in the identification of icing events and losses are probably that ice is 

considered to be the only reason for the deviations from the power curve. As mentioned in the 

theory this could also be caused by other factors like turbulence, properties of the WTG, etc. The 

influence of air density, day and night etc. has already been discussed in the validation of the model. 

The influence of WTG specific deviations from the power curve like the influence of wakes, blade 

degradation, etc. is decreased by using turbine specific power curves. Turbulence and changing wind 

conditions are therefore considered to be the largest source of error in this aspect. The criteria for 

three measurements in a row (30 minutes) to indicate ice will however probably reduce this effect, 

since turbulence are short-term variations according to theory. When considering the error in 

estimating ice events of type B (standstill), the largest source of error is the possibility that state- and 

error codes could have been misunderstood. Separating and translating the state codes was difficult 
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at times because of for instance mean values of different state codes over 10 minutes. More 

information from the manufacturers is needed in order to eliminate these sources of error. 

Compared to the mean power curve, used for the validation of the method where no binning of wind 

direction and smoothing functions were applied, the difference of the losses obtained is under 1 

percentage in all cases except for two months in wind farm 6 where the difference is about 1.5 

percentages, see Appendix D. In comparison to the mean power curve, the losses obtained are 

mostly somewhat overestimated. This difference is probably due to the underestimation of the 

power curve and the binning into different wind directions.   
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6. Discussion 

6.1 Comparison of the Different Systems 
The comparison of the different de- and anti-icing systems has been difficult due to the fact that the 

statistical basis is small, inconsistency in the operation, varying ice conditions and lack of data and 

information about the operation of the systems. In addition the icing has been relatively low 

compared to other years and no certain conclusions about the efficiency of the systems can be 

drawn. In order to be able to determine the efficiency a longer time period must be studied and 

more information about the operation of the systems is needed.  

 It was found that all evaluated wind farms were subject to ice and experienced loss in production 

due to ice on the blades of the WTG. Judging by the results obtained all systems show a tendency to 

improve the production, based on the average loss compared to the reference wind farm. Due to the 

large uncertainties and gaps of information it is however not possible to determine which system had 

the highest efficiency. The possibility to install a de- or anti-icing system is however recommended 

when considering establishing wind farms at locations with similar ice conditions, especially since it 

was shown that the gain in production does not have to be very large in order for the systems to 

become profitable. Characteristics such as the energy required for the operation of the systems, the 

duration of a de- or anti-icing cycle and the trigger-point of the systems are then important in the 

evaluation of the systems. In this study, the installed power for operation of the ADIS was found to 

vary between 0.9-3.2 % of rated power/blade and the duration of a de-icing cycle was found to vary 

between 30-360 minutes. 

Based on the information given by the manufactures, Wind Farm 5 (anti-icing with heating 

resistances) could be expected to have the largest potential for keeping the blades free of ice, since 

the installed power per blade is larger than in the other two systems. Wind Farm 3 (de-icing with 

warm air) could then be expected to have the "weakest system", since the installed power is lower 

compared to the other systems and in addition is driven by warm air which, according to theory, has 

a lower thermal efficiency than heating resistances. The de-icing cycles in Wind Farm 1 (de-icing with 

heating resistances) were in between 40-60 minutes, whereas the most common de-icing cycle in 

Wind Farm 3 took 6 hours, although cycles of down to about 20 minutes were also found. Due to the 

longer de-icing cycle in Find farm 3, the availability could be decreased, which would be important if 

wind conditions are good. Since the winter is the time of year with most wind, according to theory, 

availability is therefore important. If the duration of a cycle can be altered through the control 

system this would be avoided, but this doesn't seem to be the case in the examples found. The fact 

that one blade at the time is de-iced in Wind Farm 3, also speaks against this, since stopping the de-

icing cycle probably could cause imbalances. No information was given about the operation of the 

anti-icing system in Wind Farm 5 during the studied period.  

6.1.1 Wind Farm 1 - De-Icing with Heating Resistances 

There was no apparent gain of the de-icing system in Wind Farm 1 during the studied time period 

compared to the losses in the reference park, this assuming that the conditions in the two wind 

farms were the same. However the monthly losses were lower compared to Wind Farm 3 and about 

the same size as Wind Farm 5, and the small gain is probably partly because the small losses in the 

reference wind farm as well. The variation between the WTGs is the smallest of the three wind 
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farms, indicating a more certain result and that the operation of the system was run in a similar way 

for all WTGs in the wind farm. 

From the examples of the production during single ice events, it appears that the system improves 

the production and that rated power is achieved earlier than in the reference wind farm. The fact 

that the average losses during ice events A (production losses) are lower compared to the reference 

park could possibly be explained by this. The de-icing system in the examples are started several 

times during the studied day, indicating that there could be room for improvements in size of the 

system, duration of one cycle etc. From the examples it could also be seen that the de-icing system 

was run during times of low winds. Probably since the losses appears greater in low winds, according 

to theory, or as a strategy for maximizing the profit by running the system when the production 

would be low. Both explanations indicate a working control system of the de-icing system. Since the 

icing time in both wind farms is about the same, the availability does not seem to have been 

decreased by the down time for running the de-icing system. During December and March there was 

about 6 percentages more ice time in relation to available time in Wind Farm 1 compared to the 

reference wind farm. Since Wind Farm 1 is on about 10 m higher altitude on average, a bit more icing 

could be expected. According to the icing maps the two locations are classified the same at an 

altitude of 100 m. 

6.1.2 Wind Farm 3 - De-Icing with Warm Air 

In the evaluation of Wind Farm 3 there are large uncertainties, mainly because of the inconsistent 

operation and the alterations made to the de-icing system during the studied period, but also 

because of the small number of WTGs to study, in January in the reference farm and in February in 

Wind Farm 3 (the only two months possible to evaluate).  

Wind Farm 3 was shown to have the highest monthly losses during the studied period, but can at the 

same time be expected to have the most time of active icing of the three wind farms according to the 

maps from Kjeller Vindteknikk. The de-icing system in Wind Farm 3 appears to reduce the losses 

compared to the reference wind farm, but the energy for operation of the system is not included in 

the evaluation. If the lower extreme of the confidence interval of the average gain is taken into 

account, the losses are about the same size as in the reference farm due to the large variation 

between the WTGs. During February the losses of type A (production losses) are less in Wind Farm 3, 

both in total and during the ice events. Due to the uncertainty and the variation between the WTGs it 

is however impossible to determine if this is caused by normal occurring variations or if this is an 

effect of the de-icing system. In the examples of single ice events, when the system was run about 

three times in a day, the loss was greater with the de-icing system installed compared to the 

reference wind farm. The examples indicated that the system not was sufficient to remove the ice, 

since the output deviated about the same or more from the reference output than the reference 

WTG after a finished de-icing cycle. This could mean that the control of the system needs 

improvement or that the power of the system needs to be increased. The icing time is about the 

same in both wind farms. The most common de-icing cycle was about 6 hours, which could influence 

the availability of the WTG as already mentioned, which would be important if the wind conditions 

are good.  
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6.1.3 Wind Farm 5 - Anti-Icing with Heating Resistances 

The monthly losses in Wind Farm 5 were lower compared to the losses in Wind Farm 3 and about the 

same size as in Wind Farm 1, this result is however without the energy for operation of the anti-icing 

system included whereas the energy is included for the de-icing system in Wind Farm 1. Since the 

energy for running the anti-icing system appears not to be included in the data the losses could be 

significantly higher. In particular, the strategy of anti-icing is to prevent ice from forming on the 

blades and, according to theory, anti-icing will therefore require more energy than a de-icing system 

since it is active during longer time periods.  

In total the losses appear to be lower in Wind Farm 5 compared to the reference wind farm and the 

system also shows the largest possible gain in production, of the three evaluated systems, compared 

to the reference wind farm. The uncertainty is however very large, due to lack of data and 

information about the operation of the system, and the information is considered to be too sparse to 

evaluate the system. A large proportion of the losses in the reference park, were found to be caused 

by ice event B (standstill). If this was not caused by other reasons (not found), the anti-icing appear 

to have reduced this tendency in Wind Farm 5. Wind Farm 5 is located at a higher altitude than the 

reference wind farm and could, according to theory, be expected to have more ice. A larger 

percentage of the available time was however during ice events in the reference park, which could 

be due to the anti-icing system. However, days of data are missing for Wind Farm 5 and both losses 

and ice time could possibly therefore be higher, since this could have been days of icing. It is 

therefore not possible to evaluate the effects of the anti-icing system and to draw any conclusions 

from the available information. 

6.1.4 Economics 

Based on the calculated average gain in production with the de- or anti-icing system installed, 

compared to the reference wind farms, none of the systems were found to be profitable based on 

the outcome of the studied time period, when taking the energy for the operation of the systems 

into account. This assuming an electricity price of 250 SEK/MWh, a green certificate price of 200 

SEK/MWh for 15 years, a discount rate of 7 % and only including the production gain between 

December and March. The system in Wind Farm 5 was however around the break-even point. With a 

higher electricity price, both the systems in Wind Farms 3 and 5 were found to be profitable based 

on the same assumptions. Since the losses in Wind Farm 1 were close to those of the reference wind 

farm, and larger than in the reference farm in March, the system does not become profitable with 

the studied prices. The uncertainty in this evaluation is very large, because of how the production 

gain (and thereby the income) was assumed. The inconsistent operation of the WTGs and the lack of 

information about the operation add to the uncertainties in Wind Farm 5. In Wind Farm 3 the losses 

are based on the outcome of January and February and the energy consumption is manually added, 

which means that the outcome is not representative.  

Due to the great uncertainties and the short time period, the economical validation is not considered 

to be representative. It was however found that all three systems do not require especially large 

percentages of gain in production in order to be profitable. The systems will probably not be 

profitable in a year with little icing (like the conditions in Wind Farm 1 during the studied period). The 

investment would however reduce the risk of a longer stop of the turbine during hard ice conditions, 

which OX2 has experienced, and the value of reducing this risk must be considered as well. If the 
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system would eliminate stops of a few weeks during the life time of the WTG, the system will have 

repaid itself. 

6.2 The Method 
The first thought to go about this task was to construct power curves for "summer data" and, based 

on the variation of those measurements, identify deviations greater than that as losses due to ice in 

the "winter data". Since data from summer months were not available for most farms, the choice 

would have been to choose measurements above a certain temperature. The data set available, at a 

reasonable temperature, would then have been very small for some of the studied months and the 

data would have had to be evaluated as one data set, for the entire period, without considering 

differences between different months. Because of this, the approach proposed in the IEA standard 

was chosen. The development of the MATLAB-script was however more time consuming than 

anticipated and some aspects of the script needs further evaluation and work. It was found, that 

there are many approaches to identify ice events and a standard is much needed.  

Strengths with the proposed standard were found to be the usage of WTG specific power curves, 

which capture the site specific conditions for the WTGs, for example wakes from other WTGs, 

obstacles in a certain wind direction, blade degradation etc. This would thereby lessen some of the 

effects causing deviations from the power curve mentioned in the theory. The criteria for three 

measurements in a row to indicate a start or a stop of the icing event is also considered to be a 

strength which probably reduce the effects of turbulence, when identifying ice events, and leads to a 

more robust identification of the events.  

Information that would be helpful in the standard is how to treat overlaps of measurements 

classified as different ice events, which measurements should be classified as outliers and how to 

consider times of operation of a de- or anti-icing system when calculating the losses. In the method it 

is proposed that gaps in the points of data that form the power curves are filled with a smoothing 

function. The function used in this work was not optimal and evaluating the effects of using another 

one is advisable. It was also found that there were times when there were very few measurements, 

sometimes almost none, from which to form the power curves. Further explanation on how to 

handle such deviations is also needed since this in principal resulted in one iteration less. In this 

study, the mean values or, as a last option, the standard power curves from the manufacturers were 

used, which underestimated the losses and resulted in ice events left in the data forming the final 

power curves.  
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7. Conclusions and Future Work 

7.1 Conclusions 
In this work a MATLAB-script for evaluating losses in production of WTGs due to ice was created 

according to the main outlines in a standard proposed by IEA task 19. The losses due to ice, between 

December 2014 and March 2015, were then estimated in three wind farms with de- or anti-icing 

installed and three additional wind farms without any de-or anti-icing installed.  

From the evaluation, it is evident that all studied sites are subject to ice. Based on the results 

obtained the three wind farms with a de- or anti-icing system installed show a tendency to improve 

the production in comparison to the evaluated reference parks. The quantification of the losses are 

however influenced by the model for evaluation, inconsistent operation of the systems and the 

WTGs, inconsistent data reporting and lack of information about the studied systems. It was 

therefore not possible to compare the efficiencies of the three systems.  

In particular, one of the studied systems (de-icing with heating resistances) could be shown to 

improve the production during single ice events, which shows the potential of having a de- or anti-

icing system installed. The results also indicate that the de-icing system with warm air not is 

sufficient enough, this could however partly be because the studied time period was a testing period 

of the system. The information about the anti-icing system with heating resistances was too sparse 

to evaluate the system. The studied examples showed possible improvements regarding for instance 

size and duration of the de-icing cycles, reflecting the limited experience of the operation of the 

systems. With a couple of more years of experience, the operation of the systems may become more 

efficient and profitable. 

Based on the approximated gain (between December and March) none of the studied systems can, 

for certain, be said to be profitable with today's electricity prices. This evaluation is however entirely 

based on the difference in losses compared to the reference wind farms and is very uncertain. The 

conditions could be very different in a year with more icing and higher electricity- and certificates 

prices. A longer time period therefore needs to be studied and more information about the 

operation of the systems is needed in order to determine the profitability and efficiency of the 

systems. Considering de- or anti-icing systems when establishing wind farms at locations with similar 

ice conditions is recommended. Important characteristics are then energy for operation of the 

system, duration of one de- or anti-icing cycle and when the systems are activated. Important to 

consider is also additional benefits of the systems as for instance increased availability, decreased 

risk for stops, loads and fatigue of WTG components as well as safety aspects. 

It is clear from the work that a standard method for evaluating losses due to ice is needed. The main 

guidelines should contain a method of how to form the reference output (i.e. the ice free production) 

and definitions of what to consider as losses due to ice, which is handled in the proposed standard. In 

addition information about how to handle overlapping ice events and how to take the operation of a 

de- or anti-icing system into account when calculating the losses needs to be included. 

7.2 Future Work 
Most important in order to evaluate the performance of the systems is to study a longer time period, 

so that different icing conditions are included and a more acceptable statistical basis is given. In 

addition more information about the operation of the systems needs to be known to evaluate the 
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systems, in particular knowledge about signals for when the systems are activated, in operation and 

measurements of the energy required to run the systems is needed. It is also important to study the 

production during the summer months in order to gain knowledge about normal occurring variations 

in output, both within the evaluated wind farms and in relation to the reference wind farms. 

It would also be recommended, if possible, to do evaluations where the de- or anti-icing systems of 

some WTGs within the studied wind farms are turned off during known time periods. This would 

result in better references, than the reference wind farms used in this work, and therefore give a 

better and more accurate estimation of the efficiency. It would also be advantageous to study known 

ice events, not only identified by deviations in the power curve. Suggested studies would then be: 

 If there are some conditions where one of the systems work better, for instance regarding wind 

conditions and intensity of icing. 

 How large the gain in production with the systems installed is, and when the systems are 

profitable to run. 

 In which conditions the power of the systems is sufficient.  

 In particular, this appears to be important in Wind Farm 3, where the system showed 

tendencies to not have sufficient power. In which temperatures and wind conditions the 

system in Wind Farm 3 is able to achieve reference output are therefore important to find.  

 If there are improvements that could be done regarding the starts of the systems. 

 In Wind Farm 1, perhaps to allow a larger degradation in low winds compared to high winds 

(since the losses appear greater in low winds) or to increase the length in between de-icing 

cycles, if the reference output has not been achieved after a certain number of cycles. 

 If there are possible improvements regarding the duration of a de-icing cycle. 

 In Wind Farm 1, for instance increase the duration of a de-icing cycle if previous cycles have 

failed to achieve reference output. 

 In Wind Farm 3, in particular how large degradation of the power curve that is needed for a 

stop of 6 hours to be advantageous and if the duration can be shortened. 

 If the power output of the systems could be improved. 

 In both Wind Farms 1 and 3 when "normal" and "maximum" power output of the systems are 

used. 

 In Wind Farm 3 if there is a possibility to increase the power of the system if necessary. 

The MATLAB-code created to estimate the losses had some flaws that would have to be improved if 

used in further studies. First of all using another smoothing function is advisable since the power 

curves and percentiles were underestimated. It would be beneficial to see evaluations of the 

approach of using P10 and P90 compared to other statistical measurements and also the impact of 

evaluating all months together, since by evaluating the months separately there will always exist a 

P10 and P90, even during summer months, and ice events risk to be under- or overestimated in years 

with much or little ice respectively. 
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Appendices 

Appendix A. Density 
The density is varying with temperature and pressure according to Equation (1).  

   
 

  
 (1) 

A.1 Influence of Temperature 

At standard pressure (101.325 kPa) the variation of the density at temperatures between -25 °C and 

+25 °C can be seen in Figure 1. The density at -25 °C is about 20 % higher than at +25 °C and about 

16 % higher than the standard density of 1.225 kg/m3 ([10], p.36-37). During the time period of 1st of 

October until 15th of February the temperature varied between -15 °C and +15 °C in three of the 

studied wind farms. The upper value of 15 °C corresponds to the standard temperature of 288.15 K. 

 

Figure 1: Varying density at temperatures between -25 
°
C and +25 

°
C, at standard pressure (constant). At a temperature 

of -25 
°
C the air density is about 20 % higher than in a temperature of +25 

°
C. 

A.2 Influence of Pressure Variations 

The air pressure is caused by the weight of the air in a vertical column from the current level to the 

upper layer of the atmosphere. This means that the air pressure varies with height. As a first 

estimation the air pressure can be said to decrease by 1 hPa every eight meters. Changes in the air 

pressure are also caused by for instance changes in temperature and weather conditions. The normal 

air pressure in Sweden at sea level is on average about 101.42 kPa in Falsterbo and 100.97 kPa in 

Karesuando, which means that the air pressure is about 5 hPa lower in the north of Sweden 

compared to the south parts of Sweden. Usually the air pressure in Sweden varies between 95.0 and 
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105 kPa [30]. The density at a constant temperature of 288.15 K can be seen in Figure 2 for air 

pressures between 95 kPa and 105 kPa. It can be seen that the air pressure at 95 kPa is about 9 % 

lower than at 105 kPa, and about 6 % lower than the standard density of 1.225 kg/m3. According to 

hourly measured air pressures at the weather stations closest to the wind farms, the pressure varied 

between about 96 and 104 kPa at all stations, and the variations was found in both October and 

January. On average the air pressure over the time period was close to the standard pressure of 

101.325 kPa. 

 

Figure 2: Varying density at air pressures between 95 kPa and 105 kPa and standard temperature (constant). The air 
density is about 9 % lower at 95 kPa compared to at 105 kPa. 

A.3 Power Curves at Different Densities 

During the time period of October to February the temperature varies between -15 °C and 15 °C. This 

corresponds to a difference in density of 0.142 kg/m3. The air pressure varied between 96.20 kPa and 

103.80 kPa, during the same period which corresponds to a difference in density of 0.109 kg/m3. 

Example of power curves at different densities is shown in Figure 3. Since there is a difference of 

hundreds of kW, the changes in density must be considered. 
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Figure 3: Power curves at different densities. The variations in temperature and air pressure at the studied sites between 
October and February could result in a difference in output of hundreds of kW/WTG, air density must therefore be 
considered in the study. 

A.4 Density in the Calculations 

The temperature is measured at the nacelle of the turbine, but the pressure measurements available 

is from the weather stations closest to the wind farms and must be corrected. In the upper window 

of Figure 4 the method used in the evaluation is illustrated in red. The wind speed is corrected 

according to Equation (2) 

                 
         

         
 

 
 

 

            
                    

                                          
 
   

   

 

(2) 

by using the standard density at a certain height above sea level. In blue, in the same graph (under 

the red curve), the density is calculated by using the pressure from the weather station and adapt it 

to the correct height by using a rule of thumb saying that the pressure decrease with 1 hPa every 

eight meter. As can be seen in the graph the two methods are very similar with a difference, 

illustrated in the lower window, of maximum -0.3 m/s. The method to correct the standard density 

with height is proposed in the standard and seems to give a very similar result to using varying air 

pressure. This together with the uncertainties of using measurements from another location and 

height, using the proposed method is considered to be the best choice. 
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Figure 4: Comparison of different methods for handling the density. In the upper window the methods of correcting the 

standard pressure with height according to Equation 4 (red) and by correcting the measured air pressure from the 

nearest weather station with height (blue, under the red curve) is compared. The curves are very similar and the 

difference between them is displayed in the lower window. 
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Appendix C. Constructed Power Curves 
The largest source of error considering the construction of the power curves is perceived to be the 

smoothing function applied to the power curves. One example of the applied smoothing function 

(moving average) and the proposed alternative with the LOESS- smoothing method are illustrated in 

Figure 1 and Figure 2 respectively. The LOESS method gave the best agreement to power curves 

without any smoothing applied. In some cases using the LOESS-method resulted in large deviations in 

the power curve that were considered to create great uncertainties. The moving average did give a 

more smooth response and was considered to be more robust than the other smoothing functions 

tested. The power curves were however found to especially tend to underestimate the power output 

at the knee of the power curve. 

 

 

Figure 1: Example of power curves constructed with the applied smoothing function for four wind directions. 

 

Figure 2: Example of power curves with an alternative smoothing function, showing a more "fluttering" response. 
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Another source of error for the construction of the power curves is considered to be of importance 

are icing events A (production loss) still included in the data as well as data mistakenly identified as 

icing event C (over production) removed from the data that form the base for the power curves. Both 

cases results in lower average output at a certain wind speed. This was especially perceived to 

happen when there were few measurements, above 3 OC or for a certain wind direction, which 

resulted in an inaccurate choice of percentiles in the code and thereby wrongly identified ice events. 

The resulting power curves were validated against the estimated efficiencies of the turbines 

according to site evaluations in WindPRO. The results were also compared to a "mean power curve" 

constructed without binning the data into wind directions, in order to have more measurements 

when creating the power curves, and without applying any smoothing function, in order to avoid the 

effects of the smoothing function mentioned. One example of the mean power curve is illustrated in 

green in Figure 3. From the figure can be seen that the mean power curve is well placed in the middle 

of the measurements used to construct the power curves. 

 

Figure 3: Example of a "mean power curve" (green) without bins for wind direction and without smoothing function. The 
standard power curve from the manufacturer is displayed in blue. The difference is probably mainly due to the location 
of the measurement instrument, wakes and turbulence.  

As an evaluation of the approximated power curves the efficiency, here defined as the output 

compared to the output from the power curve provided by the manufacturer each month, were 

evaluated. In Table 1 the difference in efficiencies estimated with WindPRO and efficiencies of the 

WTG constructed power curves are displayed in the middle column, and the difference between the 

efficiencies of the "mean power curves" and the constructed power curves are displayed in the right 

column. As can be seen the difference in efficiency compared to WindPRO is on average less than 5 

percentages except for Wind Farm 5 where it is 9.3 percentages. The efficiency compared to the 

mean power curve is less than 0.5 percentages in all wind farms. This is considered to be an 

acceptable result. The differences compared to the mean power curve is probably mainly due to the 
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smoothing and the consideration of different wind directions, since for instance obstacles, such as 

trees or other wind turbines, could result in lower production in a certain wind direction. The 

difference compared to the standard power curve is probably mainly due to the location of the 

measurement instruments, wakes and turbulence.  

Table 1: The average efficiencies of the constructed power curves of the WTGs in the wind farms during the studied 
period, in the middle column compared to the efficiencies estimated with WindPRO and in the right column compared to 
the "mean power curves" 

 Efficiency estimated with 
WindPRO - efficiency of 
constructed power curve 
[percentages] 

Efficiency of the mean power 
curve - efficiency of constructed 
power curve 
 [percentages] 

Wind Farm 1 -1.8 0.4 

Wind Farm 2 No values No Values 

Wind Farm 3 4.1 0.3 

Wind Farm 4  1.8 0.0 

Wind Farm 5  9.3 -0.2 

Wind Farm 6 3.7 -0.2 
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Appendix D. Validation of the Results 
The losses according to the constructed power curves and the mean power curves are displayed in 

Table 1 - Table 6. The difference is less than 1 percentage in all cases but two months in wind farm 6 

where the difference is about 1.5 percentages. The MATLAB-code for calculating the losses in 

relation to the mean power curve was dependent of the occurrence of ice event B, and when those 

did not exist the losses were not calculated. Those single turbines have been removed from the 

comparison below which accounts for deviations from results presented in the results of the report. 

Mostly the losses are somewhat overestimated in comparison to the mean power curve. This 

difference is probably due to the underestimation of the power curve and the binning into different 

wind directions. 

Table 1: Validation of losses Wind Farm 1. The figures are presented as mean values for all turbines with the standard 
deviation between the turbines, to illustrate the variations within the wind farm. 

Wind Farm 1 Losses according to 
constructed power 
curves 

Losses according to 
the mean power 
curve 

Losses, 
constructed 
power curve - 
losses, mean 
power curve 

December 5.3 ± 0.6 4.4 ± 0.6 Δ= 0.9 

January 4.4 ± 1.2 3.7 ± 1.0 Δ=0.7 

February 3.3 ± 1.3 2.9 ± 1.3 Δ=0.4 

March 1.2 ± 0.4 0.8 ± 0.3 Δ=0.4 

Table 2: Validation of losses Wind Farm 2 

Wind Farm 2 Losses according to 
constructed power 
curves 

Losses according to 
the mean power 
curve 

Losses, 
constructed 
power curve - 
losses, mean 
power curve 

December 6.9 ± 1.2 6.2 ± 1.3 Δ=0.7 

January 4.9 ± 0.7 4.5 ± 0.7 Δ=0.4 

February 3.7 ± 0.7 3.4 ± 0.9 Δ=0.3 

March  0.3 ± 0.2  0.2 ± 0.1  Δ=0.1 

Table 3: Validation of losses Wind Farm 3 

Wind Farm 3 Losses according to 
constructed power 
curves 

Losses according to 
the mean power 
curve 

Losses, 
constructed 
power curve - 
losses, mean 
power curve 

December    

January 11.6 ± 4.6 11.7 ± 4.8 Δ=-0.1 

February 7.9 ± 1.0 8.2 ± 1.3 Δ=-0.3 

March    
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Table 4: Validation of losses Wind Farm 4 

Wind Farm 4 Losses according to 
constructed power 
curves 

Losses according to 
the mean power 
curve 

Losses, 
constructed 
power curve - 
losses, mean 
power curve 

December 5.8 ± 2.3 5.7 ± 2.3 Δ=0.1 

January 16.8 ± 1.1 16.6 ± 1.1 Δ=0.2 

February 10.9 ± 2.0 11.5 ± 2.1 Δ= -0.6 

March 1.9 ± 0.5 1.7 ± 0.6  Δ=0.2 

Table 5: Validation of losses Wind Farm 5 

Wind Farm 5 Losses according to 
constructed power 
curves 

Losses according to 
the mean power 
curve 

Losses, 
constructed 
power curve - 
losses, mean 
power curve 

December 4.6 ± 3.6 4.3 ± 3.3 Δ=0.3 

January 4.6 ± 2.4 4.4 ± 2.5 Δ=0.2 

February 4.8 ± 0.9 3.8 ± 1.6 Δ=1.0 

March 1.4 ± 0.3  0.9 ± 0.2  Δ=0.5 

Table 6: Validation Wind Farm 6 

Wind Farm 6 Losses according to 
constructed power 
curves 

Losses according to 
the mean power 
curve 

Losses, 
constructed 
power curve - 
losses, mean 
power curve 

December 11.7 ± 6.7 10.1 ± 6.7 Δ=1.6 

January 10.7 ± 2.4 11.6 ± 2.1 Δ=-0.9 

February 10.4 ± 10.2 9.0 ± 8.4 Δ=1.4 

March 4.1 ± 0.5 3.0 ± 0.4  Δ= 1.1 

 

The losses were also estimated by taking the actual production each month in relation to the 

reference output. Since the actual output however still include time periods of icing event C, and 

thereby give a higher production than estimated during this events, the results were unusable. 

 


