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Abstract 
Wind turbines operating in cold climate are exposed to periods of icing which lowers the plant 

profitability by affecting the annual production. The loss of production has two components: 

The first (and most important) component is reduced power during operation due to disturbed 

aerodynamic properties of the blades. The second component is increased standstill. 

During this thesis project, methods to estimate production losses of a wind farm due to icing 

have been developed, as well as a software tool to facilitate the use of these methods and the 

presentation of the results. A method based on common metrological data and available 

production data was desired, as modelling ice-related losses is expensive and may be inaccurate. 

The methods developed are based on using measured data for each turbine, such as active 

power, temperature, wind direction and wind speed, and through this data describe the 

individual turbine’s performance during different conditions. Production losses were then 

estimated by comparing actual and expected power output (for the given wind speed). The 

thesis then expanded on this basic concept by using reanalysis and mesoscale modelled data, 

which offers greater variety in the way estimating the losses may be performed, as well as the 

option to derive losses for periods not covered by the production data. 

It was also important to develop a flexible and portable method that could incorporate new 

seasons of data or estimate losses for different wind farms with a completely different 

configuration of turbines.  

The methods are developed using data from a wind farm in northern Sweden, consisting of 40 

Vestas V90 turbines and constructed a few years ago. 

It was found that eastern position in the wind farm and turbine altitude correlates with higher 

ice-related losses, and that easterly winds relate to higher such losses than westerly winds. The 

losses during operation were estimated to 6.4 % of annual possible production and stops due to 

icing to 2.1 % of the total time. The losses figures are comparable to an earlier study performed 

in 2011 based on the same wind farm. 

The possibility of anti- or deicing systems for the wind farm and the profitability of such an 

investment should be further investigated as the wind farm is expected to continue operation for 

twenty years or more. 
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Sammanfattning (in swedish) 
Vindkraftverk i kalla klimat utsätts för perioder av nedisning, vilket sänker verkens lönsamhet 

genom att påverka den årliga productionen. Den minskade produktion har två komponenter: 

Den första (och huvudsakliga) komponenten kan härröras från sänkt effekt under drift på grund 

av de nedisade bladens försämrade aerodynamiska egenskaper. Den andra delen stammar från 

ökad stilleståndstid. 

Under detta arbete har metoder för beräkning av produktionsförluster orsakade av is hos en 

vindkraftspark tagits fram. Därtill har ett verktyg (i form av mjukvara) utvecklats, till syfte att 

förenkla användandet av dessa metoder samt presentera dess resultat. En metod baserad på 

enkla metrologiska data och tillgänglig produktionsdata var önskad, eftersom modellering av 

isrelaterade förluster är dyra och kan vara otillförlitliga. 

De framtagna metoderna är baserade på uppmätta data från varje turbin, såsom aktiv effekt, 

temperatur, vindriktning samt vindhastighet. Genom denna data har de individuella turbinernas 

produktionsbeteende under olika förhållanden kunna beskrivas. Genom att sedan jämföra den 

faktiska effekten med den förväntade (för en viss vindhastighet) har förluster orsakade av is 

uppskattats. Arbetet har sedan utvecklat denna grundidé genom användandet av data från 

reanalysserier och modellerad (mesoskala) data. Detta har gett större variation i hur förlusterna 

kan beräknas, samt gett möjligheten att uppskatta förluster för perioder som inte omfattas av 

produktionsdatan. 

Det var viktigt att metoderna som framtogs skulle vara flexibla och generaliserbara. Detta för att 

möjliggöra att data från nya säsonger kunde läggas till, samt att andra vindkraftsparker skulle 

kunna undersökas, även om dessa hade en helt annan uppsättning av turbiner. 

Dessa metoder är framtagna genom användandet av en vindkraftspark i norra Sverige. Parken 

uppfördes för ett fåtal år sedan och består av 40 st Vestas V90-turbiner. 

Det kunde konstateras att östliga vindar, östlig position i parken samt turbinernas höjd over 

havet alla korrelerade med högre isrelaterade förluster. Förlusterna under drift beräknades till 

6.4 % av den årliga möjliga produktionen och isrelaterade stopp till 2.1 % av tiden. Dessa 

produktionsförluster är jämförbara med en studie som genomfördes på samma park 2011. 

Möjligheten att installera anti- eller deicingsystem i parken och lönsamheten i en sådan 

investering borde undersökas vidare eftersom parken förväntas fortsätta sin produktion i tjugo år 

eller mer. 

 
N.B. 

Viss information har anonymiserats i enlighet med företagets policy 

 

 

 

 



3 

Preface 

I would like to thank Vattenfall Vindkraft AB for inviting me to work with them during my 

master thesis project. The atmosphere has been welcoming and supportive and I’ve learned a 

great deal about wind power in general. It has also been exiting to work at a very large and 

successful company. 

A special thanks goes to my supervisor, Rebecka Klintström at Vattenfall for most appreciated 

support and feedback, as well as to Jan-Åke Dalhberg at Vattenfall who has offered much help 

and insight. I also want to thank my university supervisor, Hans Bergström and Magnus 

Baltscheffsky at Weathertech Scandinavia for their help. 

Erik Hellström 

Stockholm, 2013 

 

 

 

 

 

 

 

Terminology & Abbreviations 
ADIS – Anti-icing and de-icing system 

Ice accretion – the accumulation or build-up of ice over time 

LTC – Long term correction 

LWC – Liquid water content 

Mesoscale meteorology – middle scale meteorology (horizontal dimensions from 5 km to 

around a hundred km) 

PC – Power curve (active power output as a function of wind speed). 

RH – Relative humidity 

Super cooled water – water with temperature below the freezing point but still in liquid form. 



4 

Table of Contents 

Abstract ..................................................................................................................................... 1 
Sammanfattning (in swedish) .................................................................................................... 2 
Terminology & Abbreviations .................................................................................................. 3 

1 Introduction .............................................................................................................................. 5 

1.1 Background ......................................................................................................................... 5 
1.2 Objective ............................................................................................................................. 6 
1.3 Scope ................................................................................................................................... 6 
1.4 Methodology ....................................................................................................................... 7 

2 Theory ....................................................................................................................................... 8 

2.1 Atmospheric icing ............................................................................................................... 8 
2.2 Icing models ...................................................................................................................... 10 
2.3 Weather models ................................................................................................................. 10 
2.4 Long-term correction (LTC) ............................................................................................. 12 
2.5 Measurements ................................................................................................................... 12 
2.6 Density correction ............................................................................................................. 16 
2.7 Height corrections ............................................................................................................. 16 
2.8 Anti-icing and De-Icing Systems (ADIS) ......................................................................... 17 

3 Method .................................................................................................................................... 18 

3.1 Method introduction .......................................................................................................... 18 
3.2 Turbine data ...................................................................................................................... 19 
3.3 Modelled data (mesoscale and reanalysis) ........................................................................ 22 
3.4 Calculation of production losses using turbine data .......................................................... 24 
3.5 Estimation of turbine losses using modelled data ............................................................. 26 
3.6 Wake analysis .................................................................................................................... 28 
3.7 Economy ........................................................................................................................... 29 

4 Results ..................................................................................................................................... 30 

4.1 Wind power Evaluation Tool for Ice-related Production losses (WETIP) ........................ 30 
4.2 Losses during operation .................................................................................................... 30 
4.3 Ice-stops due to ice ............................................................................................................ 33 
4.4 Total losses ........................................................................................................................ 34 
4.5 Losses as function of height and position ......................................................................... 35 
4.6 Operation classes ............................................................................................................... 36 
4.7 Wakes ................................................................................................................................ 39 
4.8 Directional results ............................................................................................................. 40 
4.9 Economical results ............................................................................................................ 41 
4.10 Sensitivity analysis .......................................................................................................... 42 

5 Discussion ................................................................................................................................ 44 

5.1 Conclusion ......................................................................................................................... 45 
5.2 Recommendations ............................................................................................................. 46 
5.3 Suggestions for further work ............................................................................................. 46 

6 References ............................................................................................................................... 47 

Appendix 1 – WETIP usage 

Appendix 2 – Equation constants 



5 

1 Introduction 

1.1 Background 
Wind power in cold climate is growing, both with regards to research and to industrial 

implementation. This type of wind farms is on the rise in countries such as Sweden, Finland and 

Canada as many suitable sites are located in cold regions. Cold climate operation introduces 

new problems, one of them being structural ice accretion. Atmospheric icing on structures is not 

a recently discovered problem, as it has long been a known issue in the aviation and power 

transmission industry, but its effect on wind turbines has only of late started to be investigated 

more thoroughly.  

Ice on the turbine blades disturbs the aerodynamic properties of the blade and lower electricity 

production, thereby decreasing the overall plant profitability. The change in aerodynamics may 

also introduce increased vibrations which could reduce plant lifetime by increasing material 

fatigue. To avoid the risk of human injury from ice throws and high wear and tear on the 

turbine, it is not uncommon for wind turbines having to be completely shut down for a period of 

time due to high ice loads. This leads to further production losses. An annual production loss of 

5-10 % due to icing for a wind power site in northern Sweden is not an unreasonable estimation 

(Compny B 2012). 

A correct production forecast for turbines at a proposed site is of great importance to evaluate 

the economical aspect of a project. The estimated losses due to icing are also valuable to help 

determine whether investing in anti-icing or de-icing systems (ADIS) should be considered. 

Such systems prevent or remove ice on wind turbines. No real consensus of the cost and 

efficiency of ADIS exist today. 

Several ongoing projects concerned with production losses due to icing on wind turbines exist 

in Sweden and abroad. Some are more focused on advanced modelling, while others focus on a 

statistical approach, such as using production data. A project based on production data was 

published in 2011 by Jan-Åke Dahlberg and Sven-Erik Thor at Vattenfall Vindkraft AB. This 

master thesis project seeks to verify and further develop these efforts. 

1.1.1 The studied wind farm 
The investigated wind farm is situated in northern Sweden and consisting of 40 Vestas V90 

turbines with a total of 78 MW installed power (most 2.0 MW and some 1.8 MW turbines) and 

started operation a few years ago. The wind farm is known to experience ice-related problems 

but these problems are not yet well documented or analysed. The turbines are not equipped with 

any anti-icing or de-icing equipment. Fig. 1 

The wind farm is located in hilly terrain and turbines are placed at various altitudes with the 

lowest turbine standing at 473 meters above sea level and the highest at 575. 
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1.2 Objective 
The objective of this thesis project is to develop a method of calculating and evaluating 

production losses due to icing by using production data and standard meteorological parameters 

such as wind speed, temperature and wind direction (such measurements are already performed 

and stored for the turbines). There is an interest in such a method due to the fact that modelling 

ice is costly, and the accuracy of such modelling may vary, especially if used to estimate 

production losses due to icing. 

Modelled data series (mesoscale and reanalysis series) will be used to complement and refine 

the method. Such data will also be used to estimate ice-related losses at the site during times 

where no production data is available.  This allows for an estimation of losses during 20 years 

or more, even though the wind farm itself is not that old. 

A software tool with a simple to use interface will be developed to facilitate presentation and 

evaluation of the results. The calculation method should be general enough to be able to 

incorporate data from other wind farms and/or other periods. 

1.3 Scope 
No direct ice modelling will be conducted. Instead common measurements such as temperature, 

wind speed, wind direction and turbine active power will be used to conclude when icing is 

affecting the turbines. Wake effects will be taken into account, but most likely only in a 

simplified manner, due to the complex nature of the phenomenon. 
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1.4 Methodology 
The results will be obtained using data from the turbines themselves and mesoscale simulated 

data and/or reanalysis data. The starting point of the method is to statistically describe how each 

turbine performs during warm periods (guaranteed ice-free) and cold periods, which can contain 

data-points both free from ice and affected by ice. This will be achieved by evaluating the 

production data and using it to obtain power curves (PCs) which gives the power output for a 

given wind speed.  

Figure 2 shows a scatter of wind speed and power (red dots) and a nominal power curve (black 

line) of a turbine (not from the wind farm investigated in this thesis). The left plot shows May 

(no ice) while the right plot shows November, with many data-points being affected by ice, 

thereby yielding less power for the same wind speed (Kjeller Vindteknikk 2013) 

 

Fig. 2: Typical production losses due to icing seen in power curves (Kjeller Vindteknikk 2013) 

Production losses will be calculated by comparing the current production of the turbine with the 

possible production, where the possible production is found using a “warm PC”. Such a PC is 

produced from production data when the turbine is expected to not be affected by ice (warm 

periods) and will therefore describe “non-disturbed” or “ideal” output. 

Furthermore, more advanced methods based on the same fundamental idea will be developed, 

such as using modelled parameters (relative humidity and liquid water content of the air) to 

distinguish periods of higher ice risk (described in further detail in 3.5.1). 

Matlab will be used for the calculations and graphical interface. This makes understanding and 

further developing the tool and method easier as it is a commonly used software within the 

company.  
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2 Theory 
This chapter explains theory forming the basis of the thesis, as well as information on the types 

of data series used. As much of this thesis relies on various data (either measured or modelled), 

a presentation of measurement techniques and the relevant correction methods (for example 

height and density correction) is included in this chapter. 

2.1 Atmospheric icing 
Atmospheric icing is defined as the accretion of ice or snow on structures exposed to the 

atmosphere. It can be divided into in-cloud and precipitation icing, where in-cloud icing is 

responsible for the majority of icing on wind turbines. Structures at higher altitudes often 

experience more icing. (Makkonen 2000) 

2.1.1 In-cloud icing 
In-cloud icing is caused by the liquid water droplets from clouds or fog coming into contact 

with structures. This means in-cloud icing increases for turbines placed at high altitudes, which 

is often the case for cold climate turbines, such as turbines in mountains or highlands. When 

super cooled droplets from clouds or fog hit a surface they freeze immediately, forming soft or 

hard rime in a process called dry growth.  

Figure 3 shows a schematic picture of dry growth, where droplets are added to a growing layer 

of ice. (Makkonen 2000) 

 

Fig. 3: Growth of rime, dry growth (Makkonen 2000) 

Hard rime is formed if the droplets are larger; a type of rime with higher density which is harder 

to remove. Rime ice typically forms in temperatures between 0°C and -20°C.  

Glaze can also be formed from in-cloud water when surface temperature is around 0°. This is 

known as wet growth and produces the type of ice with the highest density. In that case, the 

droplets do not freeze completely upon impact with the surface but form a layer of liquid water 

that may later freeze completely. Rime ice forms irregular crystalline structures while glaze is a 

smooth, often transparent ice layer (Elforsk 2012A). Wet growth is illustrated in figure 4. 
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Fig. 4: Growth of glace, wet growth (Makkonen 2000) 

 

2.1.2 Precipitation icing 
Freezing rain/drizzle (freezing rain is rain that fall on surfaces with subzero temperature, 

drizzle is rain with very small water drops) and partly melted snow (so called wet snow) can 

cause precipitation icing. Wet snow is sticky and adheres to surfaces when air temperatures are 

in the range of 0°C and +3°C. If followed by a temperature drop, the wet snow will freeze on 

the structure. Freezing rain or drizzle can also form glace (as described in 2.1.1) at temperatures 

between 0°C and -6°C. Freezing rain/drizzle is rare in Scandinavia and of minor importance for 

accretion of ice on wind turbines. (Elforsk 2012B) 

2.1.3 Phases of an icing event 
An icing event starts with a phase known as meteorological icing, during which the 

meteorological conditions for ice accretion are favourable. This phase is also known as “active 

icing”. After a certain incubation time, which depends on structure temperature and surface 

characteristics, instrumental icing begins. This phase is defined as the time when ice remains 

on the structure or instrument in question. In effect, this is the time when a wind turbine 

potentially suffers production losses due to icing, or an instrument (such as an anemometer, a 

device for measuring wind speed) is supplying unreliable data. A period of recovery time starts 

when meteorological icing ends, during which ice remains but is not actively formed. This lasts 

until the turbine or instrument is ice free, marking the end of instrumental icing. (Elforsk 

2012A) 

 

Fig. 5: Definition of phases of an icing event (Elforsk 2012A) 
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2.2 Icing models 
Typically, an ice accretion model is coupled with meteorological data to model the icing 

climatology of a location. The meteorological information can be obtained in two ways; either 

by numerical weather models, which are computationally costly, or by analysis of measurement 

data, which require more manual work. 

2.2.1 Makkonen model 
A model for ice accretion published in 2000 by Lasse Makkonen of VTT (Technical Research 

centre of Finland) has become a videly used model for growth of ice on structures: 

wAV
dt

dM
321                                                    (Equation 1) 

where dM/dt is the rate of change of the accreted ice load, α1 the collision efficiency, α2 the 

sticking efficiency and α3 the accretion efficiency, w is the liquid cloud water content (LWC) in 

kg/m
3
, A is the exposed cross-sectional area in m

3
 of the object and V is the wind speed in m/s 

as a vector. Being a mathematically trivial equation, the actual task it to produce the correct 

coefficients and the liquid water content, which is rarely measured on site. The model has been 

fully defined by ISO 12494. (Makkonen 2000) 

Equation 1 only describes the increase of ice load. The equation including decreasing of ice load 

can be written: 

sheddingnsublimatiomeltingwAV
dt

dM
 321       (Equation 2) 

Melting occurs at temperatures over zero and can quickly remove ice loads. Sublimation refers 

to ice directly turning into vapor without going through the liquid phase. This happens mostly 

when surrounding air is dry and can occur even at very low temperatures, in which case 

sublimation is likely an important factor for reducing ice load (Company B 2012). Shedding 

means that ice is thrown or falls from the structure. The magnitude of these two quantities is 

very hard to determine. Shedding, in particular, is a highly stochastic phenomenon that will 

reduce the ice load in chunks rather than as a continuous function over time. (Elforsk 2012A). 

2.3 Weather models 

2.3.1 Reanalysis data series 
Reanalysis data is produced by incorporating both observations and modelled data (numerical 

weather prediction, NWP). Observed data is assimilated into the dataset using the same climate 

model throughout the entire period. Typically data such as precipitation and evapotranspiration 

must rely more heavily on models as observations can be scarce. Reanalysis data is often used 

to obtain a starting point (initial state of the atmosphere) for a smaller scale atmospheric model 

or to get (rough) data for a longer period, usable in e.g. climate assessment. (NOAA 2013) The 

two reanalysis data series used for this thesis are MERRA and ERA-Interim.  

MERRA is developed by NASA and stand for “Modern Era Retrospective analysis for Research 

and Applications”. It provides data from 1979 to present. 
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ERA reanalysis is made by ECMWF (European Centre for Medium-Range Weather Forecasts) 

of which ERA-Interim is the latest iteration and also covers 1979 to present. ERA-Interim 

replaces the previous ERA-40 series and makes use of archived data that was not available for 

the original analysis. (ECMWF 2013) 

2.3.2 Mesoscale numerical modeling 
Numerical weather prediction (NWP) is the current foundation of meteorological modelling. 

Using a set of initial conditions (typically obtained from a reanalysis series), computers are used 

to numerically solve nonlinear differential equations to calculate the state of the atmosphere at a 

later time (Elforsk 2012B). In general, these calculations are costly and mesoscale data is often 

calculated only for a couple of seasons, at least if high resolution data is needed (typical grid 

size 1km x 1km) which better describe the terrain in the investigated area. Low resolution data 

(4-9km grid size, resulting in coarser terrain representation) data series can be calculated for 

longer periods (even decades) at reasonable cost. 

WRF – “Weather Research and Forecasting model” is a widely used numerical computer model 

for weather modelling. It is developed by National Oceanic and Atmospheric Administration 

(NOAA), the National Center for Atmospheric Research (NCAR) and many universities. 

COAMPS – Coupled Ocean/Atmosphere Mesoscale Prediction System, is another common 

mesoscale model, developed by NRL (United States Naval Research Laboratory). 

Figure 6 shows temperature distrubtion for icing and non-icing time. According to the model, 

most icing occurs between 0 and -10°C. Simulated with WRF and 4 km resolution, jan 2000 to 

dec 2011 (Company B 2012) 

 

Fig. 6 : Icing climatology for one of the turbines derived by using WRF (Company B 2012) 

 

 

 

  

http://en.wikipedia.org/wiki/National_Oceanic_and_Atmospheric_Administration
http://en.wikipedia.org/wiki/National_Center_for_Atmospheric_Research
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2.4 Long-term correction (LTC) 
Both long-term measurement and modelling of long time periods are costly and therefore often 

not possible. A solution to this issue is to apply long-term correction on available data.  

Short-term measurements at site (normally 1-3 years of data) and long-term reference data 

(which should be representative for the site, i.e. shall appropriately describe the long-term 

variations at the site) are established. Using these two data series, a LTC-method is applied to 

produce some type of correlation function between the two series. The long-term series is 

processed using this function to better reflect the conditions at the measured site (more properly 

described by the short-term series). This is based on the assumption that the past represents the 

future, which cannot be guaranteed to be true. Up to 20 years of predicted future data is 

typically desired for a planned site, as this is roughly the economical lifetime of the investment. 

(Elforsk 2013). 

A method for LTC is regression analysis, which is a statistical technique commonly used to find 

the relationship between two variables. For this, linear regression is traditionally used. Its most 

basic form, simple linear regression, is used to calculate the linear function (y=ax+b) that best 

describes the relationship between the short-term wind speed at the site (y) and the wind speed 

at the reference location at the same time (x). The linear function is found by using the least 

squared method. This method is used for LTC in this thesis. (Elforsk 2013) 

There are also non-regression methods for LTC, which do not describe the relationship between 

two variables (or series). One of these methods is Weibull Scale, which is a simple empirical 

method. It assumes linear scaling between the measured site and the concurrent Weibull 

parameters (scale and form), occurrence frequency and mean wind speed. The method is not 

suitable for locations with non-Weibull distributed winds. (Elforsk 2013) (EMD 2013) 

2.5 Measurements 
The understanding, prediction and monitoring of icing of wind turbines are heavily dependent 

upon reliable and verifiable measurements. In general, measurements are problematic and the 

need of better instruments is often expressed by people in the industry. 

The primary data source for this thesis has been the turbine data. This includes temperature, 

rotations per minute, wind speed, active power, nacelle direction and various error signals. 

2.5.1 Wind speed 
Anemometers are the most common instrument of wind speed measurement and are generally 

reliable. In cold climate however, sufficient heating is vital to keep the anemometer ice free, or 

the data will be corrupted (ice increases the friction or stops the anemometer completely from 

rotating or otherwise functioning as intended). Mounting and the general quality of the 

instrument is also important for good wind speed measurements. If the instrument is properly 

heated, wind speed can be measured with reasonable precision. (Elforsk 2012B)  

Figure 7 shows two nacelle anemometers (atop a turbine) at the wind farm during winter. 

(Dahlberg & Thor 2011). These anemometers are not cup anemometers (which work as a 

propeller in the wind; the faster the wind makes them rotate, the higher the wind speed is). The 

instruments atop the nacelles are ultrasonic; they work by sending sound pulses between two or 
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more transducers. The wind velocity effects the flight time of the sound pulses and the wind 

speed can thus be calculated. The anemometers (as visible in figure 7) have lightning guards in 

the form of circular bows (Olsson 2013).  

 

Fig. 7: Two anemometers mounted atop a turbine in the wind farm (Dahlberg & Thor 2011) 

However, at many sites wind speed is measured on top of the nacelle of the turbines, where the 

wind is not undisturbed but effected by the turbine itself. Measuring the wind speed at a close 

by met mast will in principle be more accurate, but does in fact experience different wind 

conditions than the actual turbine as the two location are not the same. This may affect the 

assessment of wind speed before building the wind farm as well as understanding the turbine 

behaviour once built. Wind measurements when operating in the wake of another turbine may 

also be disturbed, i.e. the anemometer and the turbine may be affected differently by the wake 

effects. (Dahlberg 2013A) 

2.5.2 Wind direction 
The wind direction is normally measured by a wind vane on the nacelle on actively yawed 

turbines (the most common system used by large scale wind turbines). The turbine nacelle is 

then yawed to meet the wind. The yaw angle (the angle between the yaw and the actual wind 

direction) can often be a bit off; up to 10 degrees of error is not uncommon (Sommer 2013). 

Therefore, if the nacelle orientation is used as wind direction, this will only give an 

approximation and should not be considered an accurate measurement. 

2.5.3 Temperature and pressure 
Temperature and pressure has been measured with high precision for a long time and can be 

obtained at a reasonable cost. Temperature is measured with a thermometer and pressure with a 

barometer. These measurements are performed by each turbine, close to or on the nacelle. 

(Elforsk 2012B) 

2.5.4 Humidity 
Humidity can be measured using a hygrometer. Modern hygrometers are instruments which use 

temperature of condensation, or changes in electrical capacitance or resistance. (Roveti 2001).  

In regards to icing, the relative humidity (RH) is more useful that absolute humidity. It describes 

the amount of water vapour in the air compared to the saturated amount, which is the maximum 

amount of vapour for the current temperature and pressure. High RH indicates likelihood of 

precipitation, dew, fog or clouds. (Steadman 1979) 
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If the humidity is not measured, it can be estimated from other variables. One method is by 

using the empirically derived Goff-Gratch equation for saturation water vapour pressure and 

then obtaining relative humidity from it (Baltscheffsky 2013): 

                
     

  

 
    

                             (Equation 3A) 
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These constants and variables are explained in appendix 2. 

2.5.5 LWC and droplet size 
The liquid water content (LWC) is the measure of mass of water (in liquid form, not vapour) in 

a cloud of air, typically expressed as g/kg or g/m
3
. This is sometimes also called “cloud water 

content”.  

The droplet size, expressed in median volume diameter (MVD) is used to calculate the collision 

efficiency in the Makkonen model (see 2.2.1) as smaller droplet tend to follow the airstream 

around an obstacle while larger more often collide into it. (Makkonen 2000)  

 

Fig. 8 Droplet trajectories around an object (Makkonen 2000) 

Both of these variables are useful for ice modelling, but obtaining them accurately poses 

significant difficulties. There are thermal, optical and accretion techniques available, most of 

them resulting in large uncertainties, with errors of 50 % or more for the same testing 

conditions. As the measurements are uncertain and often costly, today most sites do not measure 

LWC and droplet size. Estimated or modelled data is instead used when needed. (Elforsk 

2012B)  
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2.5.6 Direct ice measurements 
Measuring the actual ice load and accretion rate may seem like the most direct approach and this 

can also be done. For measuring ice loads, an instrument called IceMonitor is commonly used in 

Sweden. It measures the ice being formed (the total extra weight) on a cylindrical steel probe.  

For accretion rate, sensors from HoloOptics may be used. The instrument continuously sends a 

light signal which is reflected and registered. A heater is started when the signal can no longer 

be reflected (which is due to ice being formed). The heating removes the ice and the instrument 

is then able to detect new accretion. The percentage of time the instrument needs to heat itself to 

keep receiving the signal is used to calculate the accretion rate.  

            

Fig. 9: IceMonitor (rwis 2013) HoloOptics T40 (holooptics 2013) 

Precision and reliability of direct ice measurements are in general considered low. Instruments 

placed next to each do often show vastly different values and it is not uncommon for icing 

periods to be missed or greatly underestimated. (Krohn 2011) (Håkansson 2011) 
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2.6 Density correction 
As the energy content of wind depends on the air density, it may be useful to density correct the 

wind speed.  This ensures that the wind resource is properly described and that any calculations 

comply with testing and evaluation standards. The density corrected wind speed can be used 

directly to evaluate the performance of a wind turbine, while this is misleading if using the 

actual wind speed. This is especially relevant at sites with cold climate as cold air has higher 

density than warm air, and thereby higher energy content (the energy content deviates more 

from the non-density corrected energy content which assumes air density at sea level and 15 

°C).  

Density correction is performed using the following equation: 

3/1











normal

actual
measuredcorrected VV




              (Equation 5) 

Where the normal density of air is 1.225 kg/m
3
. This equation is derived from the wind power 

equation (P = ½ρAV
3
). (Frandsen & Pedersen 1990). 

Since air density is not available in the turbine data and reanalysis series, it has been calculated 

from pressure and temperature: 

RT

p
air                                                  (Equation 6) 

Where p is the air pressure in Pa, T the temperature in Kelvin and R is the specific gas constant 

for dry air, 287.058 J/(kg·K). (Shelquist 2012) 

As water vapour is lighter than dry air, the ratio of vapour in the air does to some extent affect 

the air density. But since this information is not available in data from the turbines or reanalysis 

data series this effect is neglected for all series for consistency reasons. 

2.7 Height corrections 
Height corrections are performed when modelled or measure data is available for a certain 

height but desired for another. As an example, the met mast may not be as tall as the planned 

turbines. Likewise, the data from a reanalysis or mesoscale series may be for a different height 

than the one investigated. 

2.7.1 Wind speed height correction 
Several methods for correcting the wind speed from one height to another exist. A common 

method is the power law model: 



















0

0

PH

Pz
UU Hz     (Equation 7) 

Where z is the height of interest and H the reference height, at which the wind speed is known. 

The exponent α can be taken from a table (but generally needs to be determined empirically) 
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and depends on the surface roughness. 0P  is the zero-plane displacement, the height above 

ground were the zero wind speed can be found as a result of flow obstacles such as trees and 

buildings. It is generally approximated to 2/3 of the average height of the obstacles (Freris 

1990) (Cook 1985) 

2.7.2 Temperature height correction 
The temperature can be corrected using the dry adiabatic lapse rate, which describes how a 

parcel of air lowers its temperature when it rises in the atmosphere. This is an approximation 

which is fairly accurate when not in immediate proximity of the ground. For this thesis, this 

simplified temperature correction was considered accurate enough. 

The dry adiabatic lapse rate is 

kmC
C

g

p

d /8.9     (Equation 8) 

Where g is the standard gravity and Cp is the specific heat at constant pressure. The positive 

direction is upwards by definition, which means the temperature will drop when moving to a 

higher altitude. (Kittel and Kroemer 1980) 

2.8 Anti-icing and De-Icing Systems (ADIS) 
There are methods of preventing and removing ice from wind turbines: anti-icing, which seek to 

limit the accretion of ice, and de-icing which removes ice already present on the wind turbine. 

In addition, ADIS can be both passive and active. Passive systems use the physical properties of 

the surface to eliminate or prevent ice while active systems need an external energy supply that 

is thermal, chemical or pneumatic.  

In general, techniques used for wind power ADIS are modified versions of those used in the 

aerospace industry. In the wind power industry, large-scale usage of these systems date only a 

few years back. 

The most common (and tested) de-icing system is active: heating the blades to remove the ice 

once it has been accreted on the blades. The heating is either directly electrical (resistive circuits 

inside or on the surface of the blade) or by circulating heated air inside the (partly hollow) 

blade. Some such systems require the turbine to come to a halt, while others can be used during 

operation. Sometimes only the outmost third of the blade is heated as this is the 

aerodynamically most sensitive part. Ice closer to the hub is simply tolerated in those systems. 

The most common anti-icing strategy is using hydrophobic coatings which prevent ice or water 

from sticking to the surface. Although some wind turbine manufacturers offer fully integrated 

ADIS for new turbine orders, ADIS can also (in some cases) be installed after the turbine has 

been erected. (Parent 2011) 

The cost and efficiency of ADIS installations are still uncertain. But as a rough estimation, An 

ADIS system may consume 1-4 % of the annual energy production and cost 5 % of the 

investment (this cost estimation is made for a 600 kW turbine, prices may not scale linearly). 

Due to avoiding much of the reduced production due to icing, the payback time of such a 

system may be around 5 years. There are noticeable variations in these figures and no consensus 

exists. (Parent 2011) 
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3 Method 
This chapter examines the different steps taken to obtain the results, explains the choices made 

and the partial results that lead to those choices. A data-point, which is the data associated with 

a certain time step in a data series, is henceforth referred to as a node. Calculation is used for 

losses derived from production data from the site (called turbine data) and estimation used for 

losses derived from a combination of turbine and modelled data. Estimated losses can thus be 

used both as projected long term losses and as an alternative method of obtaining losses for time 

periods which are already covered by turbine data. 

3.1 Method introduction 
Methods for obtaining losses are based on creating power curves (PCs), which describe active 

power output as a function of wind speed, from the turbine data. By comparing the relevant PC 

describing “ideal” power with the current power, losses are obtained. This is performed for each 

node and the results are added up. Calculation and estimation of production losses are explained 

in greater detail in section 3.4 and 3.5 respectively, while the data series used are covered first 

(section 3.2 and 3.3). 

The flowchart in figure 10 outlines the most important elements of the method. Turbine and/or 

modelled data are used as input and after filtering, corrections and selecting a desired range 

(based on date) it is used to produce PCs. These PCs are then used to calculate/estimate losses. 

As seen in figure 10, there are two modes (calculation methods) available to be used with 

turbine data and three different modes when utilizing modelled data as well. These modes are 

explained in section 3.4 and 3.5 and differ mostly in what PCs they make use of to obtain the 

losses. 
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Fig. 10: Flowchart of the method. 
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A software tool was developed to facilitate the use and presentation of these methods, which has 

been a significant part of this thesis. This tool will only be referred to in this chapter but is 

described in greater detail in the results (see 4.1). 

3.1.1 Temperature gates 
Three different temperature gates were used in this thesis. They are all introduced in this section 

to avoid confusion when they are later used in their respective section. Although they are used 

in different situations, the default value of all gates is +2 °C. This is connected to the melting 

point of water (0 °C) but a certain “buffer” was desired as ice may remain above the freezing 

point for some time, as well as temperature measurements (or modelling) not being completely 

reliable. 

The gate used for filtering losses can be changed from the interface of the software tool (albeit 

changing it affects the results only marginally, see 3.4.2). The other two gates are used in the 

production of power curves, which is an earlier step and not performed from within the software 

tool. It is recommended to leave all of these values unaltered. 

Table 1: Temperature gates 

Gate usage Default value Details 

Normal PCs +2 °C See 3.2.3 

Filtering losses +2 °C (changeable) See 3.4.2 

Risk-based PCs +2 °C See 3.5.1 

   

3.2 Turbine data 
Turbine data form the basis for the method. Such measurements are recorded by each individual 

turbine in the wind farm. The data was requested from the Vattenfall data archive in Denmark. 

It was shipped in text-files; one file with measurements and one file with alarms and error codes 

(for each turbine). The time step was 10 min and the series stretches from September 2010 to 

early April 2013 (constituting approximately 135 000 nodes per turbine or 10.8 million rows of 

data in total). 

Table 2: Data channels used from turbine data 

Data channel name Position  

in file 

Unit Description 

UTC timestamp 1 day Date (days since year 0) 

AmbTempAverage 3 °C Thermometer mounted under the nacelle 

RotorRPMAvg 6 rpm Turbine rotational speed 

WindSpeed 7 m/s Anemometers atop the nacelle 

ActivePower 2 kW Power delivered to grid 

NacelleDirectionAvg 10 ° Direction of the nacelle (not necessarily the wind) 

StatusService 11 - In service mode or not 

Two ultrasonic anemometers are mounted on each nacelle, where one is a reserve instrument in 

case the primary anemometer would fail but icing of the anemometers is not seen as a problem 

by the operators. Service mode (as indicated by the StatusService channel) means maintenance 

or tests are underway and that personnel may be inside the nacelle. (Olsson 2013) 
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3.2.1 Filtering and alarms 
The turbine alarms and error codes were used to determine whether a node was usable or not. If 

a nodes data channel “ActiveAlarmNo” was set to “Turbine OK” and “Operation Status” to 

“Run”, as well as having readable values of wind speed, power and rotational speed, the node 

could be used for obtaining power curves (see 3.2.3). If not the turbine was considered stopped 

and the node not useable for obtaining PCs. 

3.2.2 Density correction of wind 
Since none of the mesoscale series covers 2013 and pressure is unavailable in the turbine data or 

ERA series, pressure from the MERRA series (the closest point available was found slightly 

southwest of the wind farm) has been used to density correct the wind speed from the turbine 

data for all turbines (see 2.6). It should be noted that the MERRA pressure is for 50 m height 

and that air pressure drops slowly with increasing altitude. In this case (45 m height difference) 

this effect is neglected. 

3.2.3 Obtaining PCs 
PCs for each turbine were obtained using nodes filtered from the entire turbine data series of the 

turbine in question. It was important to produce individual PCs for each turbine as their 

behaviour is far from identical. If alarms were active, the turbine did not rotate or there was 

some error with the power or wind speed signal, that node was not used for producing PCs. The 

remaining nodes were sorted using a temperature gate (+2 °C) into warm or cold nodes. The 

main purpose of this gate was to ensure that no ice-affected nodes would be used for the warm 

PC. The warm PC was used to determine the “possible” (ideal) production for losses calculation 

(see 3.4). Both warm and cold PCs were used in losses estimation (see 3.5). 

Figure 11 shows scatters of temperature-filtered nodes for turbine A01, which has a rated power 

of 2 MW. The warm nodes (left) was used to form the warm PC, while the cold nodes (which 

exhibit much more spread) was used for the cold PC. 

 

Fig. 11: Scatters of warm and cold nodes for turbine A01. 

Nodes within a certain range of wind speed (steps of 1 m/s) were grouped into bins and mean 

values for wind speed and power were calculated for each bin. These values form a PC (one 

scatter per bin connected into a line-plot). Figure 12 shows warm and cold PCs for turbine A01. 

The cold PC is below the warm due to the fact that some of the nodes used to make the cold PC 

experience ice-related problems which lower the power for the same wind speed. 
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Fig. 12: Warm and cold PCs for turbine A01 

The manufacturer PC for Vestas V90 is shown in figure 13. This turbine comes in both 1.8 and 

2.0 MW variants; the curve shown is for a 2.0 MW turbine. The curve is comparable to the 

warm PC seen in figure 12 but not exactly the same. It should also be noted that the PCs 

produced in this thesis uses nacelle wind speed, which may be affected by the turbine and may 

therefore not be the actual wind speed. It is assumed that the wind speed used to derive the 

manufacturer PC is more correctly measured. Note that the manufacturer PC is not used in the 

thesis and only included for comparison. 

 

Fig. 13: Manufacturer PC for Vestas V90 turbine, 2.0 MW (Vestas 2013) 

3.2.4 Directional PCs 
As an alternative method, eight directional warm and cold PCs were produced for each turbine 

(based on nacelle direction, which should be close to the wind direction). The reason behind this 

is that turbines operating in the wake of other turbines can be disturbed. It may also be the case 

that ice-related losses are dependent on wind direction. The wakes can affect both actual 

performance and the turbine measurements. Since this is a very complex matter it was not 

possible to analyse this in depth during this thesis. Instead all nodes were sorted into eight 
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directional bins (each of 45 °). From the “warm” (over 3 °C) nodes in each such bin, a power 

curve was produced and another for the “cold” nodes. These eight warm PCs would (at least in 

theory) better describe the “possible” production when wind comes from the direction in 

question. This due to the fact that wake effects for that specific direction would be present in the 

nodes used to make the PC, in contrast to a PC produced from all warm nodes, regardless of 

wind direction. An example of directional PCs are shown in figure 14. The warm curves are 

very similar while the cold curves exhibit significant differences. This suggests that ice-related 

losses are direction dependant. 

 

Fig. 14: Eight directional warm (left) and cold (right) PCs for turbine A01. 

There are fewer nodes in each bin (compared to the simple warm and cold PCs) since the 

available turbine data was split up into 8 groups, which may introduce uncertainties. How these 

PCs were used to calculate production losses is covered in 3.4. 

3.3 Modelled data (mesoscale and reanalysis) 
For the sake of simplicity, both mesoscale and reanalysis data is referred to as “modelled data”. 

The modelled data used for this thesis is shown in table 3. Turbine data is included for easier 

comparison. ERA and MERRA data from before 1990 was not included as it was of minor use 

for the method. In addition, reanalysis data from before 1990 is sometimes considered less 

reliable (Dahlberg 2013). The three mesoscale series has different resolution, 9km, 4km and 

1km grid size. The overlap column describes how many months (rounded to full months) the 

series overlap with turbine data from the investigated wind farm. Overlap is relevant when 

performing LTC (see 3.3.3) or when comparing the results of a turbine using different data. The 

terrain elevation is not used in this thesis but included as a reference. 

Table 3: Modelled data series used in this thesis 

Short 

name 

Start End Over- 

lap 

Time 

step 

Height 

(m) 

Elev. 

(m) 

Type Supplier 

MERRA 1990, jan 2013, mar 31 1h 50 442 Reanalysis NASA 

ERA 1990, jan 2013, feb 30 3h 95 550 Reanalysis ECMWF 

9km 1981, jan 2011, jul 11 1h 95 395 WRF Company A 

4km 2000, jan 2011, dec 16 1h 95 550 WRF Company B 

1km 2009, apr 2012 may 20 1h 100 541 COAMPS Company A 

turbine 2010, sep 2013, apr (31) 10m 95 473-

575 

Turbine data Vattenfall 
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Data used from modelled data series includes timestamp, wind speed, wind direction, 

temperature and pressure (and for mesoscale series RH and LWC as well). For some series, the 

data has been corrected as seen in the following sections. 

The LWC used for this thesis is in the unit of g/kg cloud water content. Also note that 

temperature was modelled for 60m height in the 4km series 

3.3.1 Height correction of wind speed 
The 1km series was modelled for a hub height of 100m. It was lowered to 95m (the hub height) 

using the method described in 2.7.1. Such a small correction (5m) would not be needed but was 

performed for the sake of consistency (the correction led to a lowering of average wind speed of 

less than 2 %). The same method was used to correct the wind speed for the MERRA data (from 

50m to 95m, increasing average wind speed with almost 22 %). The α-value used for the 

correction was 0.3 and zero-plane displacement set to 2.0 (trees are rather scarce and small at 

the wind farm). Note that all series are later long-term corrected (see 3.3.3) so the parameter 

values used for the height correction are not overly important. 

3.3.2 Density correction 
All modelled data series has had its wind speed density corrected using temperature and 

pressure from the series in question (see 2.6). Since ERA does not contain air pressure data, 

pressure from MERRA has been used for that series. As commented in 3.2.2 the pressure from 

MERRA is for a different height (50 m compared to the hub height of 95 m). 

3.3.3 Long-term correction (LTC) 
The wind speed of all modelled data series are long-term corrected using the production data of 

turbine C11 with a simple linear regression and the least square method (see 0). Turbine C11 

was chosen since it is a turbine in the middle of the wind farm which behaviour is rather typical 

for the farm. This was achieved with the polyfit function in Matlab. (Mathworks 2013) Note 

that since the overlap period between each modelled data series and the production data is 

different for each case, the precision of the LTC may be in question. All wind speeds were 

density corrected prior to applying the LTC. Note that other parameters, such as wind direction 

and temperature was not long-term corrected. 

Table 4: Mean wind speed before and after LTC 

Short name        Mean wind speed (m/s) 

Before LTC              After LTC 

Compared with turbine data 

(after LTC) 

Overlap 

with turb. 

MERRA 5.52 7.97 + 3 % 31 

ERA 5.34 7.49 - 2 % 30 

9km 6.22 8.23 + 7 % 11 

4km 7.27 7.41 -4 % 16 

1km 7.94 7.55 - 2 % 20 

(turbine data) (7.68)   (31) 

 

The mean wind speed after LTC for the 4km series was found to be lowest and the one for the 

9km series was highest. The cause of this is unknown. 
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3.3.4 Temperature height correction 
The temperature for the 4km series has been modelled at 60 meters above ground, while the 

turbine hub is situated at 95 meters. To correct this, the dry adiabatic lapse rate (see 2.7.2) has 

been used. The temperature for the series was thus lowered around 0.3 °C. The same method 

was applied for the correction of the 1km series from temperature at 100m to 95m (raising 

temperature approx. 0.05 °C) and for the MERRA series (from 50m to 95m, lowering 

temperature around 0.4 °C ).  

3.3.5 Calculation of relative humidity 
As the 9km series lacked relative humidity, this was calculated using the series’ own 

temperature, pressure and water vapour mixing ratio. The method described in 2.5.4 was used. 

3.4 Calculation of production losses using 

turbine data 
Calculation of the production losses (measured in lost energy) for a node is performed by 

comparing the current power with the possible (“ideal”) power and multiplying it with the time 

step (10min). The possible power is taken from the warm power curve using the wind speed 

from the nacelle. The current power is found in the turbine data. 

timestepcurrpossloss tPVPE  ))((                                    (Equation 8) 

Due to the stochastic nature of wind and the low precision of the turbine measurements, this 

often results in quickly alternating or even negative production loss (e.g. seemingly producing 

more than it should for the given wind). Typically, a rather wide range of power output from a 

turbine for the same wind speed can be found, even when no ice affects the turbine. This is 

illustrated in figure 15, where many nodes are found in a wide range (between 400 and 700 kW) 

for the same wind speed (around 7 m/s). 

 

Fig. 15: Zoomed in scatter of the warm nodes for turbine A01 around 7 m/s wind speed.  

 

In practice, the distribution of the measured data means that this method is only useful when 

applied over a number of nodes. Using the method on periods of weeks or months gives much 

more reliable results than on periods in the order of hours. On a single node (10 min), this 

calculation gives no reliable information. In practice, this means that the method is not suitable 

for detection of specific icing events. 
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3.4.1 Normal and directional mode 
Two versions of calculating production losses (in this thesis called modes) have been produced. 

The first one, “normal mode”, does not use wind direction at all. It uses a single PC made from 

all warm nodes for finding the possible power. The second, “directional mode”, obtains possible 

power for each node by using the corresponding directional PC. This is found by checking 

which directional bin the wind direction of the node fits into. It was decided to use only 8 

directions; this is discussed in chapter 5. 

3.4.2 Disregarding losses due to temperature 
Any losses obtained with the aforementioned method occurring when measured temperature 

was above 2.0 °C was considered as no loss as they will most likely not be ice-related losses but 

rather a result of the stochastic variety of measured power production and wind. Of the 

calculated losses for a typical turbine, only approximately 2 % of all calculated lost energy were 

disregarded due to temperature. Consequently, 98 % of the calculated losses were kept as they 

occurred when measured temperature was under 2.0 °C. This filtering had a very small impact 

on the size of total losses, but made results easier to interpret as occasional nodes otherwise 

could be classified as losses, even though this was apparently not the case due to high 

temperature. 

The disregarding of losses for “warm nodes” is performed by treating the possible production 

for such nodes as the current actual production, thus resulting in 0 % ice-losses for the node. 

Note that this also means any “negative losses” (overproduction) are ignored (see beginning of 

3.4). 

3.4.3 Operation classes 
To facilitate presentation and understanding of the turbine behaviour, each node was divided 

into one of five classes based on calculated losses or stops: 

Table 5: Operation classes 

Class Description Condition 

0 Normal < 25% losses 

1 Some losses 25-80 % losses 

2 Severe losses > 80 % losses 

3 Stop (normal) Not running, most likely not ice related 

4 Stop (ice related) Not running, deemed ice related (see 3.4.4) 

 

Note the high tolerance for losses in the “normal” class (25 %). This is due to the fact raised in 

the previous section on the low precision for loss calculation on short periods. Setting the 

threshold lower, which might at first seem intuitive, caused too much noise. 

3.4.4 Turbine stops 
To determine if a stop is likely related to ice or something else (such as machine failure or 

regular maintenance), the three hours preceding the stop is investigated. If at least 80% of that 

period is classified as “severe losses” or was another ice-related stop (determined by the same 

criteria), the current stop is assumed to be related to ice. Otherwise it’s considered a non-ice 

related stop. The stop may not be reclassified until the turbine is running again. 
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3.4.5 Losses due to ice-stops 
The total production losses due to ice-related stops (“ice-stops”) were calculated using the 

possible production for each such node. If no wind data was available during an ice-stop the 

possible production was calculated using the annual average wind speed of the turbine. This 

estimation is cautious since ice-stops occur during the winter when average wind speeds are 

normally above the annual average. Moreover, a typical turbine does have readable wind speed 

for more than 99 % of the ice-stopped nodes the average wind speed rarely needs to be used. 

3.4.6 Date range 
In the software tool, calculation can be made on the whole series or a section of the series that 

include full years only. As the turbine data series used includes three winters but only two 

summers (2.6 years of time) it may yield misleading results. When choosing to calculate using 

full years the data used will start and stop at the same time of the year.  

It was concluded that the software would also be more flexible by allowing selection of date 

range as data series added later would likely continue to be of non-uniform length. The user can 

choose whether to use full years counting from the start or from the end of the series. 

3.5 Estimation of turbine losses using 

modelled data 
To estimate production losses during operation when production data is not available (such as in 

the future), modelled data was used. Three modes were developed: “warm/cold mode”, 

“warm/cold directional” and “risk mode”. Again, the idea of obtaining losses from comparing 

possible and current production was used. Suitable PCs were used to estimate the current and 

possible production for any period where modelled data was available. 

The warm/cold mode uses the warm and cold PC obtained from the turbine data. For each node 

the current production is estimated using the warm or cold PC according to the current 

temperature. The possible production was taken from the warm PC. If above 2 °C the possible 

and current production will be the same and will result in no losses. 

timestepcoldwarmwarmloss tVPVPE  ))()(( /
                 (Equation 9) 

The warm/cold directional mode uses 8 warm and 8 cold PCs to obtain current and possible 

production. The modelled wind direction is used to determine which of the eight directional 

warm/cold PCs to use. 

For the more complex risk mode, three PCs based on risk of ice-related losses (denoted no risk, 

medium risk and high risk) were obtained from the turbine data using conditions and data from 

the mesoscale series (see 3.5.1). Three PCs were chosen for this mode as it offered greater 

precision than using only two PCs. Possible production was taken from the no-risk PC while 

current production was obtained from the PC with the current ice-risk. This meant that if the 

current risk was “no-risk”, the losses would be estimated to zero. 

timestepriskcurrentrisknoloss tVPVPE   ))()((                  (Equation 10) 



27 

It should be noted that the PCs obtained from the turbine data used the nacelle wind speed, 

which is not necessarily the same as the wind speed from the modelled data series (which is 

modelled “free wind speed” with no structures nearby). 

3.5.1 Obtaining risk-PCs 
For the purpose of sorting, temperature, relative humidity (RH) and liquid water content (LWC) 

were taken from the mesoscale series (RH and LWC is not available in the reanalysis series). It 

was considered more coherent to use the modelled temperature than the one from the turbine 

data. 

Table 6: PC classification for risk mode 

PC name Condition 

No-risk Above 2 °C 

Medium-risk Below 2 °C, not fulfilling the risk-criteria (see 3.5.2) 

High-Risk Below 2 °C, fulfilling the risk-criteria 

The aim was simply to divide the turbine data into three groups of nodes where the turbine 

behaved differently to obtain three different PCs. The name “no-risk” was chosen since 

practically no nodes experienced ice-problems above 2 °C. To name it low-risk would wrongly 

indicate that such nodes to a noticable extent suffered from ice-problems.  

Only nodes which existed both in turbine data and in the mesoscale series (for the same time) 

could be used. For this reason the 1km series was chosen as it had the greatest overlap (20 

months). 

3.5.2 The risk-criterion 
To divide the nodes below 1 °C into two different groups, a criterion in regards to RH and LWC 

was used. It was found that filtering the data for any trace of LWC (>0g/kg) resulted in nodes 

with much higher production losses (still using the losses calculation described in 3.4) and was 

thus a good sorting condition. However, having a more specific condition of LWC than “any 

trace” gave no better results. This may be due to the fact that modelling of LWC is hard and the 

output from such models often not very exact. 

Although nodes with traces of LWC typically had a very high RH, a condition of a RH of over 

95% was included as a condition in the sorting mechanism, which further (albeit marginally) 

increased the average loss of the risk-nodes. Raising the RH condition further resulted in a 

worse sorting algorithm (average loss for the risk nodes was lowered). This may be caused by a 

smaller sample size or another, at this time unknown, reason. The 95 % condition for RH was 

therefore used. 

Table 7: Initial results of different risk-criterion. Using turbine A01 and 1km mesoscale series. 

Condition for risk-nodes High Risk-nodes 

portion (%) 

Losses (high risk-nodes) 

(%) 

Only temperature gate 53.0 12.1 

Tempgate and trace of LWC 19.3 18.0 

Tempgate, LWC and RH>95 % 19.1 18.2 

Tempgate, LWC and RH>98 % 16.2 14.9 
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This resulted in a typical turbine to have approximately 20 % nodes sorted as high-risk, 35 % as 

medium-risk and the remaining 45 % as no-risk. This was considered a useful distribution. The 

three power curves obtained from these three subsets of nodes are shown in figure 16. The red 

curve describes the “possible” production, comparable to the warm curve of the simpler 

warm/cold mode. 

 

Fig. 16: The three risk-PCs from turbine A01. 

3.5.3 Date range 
The section of the modelled data series that was used could be either the entire series or only 

full years. This is for the same reason as for the turbine data and is explained in 3.4.6. 

3.6 Wake analysis 
As an additional feature, the tool can display a simple wake analysis (displaying “wake losses”) 

using the turbine data. This was included simply because it was possible to provide this analysis 

with the available data. This deviation from the expected production is not related to ice and is 

not included in any losses calculation. Its only presence in the software is in the form of a plot. 

The wake analysis calculates the average power of all the turbines for each node (using the 

reported active power directly) and compares the investigated turbine’s power to this average to 

get a relative power of the turbine. This is then sorted into directional bins of 5 ° (72 bins in 

total) using the nacelle direction of the investigated turbine. The relative power (average of all 

relative power for each bin) is plotted for all directions and nearby turbines inserted into the plot 

for visual identification (to see how wind arriving at the turbine “through” another turbine 

affects the power). The radius determining which turbines to be inserted into the plot can be 

changed in the tool (default value is 20 % of the wind farm size). This method is better 

understood by looking at the resulting figures (see 0). 
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3.7 Economy 
To estimate the economical losses due to production losses, the software uses the price of 

electricity and certificates, which can be changed from their default values. The default values 

are set to 320 and 185 (kr/MWh) respectively. This is the average price on Nord Pool Spot for 

Sweden during 2012 (Nord Pool Spot 2013) and the average price of certificates in Sweden 

from January 2011 to April 2013 (seen figure 17). 

 

Fig. 17: Price development of green certificates in Sweden (ekonomifakta 2013) 
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4 Results 

4.1 Wind power Evaluation Tool for Ice-

related Production losses (WETIP) 
An important result of this thesis project is the evaluation tool itself. It was dubbed WETIP. It 

consists of a set of matlab functions tied together by an interface that helps visualization and 

evaluation of the results. The tool can be used for a new wind farm or incorporate new data (see 

the appendix).  

WETIP uses the methods described in 3.4 and 3.5 to calculate/estimate production losses due to 

icing, as well as presenting other useful information based on the data series provided. The tool 

features a large plot area which can be used to display results and statistics about the wind farm, 

as well as the physical layout of the farm with turbines that can be clicked for quick access (see 

figure 18). There are also controls to edit method parameters. 

 

Fig. 18: The WETIP interface (confidential info is blanked out). 

4.2 Losses during operation 
The production losses during operation were calculated using WETIP. Variations depending on 

the different methods, the data series used and turbine was found. If not otherwise specified, the 

normal mode (the basic mode using turbine data) and full years (counting from the end) is used 

for losses calculation. Using these settings, the losses during operation for the entire wind farm 

were 6.4 % if comparing the total possible and actual production of all the turbines combined. 
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Detailed results for C11 for all data sources and modes, using full years of data counting from 

the end can be found in table 8. The loss obtained by using 9km data and the risk mode stands 

out as very low while the MERRA series yields the highest losses. The C11 turbine is used, 

since it is a rather typical turbine in the middle of the wind farm. The month for each row 

specify start and end month (as an example, the period for 4 km WRF is 1th dec 2000-31th dec 

2011). 

Table 8: Results for each data source and mode for turbine C11.  

Data source Mode Losses dur. 

oper. (%) 

Production  

(% of turb.) 

Period (full years) 

Turbine data Normal 

Directional 

7.5 

7.4 

100 

100 

2011-2013 (apr) 

1 km COAMPS Warm/cold 

Warm/cold (dir) 

Risk 

7.9 

8.2 

6.1 

118 

118 

120 

2009-2012 (may) 

4 km WRF Warm/cold 

Warm/cold (dir) 

Risk 

7.9 

7.4 

5.4 

108 

108 

112 

2000-2011 (dec) 

9 km WRF Warm/cold 

Warm/cold (dir) 

Risk 

5.9 

6.2 

3.6 

137 

137 

141 

1981-2011 (aug) 

MERRA Warm/cold 

Warm/cold (dir) 

9.9 

6.2 

157 

163 

1991-2013 (mar) 

ERA Warm/cold 

Warm/cold (dir) 

6.9 

7.1 

110 

110 

1990-2013 (feb) 

 

The variation of losses during operation between turbines and modes can be seen in figure 19 

(using full years counting from the end). The results from 9km data using risk-mode stands out 

as low while using MERRA data yields the highest losses. Five turbines from different parts of 

the wind farm were chosen. Warm/cold directional mode was skipped to avoid cluttering the 

plot. 
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Fig. 19: Losses during operation from five turbines using different data and modes 

Losses during operation for all turbines in the wind farm can be found in figure 20. D05 

experiences the least losses (only 1.21%), a somewhat isolated turbine in the southwest part of 

the wind farm. The turbines with the highest losses can often be found in the eastern part of the 

wind farm (such as A03, A05 and A06). 

 

Fig. 20: Losses during operation from all turbines, using normal mode. 

The losses as a function of temperature for a typical turbine shows most losses between -15 °C 

and 0 °C and is shown in figure 21. Note the unexpected drop in nodes at -1 °C. There is no 

reason why this specific temperature interval would be so rare, while temperatures both colder 

and warmer than this exhibit high occurrence. This behaviour is found in other turbines as well. 
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Fig. 21: Losses of C11 as function of temperature. 

The losses per month for turbine C11 are shown in figure 22. December, January and February 

seems to experience most losses, but this varies slightly depending on year. The three winters 

covered by the turbine data can be seen clearly in the plot. The highest monthly loss was found 

for turbine A03 in December 2012 (50.0 % losses during operation). 

 

Fig. 22: Losses per month for C11 

4.3 Ice-stops due to ice 
Turbine stops due to ice-related problems (in % of total time) showed a great variability across 

the turbines, ranging from 0.1 to 3.8 % of the year (see figure 23). The overall wind farm stand-

still because of ice-related stops were 2.1 % of the total time. Full years counting from the end 

were used. Figure 23 shows ice-stops as % of total time for all turbines. 
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Fig. 23: Ice-stops for each turbine 

4.4 Total losses 
The total loss, which is the combined loss of energy due to both losses during operation and 

losses due to ice-stops, can be found in figure 24. As the majority of the losses are losses during 

operation this figure is similar to figure 20.  

  

Fig. 24 Total losses for each turbine (blue during operation and grey due to ice-stops) 
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4.5 Losses as function of height and position 
Turbines at higher altitudes experienced noticeably more losses (correlation factor 0.88) as seen 

in figure 25. Most likely this is due to more humid air at higher altitudes which is related to 

higher risk of ice being formed.  

 

Fig. 25: Losses as function of height 

More losses could also be found by turbines situated in the east part of the wind farm. The 

correlation factor was 0.57 as seen in figure 26. This may be caused by more humid air coming 

from the east or by topographic effects, such as easterly winds being forced to a higher altitude 

by the hillside. Such lifting increases the relative humidity of the air (University of Illinois 

2013). It may also be the case that westerly wind is generally dryer. This is due to moist being 

removed from the air in the form of precipitation over the Norwegian mountains prior to 

reaching the wind farm (Bergström 2013). 

 

Fig. 26: Losses as function of west/east position 

The north-south position did not correlate with losses (correlation factor 0.11) and there was no 

reason to believe that any such correlation would be found in this wind farm. Nevertheless, such 

a feature may be useful if the tool is used for other wind farms. The losses as function of north-

south position can be found in figure 27. 
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Fig. 27: Losses as function of north/south position 

The average losses and total number of turbines stopped due to icing for the entire turbine data 

series did not divert from the expected and is shown in figure 28. Variations are hard to see at 

this zoom level but zooming is available in the tool. The three winters included in the data range 

can be seen clearly. As seen in the right plot, although uncommon, sometimes 39 of the 40 

turbines are stopped due to ice. 

  

Fig. 28: Average losses during operation for of the wind farm and the entire turbine data series (left) and total 

number of turbines stopped due to icing (right). 

4.6 Operation classes 
The operation classes (introduced in 3.4.3) as function of temperature are shown in figure 29. 

The entire series turbine series is used for this plot. The normal stops occur at different 

temperatures for different turbines and the peak seen around 10 °C for this turbine should not be 

seen as typical. It can be noted that most stops during the cold period are ice related. One reason 

for this might be that planned stops (like normal maintenance) will likely be scheduled for the 

summer when both electricity prices and wind speeds are lower. During the winter, the operator 

prefers to run the turbines as much as possible. 
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Fig. 29: Operation classes for C11 as function of temperature. 

As another example, turbine A08 (see figure 30) does not have a peak of normal stops around 

10 °C but rather two smaller peaks at 6 and 13 °C. The stops during the cold period are mostly 

ice related, just as for turbine C11. 

 

Fig. 30 Operation classes for A08 as function of temperature. 

The operation classes for a turbine can also be presented in the tool as a pie chart (figure 31). It 

is calculated using full years from the end of the turbine data. It can be noted that the total 
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downtime for turbine C11 is 13.5 %. Total downtime for turbines in the wind farm is often 

around 10% which is considered high for a wind turbine (Bergström 2013). Turbine C11 runs 

with “some” or “severe” ice losses during 13.4 % of the time. 

 

Fig. 31: Operation classes of C11 as portion of all time. 

A03 has the highest losses during operation of all the turbines in the wind farm (10.0 %). Its 

operation classes are shown in figure 32. The figure is similar to that of C11 but shows less 

normal stops and more “severe losses”. 

 

Fig. 32: Operation classes of A03 as portion of all time. 
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4.7 Wakes 
The wake analysis shows more clear results for some turbines than others. In the case of turbine 

B05, the drop in relative power (compared to the wind farm average for each node) is clear 

when operating in the wake from B03 and B04, as well as A11, B06 and to some extent B08. 

This can be seen in figure 33. However, topographic effects may explain some of the variations 

in the figure that are not obvious wake effects. The wake analysis confirms that turbine 

performance is indeed affected by the surrounding turbines and could for that reason give some 

justification to the development of the directional mode.  

          

Fig. 33: Wake analysis of B05. The turbine position and neighbouring turbines are shown to the right. 

Another wake analysis can be seen in figure 34. Turbine C11 seems to be affected negatively by 

turbine C01 and C10. Other effects are less distinct and harder to conclude from the analysis. 

 

Fig. 34: Wake analysis of C11 
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4.8 Directional results 
The wind farm experiences mostly westerly and southerly wind. This is well reflected in the 

production plot which is divided into directional bins (see figure 35). Note that only the length 

of the sectors in these plots carry significance, not the area. 

 

Fig. 35: Windrose and production divided into directional bins for C11. 

However, the plot for absolute losses (figure 36) shows most losses did occur during north-

easterly wind, but also during southerly wind (which is expected due to being a common wind 

direction). During westerly wind, the turbine experiences almost no losses at all. This is in 

accordance with the remarks made in 0 on how easterly wind may be more humid. 

  

Fig. 36: Absolute losses divided into directional bins for C11 

The losses divided into directional bins can be compared to the cold directional PCs of the 

turbine (see figure 37) where PCs from easterly wind is lower than those from westerly wind.  



41 

 

Fig. 37: Cold directional PCs for C11 

 

4.9  Economical results 
The economical losses are confidential. 

It should be noted that if the turbines would no longer generate any green certificates, the 

economical losses would be lower. 
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4.10 Sensitivity analysis 
Three tests were performed to test the impact of various settings on the results. The first and last 

tests are such that cannot be performed from the tool itself as it requires editing (and running) 

the rebuildData routine (see the appendix). 

Since it is central for the method, it was deemed useful to investigate how changing the 

temperature gate for the production of warm and cold PCs would affect the resulting losses 

calculation during operation. The test was performed using turbine C11 with normal and 

directional mode and using full years counting from the end. Note that the temperature gate that 

varies is the one for producing PCs, the gate for filtering the results is fixed at 2 °C (see 3.1.1). 

The test results are shown in figure 38. Almost no difference in calculated losses during 

operation is found even when changing the temperature gate to extreme values. 

 

Fig.38: Sensitivity test 1 (temperature gate for PC production) 

In the second test, the temperature gate for PC production was kept fixed, but the gate for 

filtering the losses (see 3.4.2) was changed. This can be done from within the tool. The result of 

this test is found in figure 39 and similarly shows very little impact. The reason why the losses 

drop (very slightly) to the right in the plot is because any “negative losses” nodes 

(overproduction) are also filtered out (see 3.4.2). As the power and wind measurements are 

statistically distributed, this is quite possible. To the left a distinct drop is seen (which is 

expected as lowering the filtering gate under the freezing point of water will ignore obvious ice-

related losses). However, it is not reasonable to demand temperature to be -1 °C or lower for 

losses to count as ice-related. In the reasonable range of temperatures, the filtering gate is not a 

sensitive parameter for the losses calculation. The same turbine and settings were used as in the 

previous test. 

0 

1 

2 

3 

4 

5 

6 

7 

0.5 1.5 2 2.5 3.5 

Lo
ss

e
s 

d
u

ri
n

g 
o

p
e

ra
ti

o
n

 (
%

) 

Temperature gate for PC production (°C) 

normal mode 

directional mode 



43 

 

Fig. 39: Sensitivity test 2 (temperature gate for filtering losses) 

The last test was investigating the sensibility of the chosen relative humidity for producing risk 

PCs (the risk criterion, see 3.5.2). A range of 85-98.5 % RH was tested and the results can be 

found in figure 40. Turbine C11 was used with the 1km data series. Note that the y-axis is cut to 

allow for the small variation to be seen. If 98.5 % RH is demanded for nodes to be deemed 

high-risk, the losses calculation during operation goes up by approximately 0.1%. However, at 

such high humidity the modelled data may be less reliable. For example, if the demand for high-

risk was 99 % RH or higher, not enough nodes were sorted as high-risk and the test could not be 

performed. It is concluded that the RH setting is not a sensitive parameter in regards of the 

losses calculation, within a reasonable range (85-98 %). 

 

Fig. 40: Sensitivity test 3 (RH setting for producing risk PCs) 
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5 Discussion 
The estimates and calculations of production losses vary slightly depending on chosen data and 

method. In some cases, as in the case of 9km data using risk mode, the difference is noticeable. 

Data such as temperature, wind speed and wind direction in the different modelled data series 

vary for the same nodes, which causes the variations in estimated losses and production. It is 

less than desirable however, that evaluating which modelled series is “most accurate” is so hard. 

Often, the 1km series was used. It also had the added benefit of overlapping the turbine data the 

longest period of time. Nevertheless, that a modelled series has the highest resolution is not a 

guarantee that it best represents the actual conditions at the site. Higher resolution will include 

more of microclimate effects (such as turbulence and other local effects) but may also include 

more noise, as well as suffer from increased sensibility to noise or erroneous data. 

It should again be stated that the method used is based on statistical probabilities and historical 

performance of the turbines and as such the figures produced should not be regarded as absolute 

truth (for this reason, only one decimal was given in the tool for the losses). Even so, the 

resulting figures are believed to be accurate enough to give a good picture of the wind farm, the 

individual turbines performance and problems in relation to each other and to the icing problem 

as a whole. 

For the directional mode of losses calculation, choosing only 8 directional bins may seem too 

few. After all, 45° bins are hardly narrow enough to pinpoint wake effects. For this, 5° bins 

(which would mean 72 bins to cover all directions) or smaller are preferred as they would 

describe the directional characteristics in greater detail. However, splitting the data into more 

groups reduces precision. Even with only 8 directional bins, typically no more than 3-4 % of the 

total nodes go into the making of a directional warm PC. Therefore the 8 directions were 

deemed a fair compromise as it would (to some degree) take wake and topographic effects into 

account without spreading the available data to thin. 

It was discovered early in the project that there was a lot of data available that was not easy to 

interpret. The extensive data collected was hard to obtain and even harder to understand, which 

seemed like a somewhat wasteful use of a valuable resource (the collected data). This frustration 

was shared with some of the employees at the company. 

LTC is a very complex issue and the simple method used in this work might not have been the 

best suited. This could possibly have explained why the corrected series had differences in 

average wind speed (see 3.3.3) If the project would have been longer a deeper investigation of 

the subject might have resulted in another method being used. 

The sorting criterion (for losses estimation: risk mode) was set to any trace of LWC and at least 

95% RH. Logically, an even higher gate for RH would result in nodes with a higher average 

loss being separated from the other nodes (more humidity should imply higher probability for 

ice). This was indeed the case when trying different gates under 95%. However, above 95% RH 

the losses declined, which at present cannot be explained since there still were a significant 

number of nodes in the 95-100 % RH range. A greater understanding of how the modelled data 

was produced could have been helpful in this issue. 
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Turbines in the turbine data generally had fewer nodes around -1 °C (if sorted into temperature 

bins) than the distribution would imply (see figure 41 for another example of this). This may be 

due to some instrumental error from the turbine measurements or a data processing error (such 

as rounding error). To what extent such an error affects the results is hard to estimate but is 

believed to not be central. 

 

Fig. 41: Losses of B05 as function of temperature. Note the drop in values at -1 °C 

Total downtime (both ice-related and not) for turbines in the wind farm is generally around 

10%. This is rather high for wind turbines and obviously effects profitability. Why downtime is 

relatively high in the wind farm has not been investigated during this thesis. 

Only wind speed was long-term corrected. To use LTC on more parameters, such as 

temperature and wind direction might have been useful but was not performed. 

5.1 Conclusion 
The objective of this thesis project was to develop a method and a tool for estimating production 

losses due to icing. This has been accomplished. The methods used and the results derived 

thereof are useful. However, the precision of these methods drop with insufficient data available 

or when applied to shorter time periods, such as the losses during a specific day. 

It was found that easterly wind is in general more problematic than westerly in regards to ice-

related losses and that turbines at higher altitudes experiences more ice-related losses. 

The losses due to ice during operation for the wind farm were found to be 6.4 % of annual 

possible production. The stops due to icing were 2.1 % of the total time, which resulted in 

additional losses. The total annual losses in GWh or economical costs are confidential. 

Losses between turbines varied greatly. The highest total loss was found for turbine D02 and the 

lowest for turbine D05 (eight times lower losses than D02). 

These figures can be compared with those produced by earlier efforts (Dahlberg & Thor 2011) 

where the losses for twelve months in 2010-2011 was calculated to 8.4 % during operation and 

the standstill due to ice was less than 1%. The method for obtaining losses during operation was 

similar but the method for estimating ice-related standstills completely different. 
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5.2 Recommendations 
It is advised to reorganize the turbine data handling procedure so that any employee with the 

right access can retrieve the needed data without being dependant on someone else, as is the 

case now. The employee should be able to: 

 Choose which data channels to retrieve and in what order to place them 

 Choose the format: binary (such as matlab .mat-files), -csv or raw text format.  

 Choose delimiter (for text based formats) 

Furthermore, make available a complete explanation to what the data in each data channel 

actually means including how it was measured or derived, so that the difference between 

channels of similar designation would be completely clear. 

5.3 Suggestions for further work 
It would be worthwhile to investigate if ADIS would be viable for the wind farm, what it would 

cost and if the reduced losses would justify such an investment. The farm is new and will 

continue to operate under twenty years or more, so it’s not unthinkable that such would be the 

case. 

It would also be useful to validate the tool using data from another wind farm and compare such 

results with any earlier estimation of losses from that farm (if such a estimation exists). 

Wake effects could only be considered in a simplified manner and could be furthered 

investigated. It would also be valuable to see if (and in that case, how) ice losses and wake 

losses interact. 
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Appendix 1 – WETIP usage 

Running the tool 

The tool is started by simply running “program” from the Matlab console. If further 

development is desired, the layout is edited by editing program.fig and the main code is found 

in program.m. However, there is a total of 57 Matlab-files used. Some of these are small and 

used for a specific task or calculation while others are larger sub-routines used by the tool. 

Adding new data 

By introducing new data or a new wind farm, some preparations are needed before the tool can 

be run. 

Step 1: Placing the data files in the correct folders. 

The *.mat files in the root data folder is generated by the rebuildData routine (see step 3) and 

need not be manually organized (one for each turbine and the dataLong.mat file for modelled 

data will be generated). The input data however, should be organized as follows: 

“Data/turbines” should contain the individual turbine data and a file called “position.txt” 

describing turbine position (x,y and z/height). If this data is not available a file containing 0 0 0 

for each row will make the program work but wind farm layout and analysis based on position 

will obviously not be working correctly. The alarm data should be placed in a subfolder called 

“alarm”. The structure and order of data channels in the files must be the same if not the 

corresponding code for reading the files is changed (see readTextData.m). The data need not be 

in csv-format, any ascii format files will work, given the correct file-path (such as txt-files). The 

delimiter used is also controlled by readTextData (the files used for this thesis use either tab or 

comma for delimiter). This file also marks six turbines for a special read routine as their files 

contain extra data channels (ice measurement data). This must also be changed if using a wind 

farm that has a different set of turbines. 

“Data/modelled” should contain all the modelled data. As with turbine data, order and names 

used are governed by readTextData.m. 

Step 2: Set tool constants 

Many important constants used by the tool is set in getConst.h. The wind farm name (relates to 

names of turbine data files) must be set here, as does the turbine data ratio (number of rows per 

hour in turbine data files). Other constants, like the different gates for risk-PCs and the number 

of directional bins are possible to change here as well: however it is recommended to leave them 

at their default values.  

Step 3: Run the rebuildData routine 

After the first two steps, the file rebuildData.h needs to be run to produce all PCs and store input 

data in a faster and more uniform format for the tool. If errors are received it most likely will be 

due to not setting up the data correctly in step 1. Where the error lies should be fairly easy to 

understand from the console error. Note that rebuildData takes around one hour to run (with a 



 

40 turbine farm), even on a fast machine (text will be written to the console for each turbine 

completed to indicate everything is progressing as expected). However it only needs to be done 

once. Once the rebuildData is completed the tool can be run with the “program” command from 

the Matlab console. 

Datasets 
Several datasets are used in the program to organize the data. Much of this data is taken directly 

from the different data series and given a uniform order but some is also added later to the 

datasets in functions. They should not be changed but is included in this appendix for greater 

understanding (and potential trouble shooting) if new data channels are added or the tool is 

otherwise developed. 

Id Turbine data Modelled data All farm data 

1 Timestamp Timestamp Timestamp 

2 Temperature Wind speed Turbine count (has data) 

3 RPM Wind direction Stopped count (normal) 

4 Wind speed Temperature Stopped count (ice-stop) 

5 Active power Air pressure Added running ice-class 

6 Wind direction Rel. humidity
4 5

 Losses (%) avg. farm 

7 Status service Cloud water content, LWC
4
 (not used) 

8 Air pressure
1
 Ice-risk class

4 6
 Active power, avg. farm 

9 Wind speed (density corrected)
1
  Wind speed avg. farm 

10 Active alarms
2
   

11 Operation status
2
   

12 Losses (%)
3
   

13 Operation class
3
   

1
 Added in addModelledData 

2
 Added in allAlarmData 

3
 Added in addOperationClasses 

4
 Only for the mesoscale series, not for reanalysis series 

5
 Taken directly from the 1km and 4 km series but calculated for the 9km series 

6
 Added in addIceRisk 

 

  



 

Appendix 2 – equation constants 
Constants and variables used in the empirically derived Goff-Gratch equation for saturation 

water vapour pressure. 

pn is normal atmospheric pressure (1013.25 hPA), p is the current pressure, t is current air 

temperature in Kelvin, TK is the freezing point of water (273.16 K), q is the water vapour 

mixing ratio in kg/kg and Mw and Ma are the average molecular weight of water and air 

respectively (18.0 and 28.97 g/mol).  

The following constants are used in the equation: 

C1=            

C2=         

C3=          

C4=         

C5=        

C6=             

C7=        

 (Baltscheffsky2013) 


