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Abstract. Icing on structures is an important issue for wind energy developments in many regions of the
world. Unfortunately, information about icing conditions is mostly rare due to a lack of measurements. Ad-
ditionally, there is not much known about the operation of wind turbines in icing conditions. It is the aim of
the current study to investigate thfeet of icing on power production and to evaluate the potential of icing
forecasts to help optimizing wind turbine operation.

A test site with two Enercon E-82 turbines was set up in the Jura region in Switzerland in order to study the
turbines’ behaviour in icing conditions. Icing forecasts were performed by using an accretion model driven by
results of the mesoscale weather forecast model WRF.

The icing frequency at the test site is determined from pictures of a camera looking at the measuremerit sensors
on the nacelle. The results show that the siteflisced by frequent icing: 11.5 dayear of meteorologiceil

icing and 41.5 daygear of instrumental icing were observed corresponding to a factor of about four. The
comparison of power production with and without blade heating shows that blade heating results in a 3.5%
loss and operation without blade heating results in a 10 % loss of the annual power production due to icing.
Icing forecasts are performed for winter 202@10. Simulated and observed icing events agree well and also
coincide with periods of power drop. Thus, the results suggest that icing forecasts can help to optimize the
operation of wind parks in icing conditions.

1 Introduction France, Austria, Canada and Switzerland. They found signif

icant diferences in power loss depending on the icing cont

Icing on structures féects wind energy developments in ditions as well as on the operation of the wind farms (heate

many regions of the world. Icing causes loss of power pro-or non-heated, stop in case of icing or continued operation).

duction (Jasinski et al., 1998; Wang et al., 2007), risk of ice Several studies show that thffezt of icing on wind turbine
throw (Seifert et al., 2003), turbine fatigue due to additional operation not just depends on the kind of icing (Hochart e

loads and possible imbalances (Frohboese and Anders, 200@)., 2008) but also on the turbine itself (Jasinski et al., 1998;;

and increased noise. Knowing the icingeets helps during Homola et al., 2010). The equipment of the turbine with an
the planning phase of a wind energy development as well agnti- or de-icing system is of major importance. Anti-icing
during operation. Still, the knowledge of icing risk is limited methods aim at preventing ice accretion (e.g. hydrophobi
for most regions in the world since operational icing mea- coating) while de-icing methods aim affectively remov-
surements are rare. Additionally, there is not much knowning accreted ice (e.g. heating). The most tested and reliab
about wind turbine operation in icing conditions. way to prevent icing #ects is active heating of blades (Par-
The knowledge about the operation of real wind farms in€nt and llinca, 2011). The method of detecting icing on the
icing conditions is little. Westerhellweg anddvinich (2010)  blades &ects the iciency of the de-icing system (Homola
compared the operation of wind farms in icing conditions in €t al., 2006; Parent and llinca, 2011). An anti-icing method

to prevent or reduce icing on blades is icephobic coating
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Figure 1. Map of icing frequency [daygear] in Switzerland in
100 m height. The position of St. Brais is marked by a white circle.

The current study aims at investigating thffeet of a Figure 2. Measurement instruments on the turbine at St. Brais: a
blade heating system for an Enercon E-82 turbine installeccamera looking at the blad¢s), a temperature and humidity sen-
in Switzerland. A Swiss project was setup with the overall SOF(2), a nacelle anemomet¢8) and a camera looking at the sen-
goal to study wind turbines in operation in icing conditions. S°"S(4)
The investigations are performed at the test site St. Brais in
the Swiss Jura, where two Enercon E-82 turbines were in-
stalled in September 2009. Studies focus on icing frequency Test site St. Brais
and intensity at St. Braisfléciency and reliability of the ro-
tor blade heating system and production losses due to icing he test site St. Brais is situated in the complex terrain of the
with and without blade heating. First results are presented irBwiss Jura, in the northern part of Switzerland (Fig. 1). It
this paper. is a region of frequent icing. According to the icing map of

Icing on blades can cause sudden decreases of power pr&witzerland (Dierer et al., 2010) a meteorological icing fre-
duction, so-called ramps, that migftect grid stability. Be-  quency of around 14-16 days per year is expected at 100 m
ing able to predict icing events would be valuable for the height (Fig. 1).
operation of power lines, cable cars or measurement stations The test site St. Brais consists of two Enercon E-82 wind
in icing conditions and would also help to optimize wind en- turbines with a hub height of 78 m. The turbines are equipped
ergy operation by allowing to predict downtimes due to ic- with an ice detection system (based on the comparison of
ing. Still, icing on structures is flicult to predict and, thus, it  the current power output to the turbine specific power curve)
needs to be clarified if the quality of forecasts is good enoughand a rotor blade heating system for de-icing. The nacelle
to be applied for operation planning. Weather forecast mod4is equipped with sensors measuring wind, temperature and
els made a strong development in the recent years allowrelative humidity (Fig. 2, additional sensors measuring radi-
ing increased resolution due to grown computing resourcegtion and icing are installed in March 2010). Two webcams
and using improved cloud microphysics parameterizationsare monitoring the rotor blades and the nacelle anemometer
In the current study, icing forecasts are calculated based o(Fig. 2). The camera pictures are used for a manual classifi-
results of the weather research and forecasting model WRIgation of icing conditions.
(Skamrock et al., 2008) driving an accretion model (Makko-
nen, 2000). Icing simulations show a time dependent, three3
dimensional picture of icing conditions. Icing forecasts for
the turbines at St. Brais are compared to observed ice covefging on structures takes place iffférent stages: during the
The results for winter 2002010 are presented. period of meteorological icing, meteorological conditions fa-

The test site St. Brais is described in Sect. 2. The turbinQ/or ice formation, but the surface of the structure m|ght pre-
operation with and without blade heating system during win-yent ice growth (e.g. surface too warm). The instrumental
ter 20092010 is described in Sect. 3. In Sect. 4 the forecastycing describes the period when the measurement instrument
ing system and the comparison of forecasted and observegy the wind turbine is fiected by icing. This means that ice
icing for winter 20092010 are described. Results are sum- accretion exists at the instrument or wind turbine and dis-
marized in Sect. 5. turbs its operation. A sketch of thefilirent stages is shown

in Fig. 3.

Wind turbine operation in icing conditions
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Figure 4. Periods of meteorological (first row) and instrumental
icing, downtimes due to blade heating and downtimes without blad
heating at St. Brais during winter 202910.

Figure 3. Sketch of periods with meteorological and instrumental
icing.

1%

The frequency of icing was investigated based on the pic-
tures of the nacelle camera looking at the measurement sed Forecasts of icing
sors (Fig. 2). Twelve icing events occurred during Novem-
ber 2009 and March 2010 with a total length of 11.5days!cing forecasts are a possible tool to optimize the operatio
of meteorological icing. The longest event of meteorolog- ©f wind turbines under icing conditions. They could help to
ical icing lasted 2.6 days. The period of instrumental icing improve power forecasts by considering downtimes due tp
had a total length of 41.5 days, with the longest period last{¢ing. Icing forecasts based on numerical weather predig
ing about 10 days. Thus, the ratio between instrumental anion models have been out of reach before increased compuyt-
meteorological icing is about four at the investigated site. ~ INg power allowed high model resolutions and microphysi;

Both E-82 wind turbines are equipped with blade heat-Cal sphemes galneq precision. It is just until recentl)_/ that th_
ing. The turbines are stopped if ice is detected. The blade®€cision of numerical weather models allows testing theif
are heated for 3h and the turbine is restarted automatically2Pility in this field. S _
Two operation modes, with and without blade heating, are N the current study, icing simulations are based on rer
compared. If no blade heating is applied, the turbine isSults of the weather research and forecasting (WRF) mod
stopped when a power drop indicates the existence of icingOUPled to an icing algorithm (Makkonen, 2000). WREF is
and the turbine is restarted automatically if the temperaturé® State-of-the-art non-hydrostatic numerical model for high
was above 2C for six hours. The power loss with and with- _resolutlon weather forecasts (Skamarock et al., 2008). |t
out blade heating is compared. is developed for research purposes as well as for_ operg-

Being operated with blade heating the downtime reducedional weather forecasts. Three nested model domains with
to the periods of meteorological icing (Fig. 4). The produc- 91d sizes of 12km, 4km and 1.3km are used. Initial ang
tion loss due to downtimes was 3 % of the annual power prooundary conditions are derived from GFSUdrecast data.
duction. Additionally, the power consumption for the heat- 1 n€ forecast length is 60 h and icing forecasts are calculated
ing of the blades corresponded to about 0.5 % of the annug" the forecast horizon between 12 and 36 h. The simulg
power production resulting in a total loss of 3.5 % due to ic- 1onS for the current study are performed with WRF ARW
ing. If the turbine would have been operated without bladeVersion 3.1. Turbulence is calculated with the Mellor Ya-
heating the downtime would be prolongated to 56 days dur-Mada scheme and the surface layer is parameterized usmx !
ing winter 20092010. The downtime corresponds to a loss of Monin-Obukov scheme. The land surface is calculated wit
10 % of the annual power production, thus, a loss of 6.5 % oftn€ unified Noah land surface scheme. No cumulus conveg
the annual power production compared to using blade heatlon parameterization is applied. Cloud microphysics is pay

ing. The factor of the length of the downtime without and rameterized by a sophisticated cloud microphysics scheme
with blade heating is 4.8. by Thompson et al. (2004, 2008) allowing a good descrip

This result is checked during a test period in January 201¢ion of humidity, liquid and frozen water components. The
when the blade heating was turnefl @t one of the turbines. scheme includes a two moment (mass and number concentfa-

During the month-long test period the turbine without blade i) description for cloud ice and rain, which is considered
heating lost about 2.5 % of the annual power production com0 P& important for the prediction of supercooled water in the
pared to the turbine using blade heating. This values is matmosphgrg. Radiation is simulated using the RRTM Ilon.g-
the range of the average energy loss of 1.6 % per month that/ave radiation scheme and the Dudhia shortwave radiatio

was estimated based on calculated downtimes. In Summargcheme.
the results show that blade heating significantly increases the

power production in regions that are frequentfieated by

icing.
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droplet flow around a cylinder (taken from Makkonen, 2000). ol ' i Ll b
12/09 01/10 02/10 03/10

time [month/year]

An accretion model (Makkonen, 2000) is used to describe 1 : : ;
the ice accretion on a freely rotating cylindrical structure by rﬂ
in-cloud icing. Beside cloud droplets also freezing drizzle
is taken into consideration. Freezing drizzle is not very fre-
quent, but it gives a strong contribution to the ice load if it
occurs. The ice load accumulating on a cylindrical structure 5 g} J
is simulated by using information about temperature, liquid 4
water content (LWC) and wind speed, taken from the weather:
model WRF, as well as the volume number concentration
of droplets. The latter is used to calculate the median vol-
ume droplet size (MVD) and needs to be estimated based or | |

08f ! |

alues
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measurements or climatological values. The accretion model |

calculates the liquid water mass flux that hits the cylindrical , ” | J
structure and the part of liquid water that contributes to icing O Eos 01410 02;10 0510
(Fig. 5) described by several déeients: time [month/year]

— Collision dficiency: ratio of droplets that actually hits
the object. Reduced because small particles are trans=igure 6. Time series of ice cover at the nacelle based on camera

ported around the obstacle due to their small inertia.  pictures (grey shading), simulated ice load at 1.3 km (upper panel)

. ) ] ) . . and 4 km respectively (lower panel) grid size (red line) arftedi
— Sticking eficiency: ratio of droplets that hit the object gnce petween theoretical and real power production (green line).

thatis collected, reduced because some particles bouncene grey shading indicates five ice load classes derived from sub-
off from the surface. jective classification based on pictures of the nacelle camera. The

) . higher the column, the higher the ice load.
— Accretion dficiency: part of collected droplets that con-

tributes to the rate of icing, reduced if the heat flux is too

small to cause dficient freezing. was significant enough to cause a power drop. The relation

Icing forecasts are calculated for the period from Novem-between accreted ice mass and power drop strongly depends
ber 2009 to March 2010 and compared to the icing derivedon the turbine and the way of operation and needs further
from the nacelle camera. Five categories of icing intensityinvestigation.
are introduced and the hourly pictures are classified accord- The comparison of observed and simulated ice load shows
ingly. The result is shown as grey shading in Fig. 6 togethera good agreement. All bigger icing events are captured by the
with the simulated ice load (shown in red). Additionally, the model. There is just one icing event simulated by the model
difference between the real and the theoretical power producvhen just weak icing happened in reality. The simulated start
tion calculated from wind measurements and power curveof the icing periods agrees very well with the observed one.
is given in green. If the theoretical power production gets The simulation slightly overestimates the length of the ic-
higher than the real one, it is an indicator for a power droping periods. The reason is that melting occurs in the model
due to icing. The comparison of observed icing periods andust due to positive heat fluxes. Radiation is not considered
periods with reduced power production shows a very goodand wind éfects are considered in a basic way. Thus, im-
agreement. During all icing periods, the influence of icing portant mechanisms for reducing the ice cover are missing.
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Additionally, the icing algorithm assumes a cylindrical struc- Further work is needed to improve the consideration of wing
ture of the ice cover which seldom occurs in reality and, thus,and radiation ffects. The results suggest that icing forecasts
e.g. wind dfects are underestimated. The simulated ice massire a suitable tool to optimize the operation of wind parks
could not be evaluated due to missing quantitative observain icing conditions. The next step will be a combination of
tion data regarding ice mass. In summary, the occurrencécing and power forecasts.
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