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Abstract

Evaluation of field tests of different ice measurement
methods for wind power

Helena Wickman

The favorable wind recourses in many cold climate regions make them interesting for
development of wind farms. However, with the cold climate come drawbacks due to
icing. Production losses, fatigue loadings, ice throws and increased noise are some of
the more severe issues that have to be addressed. Thus, wind power in cold climate
requires ice detectors both during the prospecting phase in the site assessment and
during production for controlling of the turbines. 

This study aimed to evaluate six ice detector systems and their ability to detect time
periods with ice and ice growth. The usability of the detector data for site assessment
or controlling of the turbine was also discussed. The tested detectors were: the T 40
series from HoloOptics (HoloOptics), 0872F1 Ice Detector from Goodrich
(Goodrich), LID-3300IP from Labkotec (LID), IceMonitor from SAAB Combitech
(IceMonitor) and IGUS BLADcontrol from Rexroth Bosch Group (IGUS). Also a
combination of the three anemometers Thies 4.3350.00.0000 from Adolf Thies
GmbH & Co.KG (Thies), Vaisala WAA252 from Vaisala Oyj (Vaisala) and NRG
Icefree3 from NRG Systems (NRG), used for wind measurements, has been analyzed
for ice detection purposes.

Data from field tests in Åsele municipality in the northern part of Sweden has been
processed in MATLAB. Indications of ice and ice growth have been compared
between the detectors to see how often they indicate concurrently.

The measurements showed that the IceMonitor and the three anemometers indicated
the occurrence of ice at the same time most of the time. The detectors with the
ability to detect ice growth (Goodrich, LID, T44 and T41, IceMonitor) had a lot fewer
concurrent indications. The correspondence between production loss time periods
and the IGUS and T41 ice and ice growth indications were also low. Thus it was
concluded that periods with ice were possible to find with a decent precision while
ice growth and production loss periods were hard to find with any accuracy. 

The biggest limitation to the detectors’ functionality was the severe icing events that
either hindered the detectors from working properly or broke them completely.   

None of the detectors were recommended for controlling of the wind turbines. If the
reliability of the detectors during the more sever icing events could be increase they
could however be used for site assessment to give a rough idea of the icing climate.
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SAMMANFATTNING (in Swedish)  

De gynnsamma vindar som finns i många regioner med kallt klimat gör dem intressanta för 

utveckling av vindkraftparker. Men med det kalla klimatet kommer nackdelar på grund av 

isbildning. Produktionsförluster, utmattningslaster, iskast och ökat buller är några av de mer 

allvarliga problem som måste åtgärdas. Således kräver vindkraft i kallt klimat isdetektorer 

både under prospekteringsfasen av området och under produktion, för styrning av turbinerna. 

Denna studie hade som syfte att utvärdera sex isdetektorsystem och deras förmåga att 

upptäcka tidsperioder med is och istillväxt. Detektorernas användbarhet vid projektering eller 

kontroll av vindturbiner diskuterades också. De testade detektorerna var: T 40-serien från 

HoloOptics (HoloOptics), 0872F1 Ice Detector från Goodrich (Goodrich), LID-3300IP från 

Labkotec (LID), IceMonitor från SAAB Combitech (IceMonitor) och IGUS BLADcontrol 

från Rexroth Bosch Group (IGUS). Även en kombination av de tre anemometrarna Thies 

4.3350.00.0000 från Adolf Thies GmbH & Co.KG (Thies), Vaisala WAA252 från Vaisala 

Oyj (Vaisala) och NRG Icefree3 från NRG Systems (NRG), som används för vindmätningar, 

har analyserats för isdetektionsändamål.  

Data från fältstudier i Åsele kommun i norra delen av Sverige har behandlats i MATLAB. 

Indikationer på is och istillväxt har jämförts mellan detektorerna för att se hur ofta de visar 

samtidigt. 

Mätningarna visade att IceMonitor och de tre anemometrarna för det mesta indikerade 

förekomst av is samtidigt. Detektorerna med förmåga att detektera istillväxt (Goodrich, LID, 

T44 och T41, IceMonitor) hade mycket färre samtidiga indikationer. Överensstämmelsen 

mellan tidsperioder med produktionsbortfall, is (IGUS) och istillväxt (T41) var också låg. 

Således drogs slutsatsen att perioder med is var möjligt att hitta med en anständig precision 

emedan istillväxt och produktionsförlustperioder var svåra att hitta med någon större exakthet. 

Den största begränsningen av detektorernas funktionalitet var de svåra nedisningseventen som 

antingen hindrade detektorerna från att fungera ordentligt eller förstörde dem helt. 

Ingen av detektorerna rekommenderas för styrning av vindkraftverk. Om tillförlitligheten på 

detektorerna under de svårare nedisningseventen förbättras skulle detektorerna dock kunna 

användas vid projektering för att ge en ungefärlig uppfattning av isklimatet.  
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NOMECLATURE 

Notations 

Symbol   Description 

f   Frequency [Hz] 

    Temperature [°C] 

         Temperature limit below ice growth can take place 

    Time  

       Timestamp i 

           Timestamp with ice growth on a detector 

        Timestamp with ice on a detector 

              Timestamp with production loss from a wind turbine 

     Detector data corresponding to      

        Limit over which the detector indications can be 

attributed to ice    

         Limit over which the change in the detector 

indications can be attributed to ice growth

  

Vocabulary and Abbreviations 

Symbol   Description 

Continuous data file   A file with data logged at ten minutes interval  

Event data file   A file with data logged during specific events 

Goodrich   Goodrich 0872F1 ice detector 

T44   HoloOptics T44 ice detector  

T41   HoloOptics T41 ice detector 

LID   LID-3300IP ice detector 

IGUS   IGUS BLADEcontrol  

Thies   Thies 4.43350.00.0000 anemometer  

Vaisala   Vaisala WAA252 anemometer 

NRG   NRG Icefree3 anemometer 

TVN  The combination of Thies, Vaisala and NRG used for 

ice detection 

Meteorological icing period Time period with ice growth 

Instrumental icing period   Time period with ice on structures/instruments   
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1. INTRODUCTION 

1.1 Background 

Wind is a renewable source of energy which exploitation has increased substantially in the 

quest for new sustainable energy systems. [1] Even though wind power is considered being 

one of the more established renewable energy harvesting techniques, it is still undergoing 

large developments both technically and commercially. [2]   

The favorable wind resources in many cold climate regions make them interesting for wind 

power, but the cold climate also brings drawbacks. By definition cold climate refers to sites 

which periodically experience low temperatures or icing that force a standard turbine to work 

outside its operational limits. This can lead to loss of energy production, productions stops, 

fatigue loadings, ice throws and increased noise. To avoid negative effects on economy and 

safety in cold climates one need to put special demands on the choice of turbine and operation 

and management. [3]  

Before investing in a site one needs to do a site assessment. Since icing can have effects on 

future productivity and economical viability, it is important to include icing in the assessment. 

Operation and management of wind turbines in cold climate also inquires information about 

icing. Information on ice can be obtained through modeling and measurements, preferably 

both since they can validate each other. [3] 

To measure ice is a difficult task. At present, there is no ice detection system that performs 

satisfyingly to the needs of the wind power industry in cold climate. To be able to perform 

reliable ice assessments there is an urgent need for further and new development of ice 

detection systems and methods. [3] 

Stor-Rotliden is a wind farm owned by Vattenfall, consisting of forty Vestas V90 turbines 

placed in Åsele municipality in the northern part of Sweden. The farm started producing in 

the end of 2010 with an installed maximum power of 78 MW. Since then the average annual 

production has been 240 GWh. [4] The site is considered an icing climate region and the wind 

farm thus experience production losses due to icing in such an extent that it is considered a 

problem. A study of the production during 2011-2013 estimated the losses due to icing during 

operation to 6.4 % of annual possible production and stops due to icing to 2.1 % of the total 

time. [5] 

To learn more about the icing issue, ice detectors from five different brands has been tested at 

Stor-Rotliden and in the surrounding areas Granliden, Blakliden and Fäboberget. The 

detectors are: the T 40 series from HoloOptics (HoloOptics), 0872F1 Ice Detector from 

Goodrich (Goodrich), LID-3300IP from Labkotec (LID), IceMonitor from SAAB Combitech 

(IceMonitor) and IGUS BLADcontrol from Rexroth Bosch Group (IGUS). Also a 

combination of the three anemometers Thies 4.3350.00.0000 from Adolf Thies GmbH & 
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Co.KG (Thies), Vaisala WAA252 from Vaisala Oyj (Vaisala) and NRG Icefree3 from NRG 

Systems (NRG), used for wind measurements, has been analyzed for ice detection purposes.  

The evaluation of the ice detectors at Granliden is part of the V-363 project financed by the 

Swedish research program Vindforsk III running between 2011 and 2012. [6] The rest of the 

detectors are owned by Vattenfall. 

1.2 Objective 

The objective of the study is to find methods and algorithm to extract reliable information on 

the icing climate from the ice detectors and anemometers used at Stor-Rotliden, Granliden, 

Blakliden and Fäboberget in the north of Sweden. The connection between found icing events 

and production losses will be studied to see if it is possible to use the detectors as indicators 

on production losses due to ice. The detectors ability to be used for site assessment will also 

be evaluated.  

The objective is thus three folded. First and foremost is the understanding of the detectors 

abilities and limitations where the focus will be on their performance to detect periods with 

ice growth and ice. Secondly and thirdly, the objective is to find ways to use the data for site 

assessment and mitigating production losses.    

1.3 Limitations 

The study focuses on the detection of ice and ice growth periods for wind power during 

prospecting and production. The ice detectors can be used for other purposes as well, that 

discussion is, however, out of the scope of this study. 

The author had no influence on the installation and logging of data. All met mast and turbine 

installations were made prior to this study. The study is thus strictly limited to analyzing the 

measured data.    

The generality of the conclusions drawn from the data analysis are limited to the metrological 

and site specific conditions the measurements took place in. The performances of the 

detectors are only evaluated for the weather conditions that did occur during the measurement 

period. Conclusions are thus restricted to the climate around Stor-Rotliden, Granliden, 

Blakliden Fäboberget between 2011 and 2013.  

The study included data from several HoloOptics, IceMonitors and anemometers, but only 

one of each of the Goodrich, LID and IGUS detectors. The conclusions drawn are thus limited 

to the single copies used in the study.   
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1.4 Method   

To learn more on the status quo on ice detection for wind power a literature study was carried 

out.  

Data from the different sites were processed and evaluated in Matlab. The process can be 

summarized as: 

 Data cleaning 

 Defining and finding data characteristics  

 Picking out timestamps for each detector that, according to the used definitions, 

show ice and/or ice growth.  

 Finding concurrent indications between the detectors and trying to understand 

when and why they show similar or dissimilar results by looking at wind speed, 

wind direction, temperature and photos.  

 Finding concurrent indications between detectors and production loss data from 

wind turbines and trying to understand when and why they show similar or 

dissimilar results by looking at wind speed, wind direction, temperature. 

 By using the gained knowledge on the detectors, give recommendations on how to 

use the data for site assessment and production loss.  



10 

 

2. ICING THEORY 

2.1 Icing climate 

An area which experiences periods with temperatures below the operational limits of standard 

wind turbines are defined as Low Temperature Climate (LTC). An area which experience 

icing events is defined as Icing Climate (IC). If the area is either LTC or IC or a combination 

of both it is defined as Cold Climate (CC), as illustrated in Figure 1. Since this report 

concerns icing measurements, only the IC part of CC is of interest for further investigations. 

[7]

 

Figure 1. An illustration of how the definitions of Cold Climate, Low Temperature Climate and Icing Climate 

are interconnected. [7]  

To be able to classify an icing event one first need to introduce its two different phases and 

the terminology connected to them.  

The first phase of an icing event is the meteorological icing. It is during this period the 

meteorological conditions for icing are favourable. However, it can take some time until ice 

start to accrete on surrounding surfaces and the second phase, the instrumental icing, begin. 

The time delay until accretion of ice begins is the incubation time. During the time the two 

phases overlap ice formation continues to take place. When the ice growth stops, the 

meteorological icing phase is over. The built up ice layer can however remain on the object 

for a long time. It is not until the ice has disappeared that the instrumental icing phase stops 

and the ice event is over. The time it takes for the object to become ice free after the growth 

has stopped is the recovery time. The interconnection between the phases is shown in Figure 

2. [7] 



11 

 

 

 

Figure 2. The different phases of an icing event [7] 

An ice event is also described by its icing rate [g/hour], the maximum ice load on a structure 

and the type of ice present. [7] 

Since it can be hard to actually know when the meteorological icing periods starts the 

incubation time is often approximated to zero and the metrological icing period approximated 

to be the same as the ice growth period. [7] 

2.2 Atmospheric icing  

By definition, atmospheric icing takes place when a structure, exposed to the atmosphere, 

collects accretions of ice or snow. Atmospheric icing comes from cloud droplets, raindrops, 

snow or water vapour. Wind power projects are, however, only affected by icing caused by 

cloud droplets, raindrops and snow. Water vapour creates ice with such low density, adhesion 

and strength that its impact on structures is negligible. [7] 

There are three main types of ice: rime, glaze and wet snow. In-cloud icing, from cloud 

droplets, gives rise to either rime or glaze. Precipitation icing, from raindrops or snow, creates 

glaze ice and wet snow. [7] 

The characteristics of the different types of atmospheric icing and under which conditions 

they are formed are summarized in Table 1.  
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Table 1. The table shows a summary of the different types of atmospheric ice. [7], [8] 

Type of ice Density 

[kg/m
3
] 

Air temp 

[°C] 

Source Characteristics 

Soft rime 200 – 600 -20 - 0 

Small super 

cooled liquid 

water droplets 

Fragile, white 

coloured, 

ice needles and flakes 

Hard rime 600 – 900 -20 - 0 

Big super cooled 

liquid water 

droplets 

Hard, adheres strongly 

to structures, white 

coloured, ice needles 

Glaze ~900 -6 - 0 

Freezing rain, 

freezing drizzle, 

wet in-cloud icing 

Smooth, transparent, 

homogenous, adheres 

strongly to structures 

Wet snow 300 - 600 0 – 3 
Partly melted 

snow crystals  
Wet snow 

 

2.3 The Makkonen ice model  

Makkonen has provided a model for atmospheric icing based on the physical processes that 

leads to accretions of ice. It starts from the maximum rate of icing per unit projection area. 

The maximum rate if icing equals the flux density   of the particles moving towards the 

object. The flux density is given from 

         (Eq.1) 

where   is the mass concentration [g/m3] and   is the particle velocity [m/s]. The rate of 

icing is thus calculated from     

                        (Eq. 2), 

where   is the cross sectional area [m
2
] projected against the direction of the flux density and 

      ,         are correction factors . The correction factor    is the collision 

efficiency,    is the sticking efficiency and    is the accretion efficiency. Thus, the maximum 

rate of icing corresponds to           . [8] 

2.3.1 The collision efficiency  

The collision efficiency is the ratio of the flux density of particles hitting the object to the 

maximum flux density. It is reduced from one when particles go with the diverge flow around 

the object instead of hitting it. Small particles with little inertia are more easily diverted than 

larger particles with more inertia. Thus, the particle size is one of the most influencing 

parameters of the collision efficiency, which also are dependent on the objects surface area 
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and the wind speed. For precipitation the droplet size is large enough to approximate     , 

given that the object is not too big.[8] 

2.3.2 The sticking efficiency 

The sticking efficiency is the ratio of the flux density of particles sticking to the object to the 

flux density of particles hitting the object. It is reduced from one when particles bounce of the 

surface instead of sticking. A particle is considered to have stuck when it resides at the surface 

long enough to affect the rate of icing. The most important parameters are wind speed, air 

temperature, surface temperature and humidity. Water droplets are approximated to      

while snow particles are more tend to bounce and thus have     . [8] 

2.3.3 The accretion efficiency  

The accretion efficiency is the ratio of the icing rate to the flux density of particles sticking to 

the object. It is reduced from one when the heat flux is insufficient to make all the stuck 

particles freeze, causing some of the water to run off the object. During dry growth all 

particles freeze and thus     , while wet growth have      . Important parameters are 

the surface area of the object, air temperature, surface temperature, humidity, wind speed and 

air liquid water content. [8] 

2.4 Production losses due to icing 

The production losses due to 

icing can be found by creating 

different power curves for 

warm and cold periods, an 

example is showed in Figure 

3. A warm period is here 

defined as a time period with 

temperatures above 2°C. By 

using the measured wind 

speed at the nacelle and the 

warm power curve the 

possible power output could 

be estimated. The difference 

between the actual power 

produced by the turbine and 

the estimated possible power 

is then defined as the power 

loss. For a more detailed description of this technique the reader is referred to ”Development 

of a model for estimation of wind farm production losses due to icing” (Hellström, 2013). [5] 

 

Figure 3. An example of a warm and cold power curve for a wind 

turbine in icing climate. [5] 
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2.5 The IEA classification of ice events 

There exist several ice classification systems of ice events. The IEA ice classification is, 

however, created for the needs of wind power and thus the most suitable for this purpose. It is 

based on the classification from the EUMETNET/SWS II project. [7] 

The classification makes use of the two phases of an ice event: meteorological icing and 

instrumental icing. Instrumental icing is defined as the period under which an unheated 

standard anemometer is disturbed by icing. [7]    

Table 2 shows the five ice classes in the IEA system, with five being the highest ice class and 

one the lowest. Depending on if meteorological icing, instrumental icing or production loss is 

used as decision base, the output can vary between as much as three ice classes. Variations 

can also occur due to choice of measurement period and unit. IEA:s recommendation is to 

always use the highest ice class in ambiguous situations. [7] 

Table 2. The IEA classifications of ice events. [7] 

IEA Ice 

class 

Meteorological icing 

% of year 

Instrumental icing 

% of year 

Production loss 

% of annual production 

5 > 10 > 20 >20 

4 5 - 10 10 - 30 10 – 25 

3 3 - 5 6 - 15 3 – 12 

2 0,5 – 3 1 – 9 0,5 - 5 

1 0 – 0,5 < 1,5 0 – 0,5 
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3. INSTRUMENTS 

This section contains information about the six ice detector systems analyzed in this rapport. 

The IceMonitor, Goodrich, LID and HoloOptics are especially developed to detect ice. The 

three differently heated anemometers and IGUS are systems that were developed for wind 

measurement and blade control originally, but can give information about ice as a bonus 

output.  

3.1 Ice detectors 

3.1.1 IceMonitor 

The IceMonitor from Saab Combitech, seen in Figure 4, measures the weight 

of ice accretions on a freely rotating vertical cylinder, according to the ISO 

12494 standard. The instrumental icing period lasts as long as the ice monitor 

registers an ice load. To keep the cylinder turning during icing periods, the 

bearing is heated. The cylinder is 30 mm in diameter and 0.5 m in length. Its 

measuring range is between 0-10 kg with accuracy  50 g. Since the cylinder 

is turning it can detect ice in all wind directions. [9] 

Erroneous data from the Ice Monitor can arise in several situations. During 

snowfall snowflakes can stick to ice surfaces on the cylinder and add to the 

weight, thus leading to higher values. Lower values than expected can arise 

during heavy icing when the heating becomes insufficient to keep the 

bearings ice free. If ice starts to aggregate on the bearings the rotation of the 

cylinder gets hindered and the aggregation of ice can lift the cylinder from the 

scale, thus leading to lower values. Both higher and lower values can arise 

due to vibrations if the Ice Monitor is installed in the met mast. The 

vibrations can be created during windy weather when the tower starts so 

sway. [10] 

Another drawback with the IceMonitor is its lack of accuracy when it comes 

to small changes in ice. An accuracy of  50 g is quite rough in comparison to 

the other detectors. [10] 

3.1.2 Goodrich 0872F1 ice detector  

Goodrich ice detector 0872F1 measures metrological icing through a vibrating probe with a 

heating system seen in Figure 5.  

The probe is 6 mm in diameter and 25 mm in length and is ultrasonically axially vibrating. Ice 

aggregations on the probe change its natural frequency. The frequency change is transformed 

to ice thickness in inches on the probes surface with the following equation: 

Figure 4. The 

IceMonitor. [9] 
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                 [inches] (Eq. 3) 

where   is the frequency in Hz. Multiplication with the 

factor      then gives the output in mm. The 

measurement rage is 0-2.5 mm with a minimum 

measurement threshold at 0.13 mm. The frequency 

resolution is    Hz. [11]  

When the frequency has reached a set start-limit, the 

probes heating system turns on and the ice is removed. 

Recommended minimum and maximum thresholds by 

the manufactures, described in ice surface thickness, is 

0.51 mm respective 4.06 mm. The length of the 

heating event,      is decided with the equation  

                      [sek] (Eq. 4) 

where     is the ice thickness in inches. [11] 

It is possible to program the detector so that the heater only turns on if the temperature is 

below 5 degrees, to avoid erroneous indications due to heavy rain and damage to the probe 

due to overheating. [11] 

The power consumption is 10 W during sensing mode but increase to 385 W during the de-

icing. [11] 

The environmental limits are showed in Table 3. 

Table 3. The Goodrich detector’s environmental limits according to the manufacture. [11] 

Environmental conditions Environmental test limits 

Temperature Min -50 ° C and max 50 ° C 

Relative humidity 74% at 35 ° C to 100% at 25 ° C 

Steady wind Max 15 m/s 

Wind gusts Max 24 m/s 

Rain Max 76.2 mm/h at 15 m/s 

Freezing rain Max 12.7 mm ice/h at 10 m/s 

Dust Exposure to dust laden environment 

Pressure Min 0.518 atm 

 

Figure 5. The Goodrich ice detector. [11] 
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3.1.3 LID-3300IP  

The LID-3300IP Ice Detector from Labkotec measures metrological icing through a vibrating 

wire with a heating system.  

The detector weighs 1.3 kg and is made of aluminum. It has a wire that goes around the sides 

of a flat oval surface, size 350        mm        , shown in Figure 6. The wire 

measures an ultrasonic signal that weakens when ice accumulates on it. When the amplitude 

of the ultrasonic signal has decreased to a set start-limit a heating system sets in to melt the 

ice. The heating is turned off when the signal reaches a stop-limit. Maximum power 

consumption during de-icing is 350 W. [12] 

The manufacture states the detector is sensitive to icing in all wind directions, but mainly in 

the direction perpendicular to the surface. Table 4 shows the LID detectors other 

environmental limits according to the manufacture. [12] 

 

Figure 6. The LID detector showed in different angles. From right to left: front, back, side, side and top view 

with preferred wind direction. [12] 

To reduce erroneous indications, there is a parameter that could be adjusted so that the heating 

system only turns on if the ambient temperature is below a certain temperature. [12]   
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Table 4. The LID detectors environmental limits according to the manufacture. [12]  

Environmental conditions Environmental test limits 

Temperature  Min -40 ° C and max 60 ° C 

3.1.4 HoloOptics T44 and T41 

The HoloOptics T44, seen in Figure 7, and T41 use IR to 

measure icing rates of all types of atmospheric ice on a vertical 

cylinder probe. [13] 

The T44 detector occupies a volume of             mm 

and weighs 1.2 kg. Its main features are the four arms with IR 

emitter-detectors and the probe with a heating system placed on 

the support structure in the center. The probes diameter is 30 

mm in diameter. The four arms emit IR on the probes reflective 

surface and the IR reflects back to the arms. However, during 

icing the probes surface gradually gets covered by ice and the 

reflected fraction of IR decrease. When 85-95% of the probe 

surface is covered with 0.01-0.03 mm of ice, which equals 20g/m
2
, the probes heating turns 

on and indicate an icing event. The heater is turned off when the coverage has decreased to 

approximately 25 %. [13] 

The maximum used power, if connected to the recommended 15 V supply, is 36 W. This 

gives a heating power of 2500 W/m
2
 on the probe surface during icing. [13]   

The four arms make it possible for the detector to detect ice in all wind directions. When 

mounted on a wind turbine nacelle, which yaws in accordance with the wind direction, the 

T41 model consisting of only one arm can be used instead. The occupied a volume then 

decrease to            mm and the weight down to 0.5 kg [13] 

Erroneous indications can be produced in several weather conditions, summarized in Table 5. 

Heavy intensity rain, wet snow, dew or fog can hinder the probe from reflecting back the IR 

and thus indicate false icing. The same can happen if the sensor is exposed to dust or if the IR 

ray path is interrupted by a disturbing object, but if the detector is properly installed it should 

take at least 10 years between failures due to soil, according to the manufacture. If the 

detector is complemented with an air thermometer and a rain detector these erroneous 

indications can be identified and removed. [ 13] 

During extreme icing conditions the detector can be embedded in ice but still have the head 

and probe clear. This is called tunneling and during this situation no indications occur even 

though icing may take place. [13] 

Figure 7. HoloOptics T44. [13] 
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Another source of errors is the heating system which is prone to failures. A malfunctioning 

heating system can have problems removing all ice, thus giving rise to maximum values 

during periods with less heavy icing. [10] 

Table 5. The HoloOptics detectors environmental limits according to the manufacture.* The manufacture do not 

specify the definition of heavy intensity. [13] 

Environmental conditions Environmental test limits 

Temperature Min -50 ° C and max 70 ° C 

Relative humidity 0 % to 100 % 

Wind speed  Max 75 m/s as 2 min average  

Icing rate Min 0.8         and max 140 g/      at -5°C and 30 m/s 

Precipitation Heavy intensity* rain and wet snow 

Dew Heavy intensity* 

Fog Heavy intensity* 

Soil Heavy intensity* 

3.1.5 Combination of differently heated anemometers  

The idea is to use wind speed relations between three differently heated anemometers 

mounted at the same height and location as an indication of ice. During warm periods the 

heated and non-heated anemometers should show approximately the same wind speed. When 

ice accretes on a cup anemometer their ability to rotate freely with the wind gets impaired. A 

decline in wind speed of the unheated anemometer in comparison to the heated anemometers 

could then be interpreted as a result of ice.  

Thus, the ratio   

         

       
   

will show approximately one during ice free periods and decrease below one during periods 

with ice.  

Since the anemometers are not identical and mounted slightly different around the met mast 

there will be a natural spread of the ratios around one also during warm periods. It is not until 

the ratio has decreased below the natural spread the deviation could be attributed to ice. As 

showed in “Analysis of the 3NRG system – and a comparison of commercially available ice 

detectors” (Wickman, H., 2013) an in-situ calibration of the anemometers can narrow the 

spread and thus lower the ice detection threshold with improved ice detection ability as a 

result. [14] 
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In this study the Thies 4.3350.00.0000 (Adolf Thies GmbH & Co.KG) is used as the unheated 

anemometer, the Vaisala WAA252 (Vaisala Oyj) is used as the heated anemometer and the 

NRG Icefree3 (NRG Systems) as a strongly heated anemometer. The combination of the three 

is here called TVN. 

The Vaisala anemometer consumes 1 W without its heating system on. When the ambient 

temperature goes below 2 ° C the heating turns on and the consumptions goes up to 72 W. 

The power is approximately distributed as 50 W to the foil heaters in each cup and wheel 

house, 12 W to shaft and bearings and 10 to the body. The anemometer is 264 mm high, with 

a rotor swept diameter of 91 mm and a body diameter of 90 mm. [15] 

The NRG anemometer is a self-regulating constant-temperature heater. Thus the used power 

varies dependent on the temperature. The heater is driven by a supply voltage of 24 V AC or 

DC. The supply current range between 1 and 4 A during normal mode, but can peak up to 9 A 

at cold start. The cold start current falls back to 4 A within 30 seconds. This gives a power 

range between 24 and 96 W during normal mode and with a cold start peak at 216 W. The 

anemometer is 238 mm high, with a rotor swept diameter of 127 mm and a body diameter of 

55 mm. [16]  

Table 6. The anemometer’s environmental limits according to the manufactures. [15] [16] [17] 

Environmental 

conditions 

Environmental test limits 

Thies  Vaisala NRG 

Temperature 
Min -50 ° C 

Max 80 ° C 

Min -55 ° C 

Max 55 ° C 

Min -40 ° C 

Max 60 ° C 

Wind speed 
Min 0.3 m/s 

Max 75 m/s 

Min 0.4 m/s 

Max 75 m/s 

Min 2 m/s 

Max 70 m/s 

Relative 

humidity 
0-100 % No info 0-100 % 

3.1.6 IGUS BLADEcontrol 

The IGUS BLADEcontrol is an ice detection system that detects ice directly on the wind 

turbine blades. It measures the rotor blades Eigen frequencies with vibration sectors bound to 

the rotor blades and detects accumulated ice as deviations from an optimum performance 

standard.  It is the only detector in this study that can measure the ice growth directly on the 

individual rotor blades. As a bonus the condition of the blades are controlled continuously. 

[18] 

A drawback with the system is that it is considered rather costly and complicated. [19].     
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4. INSTALLATIONS 

This section gives an overview of where the data anslysed in this repport comes from. The 

map in Figure 8 shows the locations of the met masts and wind turbines for each of the four 

sites: Stor-Rotliden, Fäboberget, Granliden and Blakliden. The used ice detector systems at 

each site are listed. The distance between Stor-Rotliden and Fäboberget, Granliden and 

Blakliden is 23.8 km, 20.5 km and 5.6 km respectivly.  

The first subsection provides more detailes on the met mast and turbine installations at each 

site while the last subsection contains a summary of the used instrument settings and formats 

for logging of data. 

 

Figure 8.  A map showing an overview of the area from where the analyzed ice detector measurement data is 

collected.  
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4.1 Met mast installations 

4.1.1 Granliden  

The Granliden met mast, seen in Figure 9, was the most equipped met mast in this study with 

regards to ice detectors. On a boom towards southeast, close to the 100 m level, an 

IceMonitor, T44, Goodrich and a LID were mounted. [20] A Mobotix camera of model MX-

M12D overlooked the ice detectors and took pictures of their states hourly. [10] On the boom 

were also a new ice detection system called 3NRG. For those who are interested, an in-depth 

analysis of the 3NRG system can be found in the rapport “Analysis of the 3NRG system – and 

a comparison of commercially available ice detectors” (Wickman, 2013). The 3NRG ice 

detection system has however been excluded from the analysis in this rapport since none of 

the recommended changes has been carried out to prompt a new analyze. A sketch of the 

boom with all the ice detectors is showed in Figure 10. A photo of the detectors taken by the 

met mast camera is showed in Figure 11.    

In the top section of the met mast three cup anemometers, that in combination could be used 

to identify ice, were mounted. The Thies was installed on a top spare. On the boom directed 

towards west (264°) the Vaisala was installed. The NRG was installed on the southeast boom 

(144 °). [20] 

Other instruments at the top level that were used in the data analysis were the NRG IceFree3 

wind vane from NRG Systems installed on the west boom and the combined temperature and 

humidity sensor from Hygroclip installed directly on the mast. [20] Measurements from the 

other instruments on the lower levels were not included in this study.  
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Figure 9. A sketch of the met mast at Granliden with all its measurement units.  
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Figure 10. A sketch of the boom at 100 m with its five ice detectors and camera. The camera is closest to the 

tower and the 3NRG ice detector furthest away. The distances are in cm. [21] 
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Figure 11. A picture of all the ice detectors installed in the Granliden met mast, taken by the met mast’s camera. 

4.1.2 Blakliden and Fäboberget 

The met mast installations in Blakliden and Fäboberget, seen in Figure 12, are the same 

except from the direction of the booms. In Fäboberget boom 1, 2, 3 is directed towards west 

(320°) and boom 4, 5, 6 towards south (200°) while Blaklidens boom 1, 2, 3, is directed to the 

south (180°) and boom 4, 5, 6 to the east (60°). 

In the top section the three cup anemometers, that in combination could be used to identify 

ice, were mounted in the same way as in Granliden. The Thies was installed on a top spare 

and the Vaisala and NRG Icefree3 was installed on boom 3 and 6 respectively.  

The IceMonitor is placed on boom 3 and the HoloOptics on boom 6.  
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Figure 12. A sketch of the met mast at Blakliden and Fäboberget with all its measurement units. 
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4.1.3 Stor-Rotliden 

Stor-Rotliden has both a met mast and a wind farm on the site consisting of forty Vestas V90 

turbines. Six of the wind farm’s turbines (A05, A11, B02, C11, D02 and D06) are equipped 

with a T41 on top of the nacelle. One of the turbines, C11, also has the IGUS BLADEcontrol 

system installed. The map, seen in Figure 13, shows the location of the wind turbines and the 

met mast. It also lists the used detectors.  The longest distance between two instrumented 

turbines, are between A11 and D06 and is 4 km. The met mast is not used in the analysis 

because of the lack of quality of the data. 

 

Figure 13. A map showing the wind power plant up at Stor-Rotliden and its ice detectors. 
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4.2 Instrument settings and logging of data 

All instruments were sampled 30 times per minute and logged continuously every ten minutes 

in a continuous data file. The data output used in this study for each detector and the three 

anemometers is displayed in Table 7. 

In complement to the continuous data files the heated Goodrich, LID and T44 detectors at 

Granliden also logged the on and off turning of the detectors heating system in an event data 

file. The event file logged the exact time the event happened, down to a second. Thus its 

timestamps were spread unevenly over the year, in contrast to the continuous data files which 

contained the continuous status of the detectors with ten minutes intervals during the whole 

measurement period.   

The Granliden met mast camera took pictures hourly during the whole measurement. 

The production loss data from Stor-Rotliden came in hourly averages.  

Table 7. Summary over the used output that is logged every 10 min for each detector. 

Ice detector Used output that is logged at each 10 min timestamp 

Goodrich 
Average of the last 1 min sampled values of the natural frequency, 

transformed to ice thickness in mm given with two decimals 

LID 
Last sampled value of the amplitude decrease in %, given with two 

decimals 

T41 and T44 Tot heating time during the last 10 min, given in seconds  

IceMonitor 
Average ice weight in kg during the last 10 min, given with a two 

decimals  

Anemometers 
Average wind speed during the last 10 min, given in m/s with two 

decimals 

IGUS Average frequency deviations during the last 10 min, given in Hz 

 

Table 8 summaries the used start- and stop-limits for the heated detectors. Goodrich and LID 

had programmable start- and stop-limits, while the HoloOptics settings are set by the 

manufacture. 
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Table 8. Summary over the detectors’ start- and stop-limits.  

Ice detector 
Value used for  

start- and stop-limit 

Heater threshold 

Start-limit Stop-limit 

Goodrich 

Average of the last 1 min sampled 

values of the natural frequency, 

transformed to ice thickness in mm 

1.3 Non 

Ice thickness 

[mm] 

LID 
Last sampled value of the amplitude 

decrease in % 

45.00 20.00 

Amp decrease 

[%] 

T41 and T44 

Last sampled value of the fraction of 

IR light reflected back from the 

probe , transformed to coverage of 

the probe surface in % 

85-95 25 

Coverage of probe surface 

 [%] 
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5. DEFINITIONS 

5.1 Defining data characteristics variables and timestamps 

Ice threshold,       : A limit over which the detector indications can be attributed to ice on 

the detector. Instrumental icing takes place over this limit. 

Ice growth temperature threshold,       : A temperature limit above which ice growth can not 

take place. Here defined as 2 °C. 

Ice growth threshold,        : A limit over which the change in detector output can be 

attributed to ice growth. Metrological icing can take place over this limit if the temperature is 

below the        and the indications has reached above       . 

Heating time,    : If the heating system turns on at        and off at       the heating time is 

                  

Heating timestamp,    : A timestamp in a continuous data file for which the heater has been 

on some time since the last timestamp.  

Ice growth timestamp,         : A timestamp in a continuous data file for which ice growth 

take place. Ice growth timestamps thus indicate metrological icing periods. To be a 

        either of the following statements has to be true: 

 The previous, present or subsequent timestamp is a heating timestamp and have a 

temperature below the temperature threshold: 

                               

  

          

 The timestamp is part in a sequent of indications that are all strictly increasing and 

with temperatures below the temperature threshold, the total increase of the sequent 

sums up to the growth threshold and the last indication is equal to or above the ice 

threshold: 
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Ice indication timestamp,     : A timestamp in a continuous data file for which ice is present 

on the instrument. Indication timestamps thus indicate instrumental icing periods. To be an 

indication timestamp the detector value has to be equal to or above the ice threshold 

          

No temperature filtering was done here since ice could linger on the instruments also during 

warm periods. 

Production loss timestamp            : A timestamp for which a wind turbine show production 

losses due to ice. To be a production loss timestamp the production loss need to be equal to or 

above the production loss threshold. No temperature filtering was done since the production 

loss data already has been temperature filtered. 

5.2 Definitions of metrological and instrumental icing detection 

performance parameters  

Trigger levels: The amount of ice growth it takes for the detector to indicate a change due to 

ice growth. If the ice detector is ice free when the ice growth begins, the trigger level is the 

      . If the detector already has reached above       , the trigger level is           

Reliability: The amount of time the detector is fully working. It can be more precisely defined 

in different ways depending on the meaning of “fully working”. In this study the focus is 

limited to the ability to measurer instrumental and metrological time periods and thus the 

reliability is the amount of time the detector has the ability to do that. 

Limitations: Detector limitations are defined as the weather conditions and site specifics under 

which the detector fails to produce accurate data.  

Accuracy: The closeness of the measurement to the truth. Since no reference on when actual  

icing occur the detectors ability to produce similar results as the other detectors at the same 

site during the same metrological conditions will serve as a measure of its accuracy. Since this 

study’s focus is on evaluating the detectors’ ability to find instrumental and metrological icing 

the accuracy is a measure of the detectors ability to detect ice and ice growth at the same time 

as the other detectors.  
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6. PROCEDURE 

To be able to evaluate the detector’s ability to measure metrological and instrumental icing, 

all the characteristic variables and timestamps, defined in section 6.1, had to be found. 

The only detectors that could measure instrumental icing periods were the IceMonitor and the 

TVN system. To evaluate their performance, data from the met masts at Granliden, Blakliden 

and Fäboberget was used.  

The ability to detect the meteorological icing periods were analyzed for Goodrich, LID, 

T44/T41 and IceMonitor. The data collected at Granliden was the basis for the Goodrich, 

LID, T44 and IceMonitor performance analysis, while the three wind turbines at Stor-

Rotliden was used to evaluate the T41 detectors. 

The ability to detect production loss periods were analyzed for T41 and the IGUS system at 

Stor-Rotliden. 

Temperature, wind direction and wind speed data were used to find explanations for the 

detectors’ behaviour. At Granliden the met mast camera also served as a complement source 

of information. 

6.1 Ice thresholds 

The        where sought for all of the detectors and the procedure was basically the same for 

all of them. The exception was the TVN systems that needed to be calibrated before finding 

the       .    

6.2.1 Goodrich, LID, T41/T44, IGUS and IceMonitor  

Two types of histograms were plotted for each detector. First, to graphically show the 

distribution of all data, a histogram was created based on data from the detector’s whole 

measurement period. The bin width was chosen so the data was divided according to its last or 

penultimate decimal. Secondly, a histogram displaying the distribution of data collected at 

temperatures above 5 ° C was plotted. The warm data showed the natural spread of the 

detector, presumably unaffected by ice.  

The two graphs were then compared. The data outside the natural spread in the first histogram 

were assumed to be caused by ice. The        was chosen to exclude most of the natural 

spread without including too many ice indications and thus affecting the sensitivity of the ice 

detection too much.   

6.2.2 The three differently heated anemometer concept 

The        was sought for the wind speed ratio: 
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Data during warm periods without ice where calibrated to decrease the natural spread around 

one and thus decrease the threshold and increase the accuracy in ice detection. Ratios above 

and below 0.5 and 1.5 were considered as outliers and removed before the data was calibrated 

with equation: 

      =                               (Eq. 5) 

where   is the wind speed from the anemometer which is being calibrated and   is the wind 

speed from the anemometer used as reference. The scalar and offset were set to values which 

minimized the least square error  

                          
 
   

 
  

where   is the number of samples used in the calibration. The NRG was chosen as reference 

for calibration of Thies and Vaisala. It should be emphasised that it is the relation between the 

anemometers and not the exact wind speed that is important here, thus any of the 

anemometers could have been chosen as reference for the others. 

The calibration scalar and offset were then used on the non-ratio cleaned warm data and the 

threshold limit was found from looking at the data’s cumulative probability distributions. It 

was chosen high enough to exclude most of the natural spread without affecting the sensitivity 

of the ice detection too much.       

6.2 Heating events 

The Goodrich, LID and T41/T44 heating systems efficacy on removing ice were investigated 

by plotting the heating event time and analyzing the found saturation events where the system 

proved unable to do so.  

A heated detector (LID, Goodrich and T41/T44) loses its ability to collect more detailed 

information on ice growth during heating events. When the heating is insufficient to remove 

the ice the detector will continue to be at its maximum and no further information than that 

the icing is sever will be gained. A quick removal of the ice is thus preferable. 

The LID and HoloOptics detectors logs when the heater turns on and off. The heater is on 

from the time the detector reaches the start-limit to when it has recovered to the stop-limit. In 

this study the detector was considered saturated if the heater was on longer than ten minutes 

since that is the time interval between timestamps. Thus, the saturation is also a measure of 

the detectors ability to remove ice. 

The Goodrich detector does not turn off the heat at a certain stop-limit, like LID and 

HoloOptics. Instead it is programmed to turn off after a time, calculated with Eq. 4, dependent 

on the amount of ice the detector has aggregated at the time the heater turns on. Thus, the 

Goodrich detector has no guarantees the ice has been removed when the heater turns off. To 

use the heating time as a limit for saturation was therefore not possible. Instead the heaters 

ability to remove the ice was used. The amount of ice left after a heating was studied. If the 
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detector did not manage to remove the ice beneath its start limit it was defined as saturated 

since that implies the heater would be directly activated again. 

Table 9. Summary over the definition of saturation for the detectors.  

Ice detector Definition of saturation  

Goodrich Ice thickness larger than 1.3 mm after heating 

LID Heater on longer than 10 min 

T41 and T44 Heater on longer than 10 min 

6.3 Ice growth thresholds 

The        , defined in section 5.1, was sought for the Goodrich, LID and T41/T44 detectors.  

The effected of choice of         on the number of          were studied by calculating the 

number of          for a range of        . The    ,        of 2 °C and        were used to 

find the ice growth timestamps according to the definition in section 5.1.  

Time plots were studied to see how the choice affected the interpretation of an ice event.  

6.4 Concurrent indication time periods 

Timestamps showing instrumental icing (     ) and meteorological icing (        ) were 

picked out for each detector using the definitions in section 5.1. The timestamps were 

compared with each other to see how often the detectors showed concurrent indications.  

Production loss timestamps (           ) for the wind turbines at Stor-Rotliden with ice 

detectors where picked out and compared with       and          from detectors at Stor-

Rotliden.    

To see if there were any weather or site specific conditions that affected the detectors 

performance, wind speed, temperature and wind direction distributions of detector data were 

studied.  

At Granliden, the met mast camera could be used to investigate time periods where the 

detectors seemed to behave strange in relation to each other or the weather conditions. 
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7. RESULTS AND DISCUSSION 

7.1 Ice thresholds 

Two types of histogram were plotted for each detector to enable their choice of       . First, 

to graphically show the distribution of all data, a histogram was created based on data from 

the detector’s whole measurement period (data from the column “No. of   without errors“ in 

Table 10, Table 11and Table 12). Secondly a histogram, only displaying the distribution of 

data collected at temperatures above 5 ° C, were plotted to show the natural spread. The 

       was then chosen to exclude most of the natural spread without affecting the sensitivity 

of the ice detection too much.   

7.1.1 Goodrich 

The Goodrich data was collected at Granliden during the 20
th

 of December 2011 to the 23
rd

 of 

April 2013. The output was given in mm ice thickness with two decimals precision. The 

histograms’ bin width was therefore chosen to 0.01mm. The first bar to the left in the 

distribution graph, seen in Figure 14, shows that more than half of the data samples are zeros. 

This is expected since icing is less common than non-icing looking at almost two full years of 

data. The three bins in the interval 0    0.03 mm also contain a large part of the data set. 

The manufactures claim that the minimum measurement threshold limit is 0.13 mm. Looking 

at the distribution of data at temperatures above 5 °C in Figure 15, this seems a bit high since 

no data exceeds 0.03 mm. Therefore the        was chosen to 0.04 mm.  

 

Figure 14. The ice thickness [mm] distribution of all Goodrich data. 
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Figure 15. The ice thickness [mm] distribution of Goodrich data collected at temperatures above 5° C.  

7.1.2 LID 

Figure 16 shows the distribution over all the LID data samples collected during the 

measurement period 20th of December 2011 to the 23rd of April 2013 at Granliden. The data 

is given with two decimals precision, but is sorted into bins with width 0.1 to get enough data 

points into each bin.  

In contrast to the continuous Goodrich distribution in Figure 14 the bars in the LID graph 

seem to have approximately one %-unit space between them. A zoom in version of the same 

distribution, seen in Figure 17, shows this even clearer. Just looking at the precision in the 

given decimals the data appears to be continuously distributed over the whole spectra of 0.00-

100.00. However Figure 17 plainly shows how the data pile up around certain values 

approximately one unit apart. Most of the data ends up in the interval              %. The 

following peaks that appear approximately one unit apart are also slightly shifted with 0.2-0.3 

steps, which suggest an offset off 0.3 %.  

The distribution of data collected at temperatures above 5 °C in Figure 18 show the natural 

spread of the data. As the figure shows, most of the data ends up below 1 % amplitude 

decrease, but as much as 17.4 % of the data exceeds 1 % amplitude decrease.  
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Figure 16. The amplitude decrease [%] distribution of all LID data.  

 

Figure 17. The amplitude decrease [%] distribution of LID data, zoomed in to show how the data piles up 

around certain values approximately one %-unit apart.  

The timestamps that exceeds 1 % amplitude decrease at warm temperatures were studied in 

more detailed with the help of the met mast camera. It was found that fog was present during 

all of these erroneous events. Figure 19 shows a photo example during which the temperature 

is above 5   C and the LID detector shows an amplitude decrease of around 10 %. A 

temperature threshold filtering on the data excludes these erroneous indications and they are 

therefore not seen as a problem. The threshold was thus chosen to 1 % amplitude decrease. 
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Figure 18. The amplitude decrease  [%]  distribution of LID data collected at temperatures above 5° C. As much 

as 17.4 % of the warm data exceeds 1 % amplitude decrease.  

 

Figure 19. A photo from the Granliden met mast camera during which the temperature is above 5   C and the 

LID detector shows an amplitude decrease of around 10 %. 

7.1.3 T44 and T41 

Granliden’s T44 collected data from the 20
th

 of December 2011 to 23rd of April 2013. The 

detector was however considered broken after the 7
th

 of January 2013 since it there after only 

display saturated values.  

The detector output at each timestamp was the total number of seconds the heater was on 

during the last 10 minutes. The resolution was 2 seconds and the data was therefore sorted 

into bins with two seconds width in the distribution graph showed in Figure 20. As the 

distribution graph shows, the data was mostly either zero or 600 s.  
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Figure 20. The heating time distribution in seconds from all T44 data collected between the 20
th

 of December 

2011 and 7
th

 of January 2013 at Granliden. 

Of the data collected during temperatures above 5 °C still more than 53.3 % of the samples 

end up above zero and 46.2 % of the data show saturated values. Studying the timestamps 

with saturated values collected during warm periods it was found that the detector was 

malfunctioning during most of June and July. The shorter saturation events could however be 

attributed to fog after comparisons with LID data and photos from the met mast camera.   

The fog indications could be filtered out with the temperature threshold and thus was these 

erroneous ice indications not seen as a problem. The erroneous indications occurring during a 

longer coherent period in June and July could also filtered out with the temperature threshold  

but were a lot more worrisome since they were caused by an instability in the detector’s 

functionality.    

Of the six installed T41 detectors at Stor-Rotliden, there were only three, on wind turbine 

C11, A11 and D06, which were functioning during the whole winter 2011-2012 and none 

during 2012-2013. However, the heating time data from the  functioning T41’s, collected 

betewenn the 1
st
 of o November 2011 to the 14

th
 of August 2012 at Stor-Rotliden suffers from 

a lot fewer saturaion events than the T44 at Granliden, both during warm and cold periods. 

Their data characteristics are found in Table 12. 

Each met mast at Fäboberget and Blakliden also had a T44. Their data was however 

considered so strange that they were excluded from the analysis. 

The        for the T44 and all T41s were chosen to the lowest value above zero, namely 2, 

since, since the detector has no problems with fluctuating values around zero during warm 

periods.   
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7.1.4 IceMonitor 

The IceMonitor data from Fäboberget, Blakliden and Granliden were sorted into bines with 

10 g width in their distribution graphs according to the resolution of the data.  

In Figure 21 the distribution of IceMonitor data samples from the 1st of September 2011 to 

2nd of March 2012, collected at Blakliden, are showed. After the 2nd of March the 

IceMonitor started to act strange and it totally breaks down after the 23rd of March 2012. This 

is the reason for the small amount of data left after error cleaning the total measurement 

period that extended to the 4
th

 of April 2013, shown in Table 11.The distribution of data 

collected at temperatures above 5 °C is shown in Figure 22. 

At Fäboberget the IceMonitor was malfunctioning from the beginning of the measurement on 

the 3
rd

 of December 2010 until it was replaced at the 1
st
 of December 2011. It later broke 

down again during the spring 2012. It was hard to tell exactly when it stopped functioning, 

but from looking at time series the detector could be assumed to work until the 7
th

 of May 

2012. The functional instability, just like the IceMonitor at Blakliden, was the reason for the 

small amount of data left after error cleaning the whole measurement period that extended to 

the 1
st
 of April 2013, shown in Table 11. The ice load distributions for the whole 

measurement period and for samples collected at temperatures above 5 °C both looked similar 

to the IceMonitor at Blakliden, mostly just differing in offset.  

 

Figure 21. The ice load [g]distribution from the IceMonitor at Blakliden.  
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Figure 22. The ice load [g]distribution from the IceMontior data collected at temperatures above 5° C at 

Blakliden.  

Figure 23 show the distribution of IceMontior data collected at Granliden during the 

measurement period 20th of December 2011 to the 23rd of April 2013. The distribution of 

data collected at temperatures above 5 °C is shown in Figure 24. In contrast to the Blakliden 

and Fäboberget data the spread is much wider. 

 

Figure 23. The ice load distribution in [g] from the IceMontior at Granliden. 
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Figure 24. The ice load distribution in [g] from the IceMontior data collected at temperatures above 5° C at 

Granliden. 

T-location scale distribution functions were fitted to the warm data distributions. Looking at 

the parameters in Table 13 it could be seen that the IceMonitors at Fäboberget and Blakliden 

distributions show similarities in shape. Thus both        were chosen to be 60 g from their 

offsets (the location parameter seen in Table 13). This place the        at -10 g at Fäboberget 

and 360 g at Blakliden, since Fäboberget had an offset of approximately -70 g and Blakliden 

of +300 g. Granlidens IceMonitor, however, contained a much wider spread at warm 

temperatures, which can be seen in Figure 24 and in Table 13. Thus its threshold was chosen 

to be approximately 480 g from its offset. This gave an        at 500 g, since the offset was 20 

g. 

7.1.5 Combination of differently heated anemometers 

The measurement period at Blakliden was, with two minor breaks, from the 1
st
 of September 

2011 to the 4
th

 of April 2013.  Measurements from Fäboberget were collected between the 3
rd

 

of December 2010 and 1
st
 of April 2013 with a longer break between the 22

nd
 of May and 1

st
 

of Sept 2011. Granliden data comes from the 20
th

 of December 2011 to the 22
nd

 of April 

2013.  

The wind speed distributions from the three differently heated anemometers (Thies, Vaisala 

and NRG) at Blakliden are shown in Figure 25. None of the detectors follow the familiar 

Weibull distribution. The same goes for the wind speed distributions from Fäboberget and 

Granliden. An excessive amount of data piles up at the low wind speeds. The distribution in 

Figure 26 consisting of Blakliden wind speeds collected at temperatures above 5° C, suggest 

that the high amount of low speed data in Figure 25 are caused by icing at cold temperatures. 
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Ideally the strongly heated NRG anemometers should have the same shape during cold and 

warm periods, which is not the case. However, the NRG anemometers is clearly the 

anemometer that is least affected by ice. The unheated Thies’ anemometers are, as suspected, 

the most affected anemometers. The Vaisala anemometer is less affected than Thies but more 

than NRG. 

 

Figure 25. The wind speed [m/s] distributions from Thies, Vaisala and NRG, collected at Blakliden. 

 

 

Figure 26. The wind speed [m/s] distributions from Thies, Vaisala and NRG collected at temperatures above 5° 

C at Blakliden. 
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For each site the ratios Thies/NRG, Thies/Vaisala and Vaisala/NRG, based on data collected 

at temperatures above 5 °C, were calibrated according to eqation 5 in section 6.2.1. An 

example of the distribution of the ratios before and after calibration is given in Figure 27. The 

mean and standard deviations for each ratio before and after calibration is given in Table 13.  

A range of different probablity distributions were fitted to the ratio distribution. The t 

location-scale was the one that consistently created the best fit. Table 13 contains the three 

parameters (location, scale, form) for each fitted distribution. The parameters show that the 

ratio distrubtions adopt a similare shape after calibration. The same ice treshold for all of the 

ratios is therefore chosen to 0.85.  

 

Figure 27. The wind speed ratio distribution of Vaisala/ NRG, collected collected at temperatures above 5° C at 

Granliden, before and after calibration. 

7.1.6 IGUS 

Figure 28 show the distribution of IGUS data collected during 15
th

 of November 2011 to the 

4
th

 of April 2012 from the wind turbine C11 at Stor-Rotliden. The frequency deviations came 

in Hz with a resolution of four decimals, but were sorted into bins with width 0.01 to get 

enough data points into each bin. The distribution of data collected at temperatures above 5 

°C is shown in Figure 29. The threshold was chosen to 0.15 Hz.   
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Figure 28. The frequency deviation [Hz] distribution of all IGUS data. 

 

Figure 29 The frequency deviation [Hz] distribution of IGUS data collected at temperatures above 5° C. 

7.1.7 Production loss 

There were only three wind turbines at Stor-Rotliden with functioning T41 ice detectors 

during a winter period, thus the production loss analysis were restricted to those three (C11, 

A11 and D06). All data were given as hourly averages in contrast to the other detectors ten 

minutes timestamps. 
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Figure 30 show turbine C11’s production loss distribution during 1
st
 of November 2011 to the 

14
th

 of August 2012. Figure 31 is a zoomed in version of Figure 30 to clearer show the losses 

above zero.  

 

Figure 30. The production loss [%] distribution of wind turbine C11 data at Stor-Rotliden.  

 

Figure 31. The production loss [%] distribution of wind turbine C11, zoomed in to show how the losses above 

zero are distributed more clearly. 

Since the production loss data already had been temperature filtered, the natural spread could 

not be shown for temperatures above 5 °C. To get an idea, the temperature threshold was 

lowered to 1 °C, Figure 32 show the distribution. Since the distributions for A11 and D06 

looked similar, the        was chosen to 10 % production loss for all of them.   
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Figure 32. The production loss [%] distribution of wind turbine C11 data collected at temperatures above 1° C. 

7.1.8 Summary 

The chosen        for the ice detectors at Fäboberget, Blakliden, Granliden and Stor-Rotliden 

are showed in Table 10, Table 11 and Table 12. In the ideal case all data without errors during 

the warm periods should be below the threshold (or above, for the wind speed ratios). Since 

most data sets had outliers, this was not always possible. Instead a limit that could balance the 

two conflicting requirements for a well chosen threshold had to be made; the balance between 

excluding most of the natural spread without affecting the sensitivity of the ice detection too 

much.  

The percentage of the data collected at temperatures above 5 °C ending up outside the        

is displayed in the column “Warm data outside        ” in in Table 10, Table 11 and Table 12. 

That percentage will contribute to the uncertainty of the instrumental icing result shown in 

section 8.6 since it quantifies the share of indication timestamps that are not caused by ice but 

by the natural spread of the detector. However, the high percentages for the LID, and to some 

extent also the T44 detectors, are caused by fog, and temperature filtering will lower these 

erroneous indication and thus decrease the uncertainty.    

It should be noted that the IceMonitor’s threshold is rough in comparable with the other 

detectors. At at Fäboberget and Blakliden the threshold was 60 g and at Granliden as much as 

480 g from the detectors offset. The roughness could be illustrated with a simple calculation 

of what ice layer thickness 60 g of ice give rise to on a cylinder with height       m and 

diameter        m, corresponding to the IceMonitor size.  
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The cylinder area   is  

         

The ice load   on the cylinder created by a thin ice layer  , where    , can be 

approximated to 

           ,   

where      is the ice density. Thus, if     ,   and   are known, the ice layer can be calculated 

with  

  
 

      
  

Assuming the accreted ice is hard rime or glaze, the ice density will be          kg/m
3
. 

This result in an ice layer of 1.4 mm, which is the thinnest ice layer 60 g can give rise to since 

rime and glaze have the highest ice density. The Goodrich and HoloOptic detectors        are 

0.04 mm and 0.01 mm respectively, which means the IceMonitors threshold then is between 

35-140 times as high.  

On the other hand, Makkonens ice model tells us that the cross sectional area of the object is a 

factor that influences the icing rate. The larger the area the faster ice accretes on the object. 

This lead to the conclusion that ice should accrete faster on the large IceMonitor cylinder in 

comparison to the LID’s thin wire and the small probe of Goodrich. So, even though the 

IceMonitor threshold is 35 times higher than the Goodrich, it might not take 35 times longer 

for the IceMonitor to reach it since its icing rate is higher. Moreover, both the sticking and 

accretion efficiency are dependent on the surface temperature, giving the heated detectors 

sensor elements other accretion efficiency constants than the none-heated IceMonitor. 

Table 10, Table 11 and Table 12  also summarizes the Granliden, Blakliden, Fäboberget and 

Stor-Rotliden measurement period’s start and stop dates. The number of possible timestamps 

that could have been collected during this period together with the number of timestamps that 

were actually collected shows the amount of data the analysis is based on before error 

cleaning.    

Table 13 summarizes the IceMonitor and wind speed ratios mean and standard deviations for 

warm and calibrated warm data. It also contains the fitted t location-scale function parameters 

for the calibrated warm data. 
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Table 10. A summary over Granliden’s ice detector data characteristics.   

Detector 

data   

Start date- 

Stop date 

No. possible    

No. of    

No. of     

without errors 

 

Data extreme values Ice 

Threshold 

       

 

Warm data 

outside  
       

 
Max 

     

Min 

     

G
ra

n
li

d
en

 

Goodrich 

20
th
 of Dec 2012- 

23
rd

 of April 2013 

 

70535 

 

70251 

 

70232 
1.42 0.00 0.04 

 

Ice thickness [mm] 

0 
Ice thickness [mm] 

LID 70181 
98.08 0.00 1.00 

 

Amp decrease [%] 

17.4 
Amp decrease [%] 

T44 54626 
600 0 2 

 

Heating time  [s] 

53.3 
Heating time  [s] 

IceMonitor 70251 
9130 -1230 500 

 

Ice load [g] 

1.1 
Ice load [g] 

Thies/NRG 
20

th
 of Dec 2012- 

22
nd

 of April 2013 

 

70318 

 

70318 

 

70318   0,85 1.5 

Thies/Vaisala 70318   0.85 0.5 

Vaisala/NRG 70318   0,85 0.2 
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Table 11. Summary over the TVN and IceMonitor data characteristics at Fäboberget and Blakliden. *Strage data, excluded from the analysis.  

Detector data     

 

Start date- 

Stop date 

No. possible    

No. of    

No. of    without 

errors 

Data extreme values 
Ice 

threshold        

 

Warm data 

outside  
       

Max      Min      

F
ä

b
o

b
er

g
et

 

Thies/NRG 
3

rd
 of December 2010 - 

1
st
 of April 2013 

 

122401 

 

107013 

 

107012   0.85 2.9 

Thies/Vaisala  107012   0.85 0.8 

Vaisala/NRG  107012   0.85 3.1 

T44*  - - - - - 

IceMonitor 

 
22682 

7999 -556 
-10 [g] 

2.1 

Ice load [g]  

B
la

k
li

d
en

 

Thies/NRG 

1
st
 of September 2011 – 

4
th

 of April 2013 

 

83665 

 

80178 

 

77496    0.85 3.2 

Thies/Vaisala 77496    0.85 0.2 

Vaisala/NRG 77496   
 

0.85 3.2 

T44*  - - - - - 

IceMonitor 26007 
7999 -233 

360 [g] 0.9 
Ice load [g] 
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Table 12. Summary over the IGUS, T41 and wind power production losses data characteristics at Stor-Rotliden. *All prod. losses collected above 2 °C is  already removed 

from the set so 1 °C was chosen as the limit for warm data instead of 5 °C. The data also comes in hourly averages instead of ten minutes. 

Detector data     

 

Start date- 

Stop date 

No. possible    

No. of    

No. of     without 

errors 

Data extreme values 
Ice 

threshold        

 

Warm data 

outside  
       

Max      Min      

S
R

L
 

IGUS 

15
th

 of Nov 2011 –  

4
th

 of Apr 2012 

21679 

19982 

17730 

0.9260 -0.0002 

0.15 [Hz] 0 

Frequency deviation [Hz] 

T41 (C11) 
1

st
 of Nov 2011 –  

14
th

 of Aug 2012 

41378 

41378 

41378 
600 0 

1 [s] 8.9 
Heating time [s] 

T41 (A11) 41378 
600 0 

1 [s] 30.7 
Heating time [s] 

T41 (D06) 41378 
600 0 

1 [s] 14.8 
Heating time [s] 

Prod. losses* 

C11  1
st
 of Nov 2011 –  

14
th

 of Aug 2012 

6897 

6897 

6897 
100 0 

10 [%] 1.7 
Production loss [%] 

Prod. losses* 

A11 
6897 

100 0 
10 [%] 2.3 

Production loss [%] 

Prod. losses* 

D06 
6897 

100 0 
10 [%] 1.9 

Production loss [%] 
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Table 13. Summary over wind speed ratio and IceMonitor ice load data characteristics for warm and calibrated 

data. 
L

o
ca

ti
o

n
 

Ice detector Warm 

 

 

Mean 

Std 

Calibrated 

warm 

 

Mean 

Std 

Fitted function 

t location-scale parameters 

to calibrated warm 

Location parameter 

Scaling parameter 

Degrees of freedom 

( 95% conf. interval)  

G
ra

n
li

d
en

 

IceMonitor 
27.0963 [g] 

  189.5278 [g]  
- 

20.8947 (18.9961, 22.7933) 

102.7795 (100.3269, 105.2920) 

2.5012 (2.3681, 2.6342) 

Thies/NRG 
0.9770  

0.2494 

1.0085  

0.0708 

0.9923 (0.9920, 0.9927) 

0.0192 (0.0188, 0.0196) 

1.636 (1.5839, 1.6896) 

Thies/Vaisala 
1.0171  

0.2156 

1.0019 

0.0218 

1.0006 (1.0004, 1.0008) 

0.0110 (0.0108, 0.0112) 

2.7236 (2.6022, 2.8449) 

Vaisala/NRG 
0.9644  

0.2032 

1.0086  

0.0764 

0.9928 (0.9924, 0.9932) 

 0.0208 (0.0204, 0.0212) 

1.6960(1.6406, 1.7514) 

B
la

k
li

d
en

 

IceMonitor 
299.8614 [g] 

19.4740 [g] 
- 

300.2562 (299.9073, 300.6051) 

11.2070 (10.8686, 11.5560) 

2.9209 (2.6984, 3.1434) 

Thies/NRG 
1.0120 

0.1938 

1.0026 

0.0734 

0.9935 (0.9931, 0.9938) 

0.0193 (0.0189, 0.0197) 

1.3942 (1.3568, 1.4316) 

Thies/Vaisala 
1.0160 

0.1416 

1.0008 

0.0263 

1.0015 (1,0013, 1.0017) 

0.0133 (0.0131, 0.0135) 

2.8511 (2.7430, 2.9592) 

Vaisala/NRG 
1.0030  

0.1943  

1.0033 

0.0691 

0.9917 (0,9914, 0.9920) 

0.0171 (0.0167, 0.0174) 

1.3222 (1.2869, 1.3575) 

F
ä
b

o
b

er
g

et
 

IceMonitor 
-76.3874 [g] 

42.3901 [g] 
- 

-73.6508 (-75.0064, -72.2952) 

11.0677 (9.9386, 12.3251) 

1.7833 (1.4607, 2.1060) 

Thies/NRG 
0.9909  

0.2634 

1.0013 

0.0588 

0.9983 (0.9980, 0.9987)  

0.0215  (0.0212, 0.0218) 

2.0955 (2.0365, 2.1545) 

Thies/Vaisala 
1.0252 

0.1489 

1.0013 

0.0197 

1.0003 (1.0001, 1.0004) 

0.0104 (0.0103, 0.0106) 

2.8325(2.7289, 2.9361) 

Vaisala/NRG 
0.9736  

0.2559 

1.0016  

0.0539 

0.9982 (0.9979, 0.9986) 

 0.0228 (0.0225, 0.0232) 

2.4792 (2.4037, 2.5546) 
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7.2 Heating events 

Three of the detectors have a heating system to remove ice with: Goodrich, LID and T41/T44. 

Two of the anemometers, NRG and Vaisala were also heated, but since no data were available 

on when their heating events took place, they are excluded from this section. 

The Goodrich, LID and T41/T44 heating systems efficacy on removing ice were investigated 

by plotting the heating event time and analyzing the found saturation events where the system 

proved unable to do so.  

7.2.1 Goodrich 

Figure 33 shows the heating event time distribution in seconds for the Goodrich detector. It 

should be emphasized that the detector used equation 5 to calculate the heating time. Thus a 

short heating time does not implicate that the ice was removed but rather that the triggering 

ice layer was thin.  

Since the start-limit is a layer of 1.3 mm ice, most heating events should be slightly above 16 

s according to equation 5. Looking at Figure 33 this is exactly what happened. 

 

Figure 33.  The heating event time [s] distribution for Goodrich. 

To investigate if the heater actually manages to remove the ice during a heating event, the ice 

layer thickness at the heating timestamps were plotted in a distribution graph seen in Figure 

34. As could be seen, most heating events remove all ice. The maximum ice layer remaining 

after heating was 1.26 mm, which was 0.04 mm beneath the start-limit. Of all heating events 

did 96.6 % lead to a halving of the start-limit. Since the detector always managed to remove 

the ice below the start-limit it was concluded that there were no saturation events for the 

Goodrich detector. 
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Figure 34. The distribution of ice layer thickness [mm] after a heating event.  

7.2.2 LID 

The LID detector’s heating event time distribution is showed in Figure 35. All events that are 

longer than 10 minutes are collected in the bin between 10 and 11. Those events are defined 

as saturated.  

 

Figure 35. The heating event time [s] distribution for LID. 

7.2.3 T44 and T41 

The T44 detectors heating event time distribution is showed in Figure 36. As could be seen 

most heating events are 6-8 seconds long. All heatings that are longer than 60 seconds are 

collected in the last bin.  
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Figure 36. The heating event time [s] distribution for T44. 

Figure 37 show the distribution of all saturated events, that is, events longer than 600 s. Also 

here longer distributions are collected in the last bin. The longest of those heat events are 17 

days. This is the reason to why Figure 20, showing the distribution of the total number of 

seconds the detector has been heated during each ten minute timestamp, has such a high 600 s 

heating bar. 

 

Figure 37. The saturation event time [hours] distribution in for T44.  

The T41 detectors at Stor-Rotliden suffer from a lot fewer saturation events. Their heating 

characteristics are showed in Table 14. 
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7.2.4 Summary 

Table 14 summaries the heating characteristics for the detectors. The total heating time 

together with the number of heating events and the maximum and minimum heating time give 

an idea of how effectively the heating systems removed ice accretions, but also how sensitive 

the detectors were to ice. A lot of heating events but a short total and maximum heating time 

means the detector is both sensitive with an effective heating system. The numbers of heating 

timestamps are interesting since they are included in the ice growth criteria described in 

section 5.1: a lot of heating timestamps will result in a lot of ice growth indication 

timestamps. The number of heating timestamps below the temperature threshold tells how 

often the detector indicates ice erroneously during warm periods. The number of saturation 

events together with their total duration gives further information on the effectiveness of the 

heater but also on the detectors ability to manage heavy icing events. 

It is clear that the Goodrich detector has the most efficient heating system since it has the 

shortest total heating time, fewest heating timestamps, but still quite many heating events. It 

also has the drastically shortest maximum heating event time. As mentioned in section 7.2.1 

all of the heating events manage to reduce the ice layer below the start-limit, thus leading to 

no saturation events according to the definition in section 5.1.  

T44 suffer from an unstable heating system that is on maximum several times during the 

summer. However, even when we filter out the data that lies above the temperature threshold 

of 2 °C the heating timestamps are more than twice and nine times as many as the LID and  

Goodrich respectively. It should be noted the T44’s measurement period also is more than 

three winter month shorter than the LID and Goodrich’s, since it ends at the 7
th

 of January 

2013 while LID and Goodrich keep on measuring until the 23rd of April 2013. This makes the 

excessive amount of heating events even worse. Moreover, the reason why the T44’s data set 

ends earlier is because after that the heating system broke down and started to indicate 

constantly. If that data had been included in the statistic the numbers would have been even 

higher. The heating system is clearly not robust. 

The T41 detectors at Stor-Rotliden are less plagued by saturation events than the T44 at 

Granliden, but not fully spared. A11 has two longer saturated events during the summer 

month, which is the reason for its long total heating time.  

The LID detector also suffers from a lot of saturation events. However, most of its heating 

timestamps are below the temperature threshold, thus most of the saturation events are due to 

heavy icing events and not to an instable heating system like the T41/T44. 

If the total saturation time is compared with the total heating time it can be seen that the 

longer saturation events make up most of the heating time for all detectors except Goodrich. 

T44 has only 8.3 hours of heating events that are less than ten minutes long and LID has even 

less, barely 3.2 hours. 
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Table 14. A summary over the heating characteristics of Goodrich, LID and T44 and T41. *The T44’s measurement period is more than three  month shorter than LID and 

Goodrich’s since it ends at the 7
th

 of Jan 2013 while LID and Goodrich keep on measuring until the 23rd of April 2013. 

Detector 

data   

Heater 

threshold 

Tot. 

heating 

time 

 [days] 

 

No. of     

(%**) 

 

No. of     

below 

       

No. of 

heating 

events 

Total 

saturation 

time 

[days] 

No. of 

saturation 

events 

Heating event 

time 

Start-

limit 

Stop- 

limit 

Max 

        

Min 

        

G
ra

n
li

d
en

 Goodrich 

1.3 Non 
7.36 

1624 

(2.3 %) 
1624 1571 0 0 

27 16 

Ice thickness 

[mm] 
[s] 

LID 

45.00 20.00 
37.90 

7221 

(11.0%) 
7161 1802 34.7  271 

4.30  64  

Amp decrease 

[%] 
[days] [s] 

T44* 

85-95 25 
139. 15 

26022  

(47.3 %) 
14878 40701 130.8 348 

17.3  2 

Coverage of probe 

surface [%] 
[days] [s] 

S
R

L
 

T41 (C11) 
85-95 25 

12.5 10074 7647 42659  6.9 51 
1.4 

[days] 

0.5  

[s] Coverage of probe 

surface [%] 

T41 (A11) 
85-95 25 

28.5 10115 4496 25963 24.6 53 
6.4 

[days] 

0.1 

[s] Coverage of probe 

surface [%] 

T41 (D06) 
85-95 25 

11.1 8189 5228 24845 6.0 78 
9 

[h] 

0.1 

[s] Coverage of probe 

surface [%] 
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7.3 Ice growth thresholds 

The         was sought for the Goodrich, LID and T41/T44 detectors. The effect of the 

choice of        .on the number of          was studied. The       . 2 °C and        found in 

section 7.1 were used to find the          according to the definition in section 5.1.  

7.3.1 Goodrich 

According to the manufacturer, Goodrich has a frequency resolution of    Hz. Using 

equation 3 to convert frequency into ice thickness this translate to a sensitivity in ice thickness 

of  0.015 mm . Since Goodrich’s output is given with two decimals precision we have to 

round up to 0.02. Figure 38 shows how the number of          change with the choice of 

       . If, for example, the threshold would be raise from 0.02 to 0.03 we would lose 

approximately 50 timestamps, thus taking 8 hours of ice growth away from the measurement 

period.  

 

Figure 38. The number of Goodrich          depending on the choice of         in [mm] ice thickness.  

7.3.2 LID 

The LID manufacture does not mention any resolution limits. Figure 39 shows how the 

number of          change with the choice of         The         is chosen to 1.2 % 

amplitude decrease. 
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Figure 39. The number of LID          depending on the choice of         in [%] amplitude decrease. 

7.3.4 IceMonitor 

According to the manufacturer, the IceMonitor has an accuracy of ±50 g ice. Figure 40 shows 

how the number of          change with the choice of        . The         is chosen to 10 g 

ice load increase. A raise of the threshold with 10 g would decrease the number of          

with approximately 500 timestamps, which corresponds to 3.5 days of ice growth. 

Figure 40. The number of IceMonitor          depending on the choice of         in ice load [g] increase. 

It should be noted that a slight change in the growth definition in section 5.1 was done for the 

IceMonitor. Instead of demanding the sequence of indications to be strictly increasing, the 
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IceMonitor growth criteria also included indications that where equal to the previous sample 

in the sequence. This was because time plots showed that the ice growth usually took place 

stepwise. This is also the reason for choosing such a low         in comparison to the 

manufactures recommended accuracy of ±50 g. 

7.3.4 Summary 

Table 15 summaries the chosen         and the number of          it leads to during the 

measurement period 20th of December 2011 to the 23rd of April 2013. The difference of 

1370          between the Goodrich and LID detector corresponds to 9.5 days. 

Table 15. A summary over the chosen ice         and number of         . 

Detector data    

 

Chosen         No. of           

G
ra

n
li

d
en

 Goodrich 
0.02 

Ice thickness [mm] 
11304 

LID 
1.20 

Amp decrease [%] 
14674 

IceMonitor 
10 

Ice load [g] 
14626 

7.4 Concurrent indication periods 

Table 16 to Table 22 shows cross schedules over intersections between sets of      ,          

and             from the different detectors and wind turbines at Fäboberget, Blakliden, 

Granliden and Stor-Rotliden. A timestamp that is in both set A and B is thus part of the 

intersection    . The number in the boxes is the number of timestamps that belongs to the 

intersection. The percentage, enclosed in parentheses, show the share of B that is in the 

intersection. The blue diagonal shows the intersection of a set with itself thus showing the 

number of timestamps in that set. 

Looking at the figures in the cross schedule it might be useful to remember that in a 

intersection between a small set A and a larger set B the intersection     share of B can 

never reach 100 % even if A is totally enclosed in B. Boxes with the same color show the 

same intersection of detectors but differ in percentage since the notation (A and B) of the sets 

has changed place. Thus one box shows the intersection’s share of one set and the other box 

the intersection’s share of the other set. An ideal match of two sets of detector data occurs 

when the intersection of two sets of equal size covers a 100 % of both sets. 

 

7.4.1 Instrumental icing periods 
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Table 16 shows the number of concurrent timestamps between the IceMonitor and the TVN 

system at Fäboberget, Blakliden and Granliden. The intersections between the IceMontitor’s 

and anemometer’s       during these concurrent periods are found in the cross schedules, also 

in Table 16. 

The closest thing to a perfect match in Table 16 is the intersection between the Thies/Vaisala 

and the Thies/NRG, it reaches above 83 % for both data sets at all sites. The match between 

IceMontitor and Thies/NRG are also quite strong, it reaches above 80 % for both data sets at 

all sites.  

The Vaisala/NRG ratio did not measure the whole instrumental icing period, since both 

anemometers were heated. It was included in the analysis to see if it was possible to find the 

really heavy icing events where the less heated Vaisala but not the strongly heated NRG were 

affected. As expected the ratio had fewer       than the other data sets. The percentage that is 

important in this case is the one where the intersection is divided with the Vaisala/NRG data 

set itself, not the larger set. With exception of the Thies/NRG 78.5 % match at Blakliden, all 

other intersections with Thies/NRG and IceMonitor reached above 85 %. This means that the 

Vaisala/NRG could give an indication on the more heavy icing events. It should be noted that 

the low match between Thies/Vaisala and Vaisala/NRG is expected since Vaisala is the 

numerators in the first ratio and the denominator in the second. 

Figure 41 illustrates the 

intersection of Thies/NRG, 

Thies/Vaisala and the 

IceMonitor at Granliden with a 

venn diagram. Interesting to 

note is that the IceMonitor at 

Granliden produces a good 

match, even though it 

fluctuates a lot in value during 

warm periods, seen in Figure 

24. 

The       distributions over 

wind speed, temperature and 

wind direction at Blakliden is 

showed in Figure 42. It could 

be seen that all of the detectors 

follow the same pattern. Also 

at Fäboberget and Granliden 

the       distributions showed 

great similarities.   

Figure 41. Venn diagram over the detectors ice indication timestamps at 

Granliden. The intersection Thies/NRG    Thies/Vaisala   IceMonitor 

contain 21 700 samples. 
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Table 16. A cross schedule over intersections with data set A and B. The percentage of the intersection that is in 

set B is showed in parentheses. The       data sets come from concurrent timestamps between the IceMontior 

and the TVN system at Fäboberget, Blakliden and Granliden. 

    
(      [%]) 

B 

A 
     

    
 

       

    
 

     

       
            

F
ä
b

o
b

er
g

et
 

Thies/NRG 
9051  

(100 %) 

2408  

(85.5 %) 

7939 

(96.6 %) 

8196 

 (80.6 %) 

Vaisala/NRG 
2408  

(26.6 %) 
2816 

 (100 %) 

1485 

(18.1 %) 

2397 

 (23.6 %) 

Thies/Vaisala 
7939 

(87.7 %) 

1485 

(52.7 %) 

8219  

(100 %) 

7536 

(74.1 %) 

IceMonitor 
8196  

(90.6 %) 

2397  

(85.1 %) 

7536 

(91.7 %) 

10168  

(100 %) 

Concurrent ts 22682 

Ts in multi-intersection 
     

    
 

     

       
                     

Multi-intersection/B  80.7 %  88.9 % 71.9 % 

B
la

k
li

d
en

 

Thies/NRG 
8986 

 (100 %) 

2098  

(78.6 %) 

7539 

(97.6 %) 

8193  

(88.5 %) 

Vaisala/NRG 
2098  

(23.4 %) 

2670 

 (100 %) 

764 

(9.9 %) 

2361 

 (25.5 %) 

Thies/Vaisala 
7539 

(83.9 %) 

764 

(28.6 %) 
7727 

(100 %) 

7215 

(77.9 %) 

IceMonitor 
8193  

(91.2 %) 

2361  

(88.4 %) 

7215 

(93.4 %) 

9258 

 (100 %) 

Concurrent ts 26007 

Ts in multi-intersection 
     

    
 

     

       
                     

Multi-intersection/B  78.5 %  91.3 % 76.2 % 

G
ra

n
li

d
en

 

Thies/NRG 
28549  

(100 %) 

13821  

(96.4 %) 

24123 

(99.1 %) 

24741  

(92.7 %) 

Vaisala/NRG 
13821  

(48.4 %) 
14340  

(100 %) 

9814 

(40.3 %) 

12537 

(47.0 %) 

Thies/Vaisala 
24123 

(84.5 %) 

9814 

(68.4%) 
24333 

(100 %) 

21828 

(81.8 %) 

IceMonitor 
24741  

(86.7 %) 

12537  

(87.4 %) 

21828 

(89.7 %) 

26694  

(100 %) 

Concurrent ts 70035 

Ts in multi-intersection 
     

    
 

     

       
                      

Multi-intersection/B  76.0%  89.2 % 81.3 % 
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Figure 42. Temperature [°C], wind direction [degrees], wind speed [m/s] distributions for the       at Blakliden.  
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7.4.2 Meteorological icing periods 

The Granliden detectors that measure ice growth had a concurrent measurement period of 

55001 timestamps. The intersections of the detectors          are presented in the cross 

schedule in Table 17. The total number of detectors          they share is the multi-

intersection 1. Table 17 shows that the multi-intersection’s share of each set is very low, only 

10-22 %.  

Table 17. A cross schedule over intersections with data set A and B. The percentage of the intersection that is in 

set B is showed in parentheses. The          data sets come from Granliden during the detectors concurrent 

measurement period between 20
th

 of December 2011 to the 7
th

 of January 2013. 

    
(      [%]) 

B 

A Goodrich LID T44 IceMonitor 

Goodrich 
  9187 

(100 %) 

6565  

(64.2 %) 

7200  

(48.5 %) 

2703  

(41.2 %) 

LID 
6565  

(71.5 %) 
10221  

(100 %) 

7526 

(50.7 %) 

3100  

(47.2 %) 

T44 
7200  

(78.4 %) 

7526 

(73.6 %) 
14838  

(100 %) 

4339  

(66.1 %) 

IceMonitor 
2703  

(29.4 %) 

3100  

(30.3 %) 

4339  

(29.2 %) 

6565  

(100 %) 

Concurrent ts 54626  

Ts multi-intersect 1                                       

Ts multi-intersect 2                           

(Intersect 1)/B [%] 15.7 % 14.1 % 9.7 % 22.0 % 

(Intersect 2)/B  [%] 58.5 % 52.4 %, 36.2 %)  

Multi-intersection 2 excludes the IceMonitor which is the detector that matches the other 

detectors the least. The result is then better but still not very promising. The intersection’s 

share of each set is still only 36-59 %. Figure 43 show the venn diagram that illustrates the 

multi-intersection 2. 
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Figure 43. Venn diagram over the detectors’          at Granliden. The intersection Goodrich    LID   T44 

contains 5370 samples. 

In Figure 44 to Figure 46  the wind speed, temperature and wind direction distributions of the 

detectors          from Table 17 are displayed. The Goodrich and LID detector show 

surprisingly similar patterns considering their          only matched 71.5 % of the total 

Goodrich and 64.2 % of the LID ice growth time. This might be a question of time resolution. 

Looking at time plots the LID and Goodrich           sometime misses each other with one 

or two timestamps, thus both are indicating growth at approximately the same time but not on 

the exact same timestamp. However, since temperature, wind direction and wind speed 

averages usually do no fluctuate so much over half an hour, a          that is recorded with a 

time shift will still have approximately the same temperature, wind direction or wind speed. 

 
Figure 44. The wind speed distribution [m/s] of           for the detectors at Granliden including all wind speed 

samples during the measurement period. 
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Figure 45. The bottom histogram shows the temperature distribution [°C] of            for the detectors at 

Granliden. The top histogram include all logged temperature samples during the measurement period as a 

comparison. 

Looking at the         temperature distributions in Figure 45, it could be seen that the 

Goodrich’s and LID’s           are distributed very similarly.  

The IceMonitor follow the Goodrich and LID distribution pattern up to approximately -6 °C, 

but deviates for higher temperatures where it show fewer          than all of the other 

detectors. The reason for this could be the IceMonitor’s high ice threshold; the Granliden 

IceMonitor fluctuated a lot during warm periods, leading to a threshold 480 g above its offset. 

This might inflict the number of          near 0 °C more than the colder temperatures. 

The T44 also showed similarities with the Goodrich and LID distributions. The greatest 

deviations is for temperatures above 0 °C where T44 show a lot more ice growth than all of 

the other detectors. This is probably erroneous          due to the T44’s unreliable heating 

system. 
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Figure 46. The bottom histogram show the wind direction distribution [degrees] of          for the detectors at 

Granliden. The top histogram include all logged wind direction samples during the measurement period as a 

comparison. 

The          from the LID and Goodrich are also very similarly wind direction distributed, as 

could be seen in Figure 46.  Interesting to note is that even though the LID is not 

multidirectional symmetrical it seems to be able to measure growth from all wind directions 

to the same extent as the others  

If T44 is excluded from the analysis, the concurrent period increases to 70035 timestamps, 

with the addition of three winter month. The new cross schedule is showed in Table 18. The 

addition has very different impacts on each of the detectors. According to the IceMonitor we 

get 55 more days of ice growth, the LID gives 31 days, while the Goodrich only show an 

increase of 15 days.  
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Apparently the ice detectors interpret the three months very differently. Looking at the met 

mast pictures there were several very severe ice events during this time period which all of the 

detectors had problems handling. The met mast photos, in Figure 47, show an ice event where 

the Goodrich detector fails. On the photo to the left the detector is almost covered in an igloo 

of ice and snow but is only indicating an ice layer of approximately 0.4 mm.  The photo to the 

right is taken a few hours later. Now the Goodrich indicates no ice at all. This makes it both 

unable to heat its way free from the surrounding half-igloo and to accrete new ice from the 

“igloo-wind direction”. The conclusion, made in section 8.2.1, that the Goodrich does not 

experience any saturation events is thus a bit misleading. The definition for saturation in 

section 5.1 only tells us that the detectors sensor manage to stay ice free, it does not include 

the “igloo effect” around the detector. 

 

Figure 47. To the left an right are photos taken from the met mast at Granliden showing the Goodrich totally 

covered in an igloo of ice and snow. The picture to the left is taken some hours earlier than the one to the right.  

The igloo phenomena were not unique for the Goodrich detector, also the LID and T44 

produced igloos during sever icing events. Figure 48 shows a severe ice event where all of the 

detectors are hidden in igloos. At the time the photo is taken the Goodrich detector indicates 0 

mm of ice and the LID a 16 % amplitude decrease (which is on the same level as fog). So 

instead of heating them self free from the ice their sensors sit inside the igloo hidden from the 

wind, believing that they are ice free. It should be noted that even if the igloos were to be 

removed the ice on the surrounding structures and the fact that the detectors are mounted so 

closely would still cause blockage and disturbances of the incoming wind. 

The IceMonitor also behaves odd during these three months. After one of the heavier ice 

events it starts to indicate strangely high values, suggesting a shift to a higher offset has taken 

place. Figure 49 shows an apparently ice free IceMonitor indication approximately 2 kg of 

ice. 
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Figure 48. A photo taken from the Granliden met mast camera, showing a severe ice event where all the 

detectors are hidden in igloos.   

 

Figure 49. A photo taken from the met mast at Granliden showing the IceMonitor (with the red arrow pointing 

on it) during a period where it indicates an ice load of approximately 2 kg. 
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Table 18. A cross schedule over intersections with data set A and B. The percentage of the intersection that is in 

set B is showed in parentheses. The          data sets come from Granliden during the detectors concurrent 

measurement period between 20
th

 of December 2011 to the 23
th

 of April 2013. 

    
(      [%]) 

B 

A Goodrich LID IceMonitor 

Goodrich 
11304 

(100 %) 

7969  

(54.3 %) 

3917 

(26.8 %) 

LID 
7969  

(70.5 %) 
14674  

(100 %) 

5573 

(38.1 %) 

IceMonitor 
3917 

(34.7 %) 

5573 

(38.0 %) 
14626 

(100 %) 

Concurrent ts 70035    

Ts in multi-intersection                                   

Multi-intersection/ B 

[%] 
23.4 % 18.0 % 18.1 % 

Table 19 shows the intersections between the three T41, mounted on turbine C11, A11 and 

D06 at Stor-Rotliden. The multi-intersection’s share of the different sets varies between 39 to 

66 %. Compared to the result at Granliden this is better. However, it is should be noted that 

this is a comparison between detectors of the same brand while the detectors at Granliden all 

where different. However, the detectors at Granliden had the advantage to be mounted on the 

same met mast boom, while the nacelle mounted T41’s are separated with as much as 4 km.  

Table 19. A cross schedule over intersections with data set A and B. The percentage of the intersection that is in 

set B is showed in parentheses. The          data sets come from Stor-Rotliden during the detectors concurrent  

measurement period between 1
st
 of November 2011 to the 8

th
 of August 2012. 

    
(      [%]) 

B 

A T41 (C11) T41 (A11) T41 (D06) 

T41 (C11) 
7643 

(100 %) 

3805 

(84.8 %) 

4498 

(86.2 %) 

T41 (A11) 
3805 

(49.8 %) 
4485 

(100 %) 

3135 

(60.0 %) 

T41 (D06) 
4498 

(58.9 %) 

3135 

(69.9 %) 
5221 

(100 %) 

Concurrent ts 41378    

Ts in multi-

intersection 
                               2957 

Multi-intersection/ B 

[%] 
38.7 % 65.9 % 56.6 % 
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7.4.3 Ice event periods 

Since the metrological icing period is a part of the instrumental icing period the intersection 

between them should ideally be one where all           are 100 % matched with the       . To 

see how well the metrological icing period detectors matched the instrumental ones at 

Granliden, all timestamps that reach above the ice indication threshold and below the 

temperature threshold during their concurrent measurement time periods were collected and 

matched in Table 20. The analysis is thus based on the same concurrent measurement period 

as Table 18. The reason for the bigger number of Goodrich LID and IceMonitor data sets in 

Table 20 are thus because the sets include all ice indication timestamps that are collected at 

temperatures below the         and not only the          .  

Comparing Table 18 and Table 20 the match gets better when all       are taken into account. 

Since the match between instrumental icing periods in sections 7.4.1 also proved to be better 

than the meteorological icing periods, it seems like it is harder to find a match between the 

detectors metrological icing events than their instrumental. One explanation could be the 

detector’s different sensitivity to growth. The Goodrich and LID detectors are both very 

sensitive to ice growth while the IceMonitor need some time to accrete more ice to be 

considered iced. Comparing 10 minute timestamps might be a too fine resolution to get a 

match. 

Table 20. A cross schedule over intersections with data set A and B. The percentage of the intersection that is in 

set B is showed in parentheses. The data sets come from Granliden during the detectors concurrent measurement 

period between 20
th

 of December 2011 to the 23
th

 of April 2013. 

    
(      [%]) 

B 

A Goodrich LID IceMonitor 
     

    
 

Goodrich 
17717 

(100 %) 

14915 

(53.0 %) 

11975 

(46.1 %) 

14258 

(51.5 %) 

LID 
14915 

(84.2 %) 
28140 

(100 %) 

19886 

(76.6 %) 

21898 

(79.0 %) 

IceMonitor 
11975 

(67.6 %) 

19886 

(70.7 %) 
25979 

(100 %) 

23895 

(86.3 %) 

Thies/NRG  
14258 

(80.5 %)  

21898  

(77.8 %) 

23895 

(92.0 %) 
27705 

(100 %) 

Concurrent ts 70035    

Ts in multi-

intersection 
                         

     

    
         

Multi-intersection/ B 

[%] 
58.2 % 36.6 % 39.7 % 37.2 % 
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7.4.4 Production loss periods 

Timestamps with production losses bigger than 10 % on the C11 wind turbine at Stor-

Rotliden are matched with          from the nacelle mounted T41 detector and       from the 

IGUS system. The result from their concurrent measurement period, from the 15th of 

November 2011 to the 4th of April 2012, is showed in Table 21. 

It should be noted that the production data comes as hourly averages. To be able to match 

with the ten minute timestamps from the IGUS and T41, each production loss timestamp has 

been divided into six ten minute timestamps with the same value as the hourly timestamp.  

Table 21. A cross schedule over intersections with data set A and B. The percentage of the intersection that is in 

set B is showed in parentheses. The data sets comes from Stor-Rotliden’s wind turbine C11, during the detectors 

concurrent measurement period between 15
th

 of November 2011 to the 4
th

 of April 2012. 

    
(      [%]) 

B 

A IGUS (C11) T41 (C11) Prod. loss (C11)  

IGUS (C11) 
6300 

(100 %) 

3337 

(46.4%) 

3457 

(56.1 %) 

T41 (C11) 
3337 

(53.0 %) 
7192 

(100 %) 

3376 

(54.8 %) 

Prod. loss (C11) 
3457 

(54.9 %) 

3376 

(47.0 %) 
6162 

(100 %) 

Concurrent ts 21679    

Ts in multi-

intersection 
                                     

Multi-intersection/ B 

[%] 
41.0 % 27.1 % 31.7 % 

Figure 50 illustrates the intersection between the IGUS      , T41          and the C11 

turbine’s            . Ideally the metrological icing period should be incorporated completely 

in the instrumental icing period and the production loss period should be completely 

incorporated in both the metrological and instrumental icing periods.   As Table 21 and the 

venn diagram show the intersection only constitute a small share of each set, in the range 27-

41 %.  

The reason for the small share in Figure 50 could be interpreted as the detectors inability to 

find the metrological and instrumental time periods.  However, many other factors could 

affect the result as well. The production loss method described in section 2.4 contains a lot of 

uncertainty and could be improved. Comparing 10 min data with 60 min data also adds to the 

uncertainty.  
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Figure 50. Venn diagram over the detectors’      ,          and             for  turbine C11 at Stor-Rotliden. 

The intersection IGUS    T41   production loss contains 2290 samples. 

The three graphs in Figure 51 show how the IGUS      , T41           and C11’s             

are temperature, wind speed and wind direction distributed. Even though the detectors did not 

manage to find the             to any greater extent they seem to capture the wind speed, 

temperature and wind direction distribution patterns quite well. 

It is interesting to note how the number of             decline in comparison to the 

        and       for higher wind speeds in the wind speed distribution graph. Above 11 m/s 

the number of             are consistently fewer than the         and      . This is also the 

wind speed where the wind turbine reaches its rated power according to the manufactures 

power curve. A possible explanation could be that since a raise in wind speed above the rated 

wind speed did not result in a raise in power instead the excess energy in the wind was used to 

mitigate the aerodynamical losses due to ice.    

The results from matching          from the T41 detectors on the C11, A11 and D06 turbines 

with             from their corresponding turbines are showed in Table 22. It could be seen 

that for each turbine the number of          and             were of the same magnitude but 

the intersection’s shares of each set were very low. This could be due to the fact that 

comparing ten minutes timestamp might be a too high time resolution. 
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Figure 51. The temperature [°C], wind speed [m/s] and wind direction [degrees] distributions of      ,          

and             for the detectors on wind turbine C11 at Stor-Rotliden including all logged temperature, wind 

speed and wind direction samples during the measurement period. 
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Table 22. A cross schedule over intersections with data set A and B. The percentage of the intersection that is in 

set B is showed in parentheses. The data sets come from Stor-Rotliden’s wind turbines C11, A11 and D06 during 

the concurrent measurement period between 1
th

 of November 2011 to the 14
th

 of August 2012. 

    
(      [%]) 

B 

A T41  Prod. loss   

C
1

1
 T41  

6528 

(100 %) 

3509 

(45.9 %) 

Prod. loss  
3509 

(53.8 %) 
7643 

(100 %) 

A
1

1
 T41  

4485 

(100 %) 

1610 

(40.2 %) 

Prod. loss  
1610 

(35.9 %) 
4008 

(100 %) 

 

D
0

6
 

 

T41  
5221 

(100 %) 

1828 

(34.0 %) 

Prod. loss 
1828 

(35.0 %) 
5376 

(100 %) 

Concurrent ts 41378 
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8. CONCLUSIONS 

8.1 Detector performance analysis  

The detectors ability to detect instrumental icing, metrological icing and production loss 

periods were evaluated with the four performance parameters: trigger levels, limitations, 

reliability and accuracy (defined in section 5.2).   

8.1.1 Trigger levels 

The performance analysis showed that good definitions of what was meant with ice or ice 

growth on a detector were crucial to be able to compare the detectors performance justly. The 

trigger levels       ,         and        together with     where the basis parameters in 

finding      ,          and            . 

The        could be found fairly easy for all of the detectors, since the warm data could be 

used as a reference for how the detector behaved without ice.  

The Goodrich, LID, T44 and TVN system        were all chosen close to their zero level 

since their fluctuations around zero during warm periods where small. Thus they could all 

detect ice at an early stage.   

The IceMonitor data fluctuated a lot during warm periods. Its        therefore had to be 

chosen a lot higher. In the best case the IceMonitor’s        was 35 and 140 times higher than 

the Goodrich and T44’s        respectively.  

IGUS also had some fluctuations during warm period leading to a higher       . 

The         was a lot harder to define for the detectors since there was no reference to 

compare with. The choice also had great influence on the number of          which made it 

even more important to choose it carefully. Consistently the         was chosen as low as 

possible. Again the IceMonitors lack of sensitivity in combination with a lot of fluctuations 

made it the detector with the greatest uncertainty in its        .   

The        was crucial to filter out erroneous indications due to fog for the LID and T44/T41.  

8.1.2 Limitations 

The biggest limitation for the Goodrich, LID and T44/T41 ice detectors, with heating systems, 

were the severe ice events that covered them and the surrounding structures in ice layers so 

thick that their heating systems could not keep up removing the ice. This sometimes created 

igloos that completely hindered wind and ice from reaching the sensors. Thus, the detectors 

experienced a kind of saturation that could only be detected on camera.  
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The LID and T44/T41 heating systems also experienced saturation events where their heating 

systems were on during longer time periods, unable to keep themselves ice free, but no igloos 

were created. These events were considered a limitation but less of a problem than the 

undetectable igloo saturation events. Even if the systems failed to clear the detectors from ice, 

the heating data still showed that ice was present and that detectors saturated, which were 

valuable information. 

Looking at the pictures from Granliden it could be seen that even during less sever ice events 

the detectors blocked each other’s free incoming wind because of the close spacing and ice on 

surrounding structures. It would be interesting to test if it is possible to mitigate functional 

issues during sever icings by mounting the detectors on a heated boom, far from other 

equipment. It would also be interesting to test the detectors in a less harsh icing climate to get 

a better understanding on how they perform in conditions they can handle. 

8.1.3 Reliability  

The T41/T44 was the detector that had the worst reliability issues. The heating system could 

turn on without explanation in the middle of the summer, be on for a month, and then get back 

to normal. Of the six T41 installed on the nacelles at six wind turbines at Stor-Rotliden, none 

where fully working in the end of the measurement period. The T44 at Granliden also broke 

down in the end of the measurement. 

The three IceMoniors in the study also suffered from a low life time. The Fäboberget and 

Blakliden copies both broke down during the measurement period. The third IceMonitor at 

Granliden did not break but had a shift in offset.    

All of the detector brands, which could be checked with camera, showed to be unreliable 

during severe icing events. However, both the Goodrich and the LID where only hindered by 

the ice, not broken.  

The IGUS system, with its sensing elements on the wind turbine blades, did not directly show 

any functional failures. However, it was the only detector which behavior was not compared 

with camera photos. How the sensor manages the most sever icing events is thus something 

for future research to investigate.  

8.1.4 Accuracy 

The amount of concurrent      ,          and             from the detectors and wind turbines 

was used as a measure of accuracy of their results. Looking at the number of shared 

indications between the detectors and wind turbines, it could be concluded that it was possible 

to find the instrumental icing period but hard to find the meteorological icing and production 

loss periods with any precision.  

The instrumental icing period was easiest to detect due to several reasons. Firstly, 

instrumental icing usually occurred during longer coherent time periods which made them 
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harder to miss and thus less sensitive to the detector’s trigger levels and response time. A 

second important factor was that the methods for picking out       were more straight forward 

than the methods for finding          and            . It only required the detectors ice 

threshold, which could be determined with good precision. Thirdly the TVN system and 

IceMonitor was largely unaffected by the severe icing events that so often hindered the 

detectors from finding metrological icing.   

Metrological icing periods were hard to find due to several environmental and technical 

aspects. The temporal extension of ice growth periods was usually short and occurred 

intermittently during an ice event. As the Makkonen ice model describe, the detector’s form, 

surface material and temperature influence the icing rate. Thus differently designed and 

heated detectors can experience different icing rates under the same metrological conditions. 

This leads to the question if comparing 10 min timestamp was a good approach to verify the 

occurrence of ice growth events. A larger time span might have given a better indication 

weather ice growth had occurred or not. This would at least have mitigated the fact that the 

detectors sometimes found the same ice growth event with time shifts in comparison to each 

other. Moreover, the designed method to find          required knowledge on ambient 

temperature,       , the detector’s        and         and if the heating system was on, all of 

which included uncertainties or approximations. The main reason for the few concurrent 

         between the detectors was however that none of the detectors managed to handle 

severe icing.  

The reason for the small overlap between and the IGUS      , T41          and the C11 

turbine’s             is also a several factor issue. Firstly it should be noted that instrumental 

icing, metrological icing and production loss period does not always overlap. A wind turbine 

can experience ice on its blades without loss of production. If the discussed uncertainties in 

measuring instrumental and metrological icing periods above is taken into account together 

with the uncertainties in the production loss method described in  ”Development of a model 

for estimation of wind farm production losses due to icing” (Hellström, 2013) the poor 

overlap might not be so surprising.       

With data sets that included so many errors and uncertainties it could be discussed if 

comparing timestamps is a good method for verifying ice growth and production loss.  

The presumption that a combination of several detectors would solve the reliability issues the 

detectors had by them self only proved correct during light icings since all of the detectors 

showed erroneous results during the most severe icings. Comparing camera photos and 

detector output it could be seen that sometimes all detectors showed similar but erroneous 

results.  

8.2 Production loss and site assessment 

The T41 and IGUS did not manage to capture the time periods the wind turbine experienced 

production loss due to ice in any greater extent. The IGUS’s        and the T41’s           
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were only concurrent with 56 % and 55 % of the              from turbine C11 respectively.  If 

the detectors’         were to be used as warning signals for when the turbine might 

experience production losses due to ice, it would lead to a lot of false alarms.  

The T41’s         were only concurrent with 34-46 % of the             on turbine C11, A11 

and D06. The number of          and             were however in the same magnitude for 

each turbine. So even if the detectors did not manage to give concurrent indications with 

            they gave a very good approximation on the total amount of time the turbines were 

producing less than expected. Since this study only analyzed three turbines on one site it 

should be noted that more and longer studies have to be preformed to say something general. 

If, however, the number of          could be correlated to the number of              the 

detector could be used for site assessment to give an indication on how many hours of 

production loss a wind farm might experience. 

The T44, Goodrich, LID, and IceMonitor that measured metrological icing and were installed 

at Granliden could not be directly compared with the Stor-Rotliden wind farm production 

losses due to the distance. However by comparing their relation to the T44 it might be 

possible to say something of their ability to be used for site assessment, since we know how 

the T41 behave in relations to the turbines. Unfortunately theT44’s         only constitute 79 

%, 74 % and 66 % of the Goodrich, LID, and IceMonitor’s         respectively, which 

makes it hard to draw any conclusions on how their result would translate to the turbine data. 

To say something general about the icing climate the Goodrich and LID proved to be the most 

reliable detectors for meteorological icing. All of the detectors had problems handling severe 

ice events but the Goodrich and LID were the only ones that did not break down completely. 

For detecting the instrumental icing period both the IceMonitor and TVN system proved very 

capable. It is interesting to note that the TVN system, which was mounted in the met mast for 

wind resource assessment, just as well as the Ice Monitor could detect the instrumental icing 

period. This could save money in a site assessment measurement campaign since that means 

the same instruments that deliver wind data also could give information about ice.  
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9. FUTURE RESEACH AND RECOMMENDATIONS 

A lot of research remains to be done on how to detect ice and how different ice affects the 

wind turbine performance.  

With the low concurrent indications between ice detectors and production loss, it is not 

advisable to use any of the detectors in this study for controlling of wind turbines.   

For site assessment the detectors could be used to give a general idea of the icing climate. But 

further research needs to focus on developing detectors that better can withstand extreme 

icing climate conditions.  

The complexity of how ice on the blades affects the performance of a wind turbine needs to 

be studied in more detail to find the parameter that influences the production losses the most. 

Is it the type of ice, the amount of ice or where it is placed that matters? Is it the 

meteorological icing period, the instrumental icing period, the length of the ice event or the 

number of ice events that has the biggest influence on the production losses? Depending on 

the answer ice detectors focusing on measuring the important parameters can be developed.   
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