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Abstract

A new integrated wind power forecasting system has been developed in the frame of the EU project ANEMOS. The
system manages Numerical Weather Predictions (NWP) from different sources and alternatofettstate Wind

Power Prediction (WPP) modelsopucing an optimised forecast for each individual wind farm or clusters of wind
farms. Forecast horizons can range from a few hours to a few days ahe&atetastingsystem has been tested on

line in wind farms covering different environments in selveoantries in Europe. In this work the results of the first

year of operational experience are presented. The paper focuses on the operational challenges and on benefits of the
integrated multimodel approach versus forecasting by a single predictionlmode

i estimation as well as fom number of additional
1. Introduction functionalities. Currently, the ANEMOS System is
installed for online operation in several European
countries (Greece, Spain, France, Germany, Eire,
The European project ANEMOSL][ has developed  Denmark and United Kingdom), as well as outside
wide research on several topics related to wind power Europe.
forecasting such as physical and statistical modelling,
uncertainty estimation, upscajirand others. At a very  Despite the extensive li@ture in wind power
first stage of the project it was recognized by both-end forecasting, no detailed results are found for the
users and modellers the necessity for an exhaustiveperformance of prediction models at operational
survey of the existing wind power forecasting conditions. Usually results are produced using
technology both in terms of modelling approaches and historical data in an offine (“laboratory”) mode. In
also in terms of perforamces. The resulting state of the such exercises the available datare usually filtered
art on shorterm wind power forecasting was described for erroneousvaluesand separated into learning and
in [5]. testing sets for an objective evaluatidhe installation
of the ANEMOS System at different emders in
In the course of the same project, a comparison of Europe has provided a wealth of data for evaluation. A
several statef-the-art prediction models, described in first conclusion othis experience is thahe evaluation
[3] has been carried out in an <{ifie prediction under operational conditiorlsecomes more complex
exercise $]. This exercise has been designed to cover than the case offf-line conditions In this latestthe
different wind farms and also different modelling conditions for obtaining thpredictionresults are ideal
approaches (pfsical, statistical, combined). The test
cases defined included complex terrain and relatively However operationally challenges concern the
flat areas to take into account the effects of the robustness of the prediction software @hd models
topography; distance to the shore, different altitudes and especially as a function tfie quality of data,
and climatic conditionsThis was the first comparison  which is very often an issue. l.elata feed to the
of wind power prediction models that has been made atforecasting systenmay be interrupt dueto a data
European level. The results were valuable information acquisition (SCADA) or data transmissioproblems
for the potential users of the prediction models about The same can be for NWPs. In some situations,
the typical ranges of error level, and the relation of the SCADA may be received with a delay. Thisr&her
accuracy with the wind farm chatadstics. It was the rulewith NWPs, which have a delivery dgl#hat
shown that the accuracy of the wind speed and wind can be of several hours. In practice, operationally, the
power forecasts highly depends on the features of theNWPs for the first 4 hours are never used. In fact the
targeted wind farm as well as on the prediction model. time of arrival of the NWPs is a random variable. In
off-line evaluations in the literature such delivery
A major deliverable of the project has been the delayshave been neveonsidered.
ANEMOS Wind Power Forecastin System, which
aims to cover a wide range of enser requirements.  This paper presents a subset of the results obtained
The System is modular and integrates several-efate  operationally in ANEMOS project including the
the-art models appropriate for single wind power earliest operationally integrated models within the
forecasting or for regional forecasting, for uncertainty System. For the sake of conciseness and
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confidentiality, only results frona fewwind farms in
SpainandFranceare presented here.

- ALAIZ wind farm (Spain) is located 15km 8th of
Pamplona in the Navarra region in a very complex
terrain 910m — 1120m Above Sea Level (ASL). Alaiz

The online performances of the wind power models is a large wind farm with a rated capacity of 33.09 MW
presented in this paper can be used as reference foend composed by 49 GAMESA G47/660 wind turbines
evaluating other models. It is of interest the comparison and one NEGMICON LW50/750 turbine.

between the offine results presented irb] and those
in this paper.

The paper is organised as follovgection 2 describes
the selected wind farms. The ANEMOSystem is
described in Section 3. Section 4 gives

the
methodology that the authors followed for evaluating heterogemous

- SOTAVENTO wind farm (Spain) is located in the
Galicia region in nortiwestern Spain at 592 AGL at
approximately 40km from the Atlantic Ocean in a
semicomplex terrain. Sotavento is an experimental
wind farm consisting of 24 wind turbines provided by
manufacturers: NERICON

the model performance. The results of the wind power \pm4g/750 NEGMICON NM52/900. ECOTECNIA
predictionmodels on theest cases are presented and 44/640 BbNUS 1300. GAMESA 647/66 BONUS
analysed in Section 5. Concluding remarks are given in pqik-1v 600 MADE AE46/660. MADE AE61/1320.

Section 6.

2. Selected vind farms

The rated capacity of Sotavento wind farm is 17.56
MW.

- OUPIA wind farm (France)is located in the
LanguedoeRoussillon region bordering the
Mediterranean in Southern France. Whereas the wind

This Section describes the wind farms selected for this farm is located at the top of a gentle hill at 273m ASL,

paper. As the objective of this ¢ine evaluation is to

the site can be considered as quite complex since the

give the performance of the prediction models under wind farm experiences strong orographic winds (called

typical wind farm locations, fiveest cases have been
selectedrepresenting avide range of terrain profiles
and climatic conditions as well as wind farm
configurations:

Alaiz (very complex terrain, northern Spain)
Sotavento (complex terrain, nontestern Spain)
Oupia (complex terrain, southern France)
Saint Simon (flaterrain, northern France)
Guerledan (flat terrain, western France)
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Figure 1: Wind farm locations for the Spanish
andFrench test cases

For each wind farm theaoughnas index RIX is

the Tramontane and Autan) that take a complex
structure in a marine environment. The wind farm
consists of 9 NEGMICON 52/900 wind turbines. The
rated capacity of the Oupia wind farm is 8.1 MW.

- GUERLEDAN wind farm (France) is a small wind
farm located in the Bitiany regionin Western France
in a low complex area at 290 m ASL. The wind farm
consists of 5 VESTAS 52/850 wind turbines. The rated
capacity of the Guerledan wind farm is 4.25 MW.

- SAINT SIMON wind farm (France) is located at the
region of Nord-Pas de Calais in a flat terrain at 89
ASL. The wind farm consists of 4 NEKICON
92/2750 wind turbines. The rated capacity of the Saint
Simon wind farm is 11 MW.

Test case Classification RIX (%)
Alaiz Highly complex 36.0
Sotavento Medium 23.5

complex
Oupia Medium 20.9
complex
Guerledan Low complex 3.8
Saint Simon Low complex 1.7

Table I: Geographical characteristics of the wind
farms selected as test cases.

estimated to denote the terrain complexity. This index 3. Description of the ANEMOS

is the ratio of the slopes greater than 30 % in a radius of
10 km surrounding the targeted wind farm. The terrain
interferometric

elevation data are extracted from
Synttetic Aperture Radar measurements at 30
resolutionand are available eime at 2]. The greater
theRIX is, the more complex the targeted site is.

Forecasting System

In the frameof the ANEMOS project, a professional,
flexible platform was developed for operating wind
power prediction models, laying the main focus on
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stateof-theart IT  techniques, inteplatform
operability, availability and safety of operation.
Currently, severaplugin prediction models from all
over Europe are able to work on this platform.

The following wind power predictiorand uncertainty
models have beenintegrated and run today
operationally inthe platform(parenthesis indicate the
developey[1], [3]:

1. AWPPS(ARMINES/Ecole des Mines)

2. Combination Module (Univ. Carlos Il of Mardid)
3. LocalPred (CENER)

4. NTUA model(NTUA/ICCS)

5. PC modelbaseline]ARMINES/Ecole des Mings
6. Prediktor(RISOE)

7. Previento (energy & Meteo Systems)

8. RAL model (CCRLC/RAL)

9. Sipreolico(Universiy Carlos Il of Mardid/REE)

10. Uncertainy module (ARMINES/Ecole des Mines)
11. WPPT ENFOR, IMM-DTU)

The above models cover a wide range of-eser
requirements such as shtetm predition (0-6 hours)

by statistical approaches, medium term poiah (0
48/72 hours) by statistical and physical approaches,
model combination, regional/national forecasting
through upscaling techniques, -time uncertainty
estimation, probabstic forecasts, risk assessment,
multiple numerical weather predictions as input and
others.

This paper considers onlgreliminary results froma
subset of 4models for mediurterm wind power
prediction. A complete analysis will be presented in
future publications.

A number of added value models are also incluided
the platform l.e., the ANEMOSAnalysis module that
permits to assess the models performances in term o
various statistical criteria (described in Sect)n

Static as well as dynamic information is managed by
the use of appropriate databases. Tplatform is
validated with different types of databases (i.e. mySQL
or Oracle) and also different operating systems (i.e.
Linux or Windows).Staticinformation includes among
others:
- the geographical infonation of the specific
wind farm (wind turbine locations, topographic
and roughness data);
the characteristics of the wind turbines;
description of the prediction models etc.

The dynamic or timeseries information consists of the
ortline recording of

the wind turbine availabilities;

thein-situ meteorological measurements;

the numerical weather predictions;

the predictdns and their historical values, etc.

Both static and dynamic information can be accessed
and visualised using adnced Graphical User
Interfaces. The flexibility of the platform permits
simple settings for single wind farm pretiton, up to
more complex ones corresponding to large wind power
capadties. It can run in a remote mode as a prediction
service or be instied to run as a staralone
application.

All interfaces, data formats and database structures are
well definedandwell documentedFor theprediction
models, different ways of data retrieval and sending are
available, starting with simple but astdardized file
exchange up to web service interfaces. Following this
approach, the integtion of different models was made
easy and effective for the modellers.

Also, for safe operation, an option for operation on
multiple servers was implemented. Byisttway, it is
possible to operate two or more servers at different
physical locations for the same prediction tasks, with
independent  power  suppliers and twark
infrastructures. These servers will eutically take
over the tasks of data retrieval, protian and delivery
from one another if any problem occurs at one place.
With this gproach, we achieved a close to 100%
availability of the prediction seice.

The advantages of this platform for emsers include
among others safe operation, high avadiigh easy
integration in own IT structures andcass to a variety
of forecasting models with only one starting
infrastructure investment and a single user interface.
simple overview of the ANEMOS Forecasting System
is depicted irFigure2.

- MODULE 2

Figure 2:
Software.

Generic configuration of the ANEMOS

4. Evaluated model configurations

The ANEMOS Forecasting System can support various
NWP and WPP models. In this paper, we preseat t
results for 3 NWP models combined with 4 WPP
models described below.

For the considered wind farms, the following NWP
forecasts were used as input for the power prediction
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models: Although in some test cases, the measurements are
ALADIN (Météo-France, France): recorded every 10 minutes, the NWP and WPP models
0.1° grid resolution over France. Therdcasts are  give the forecasts with an hoyrtesolution. In these
updated at 00, 06, 12 and 18 UTC with a maximal cases appropriate averaging of the SCADA data is
horizon ranging from 36 to 48 hours. used. The execution frequency of the models is model
SKIRON/ETA model (IASA, Greece): dependent: some modeB(, M1) are executed when
0.1° grid resolution over Southern Europe, domain the NWP forecasts are updated. The other mobits (
centred in Greece. The forecasts are updated every da3, COMBI) are executed when then-situ
at 12 UTC with a marnal horizon of 120 hours. measurements are updated (i.e. on an hourly basis). The
SKIRON/ETA model (CENER, Spain): maximal horizon of the models is also maedel
0.1° grid resolution over western Europe, domain dependent. All these features are summarised in Table
centred in Spain. The forecasts are updated every day-

at 12 UTC with a maximal horizon of 72 hours.
It is worth to mention that models may rimcally

The Wind Power Prediction (WPR)odelsconsidered where the ANEMOS platform is installed or remotely,

here are: throughlinternetconnection.
- The PC model is asimple model based on the Test case NWP WPP - (type of
conversion of NWP wind speed forecasts to power CPEQUIE)
using the theoretical power curve of the windbines. Alaiz Skiron_ Cener,
The PC model serves here as a reference orlinese Skiron_IASA
model .
Skiron_ Cener,
: - Sotavento | “gyiron |ASA
- The M1 model is an advancestatisticalmodel that - PC (local)
performs aMOS correction in a dynamic and iterative Aladin, M1 (local)
way, being able to detect and remaystematic errors. Oupia Skiron_ Cener, M2 (local)
It is specifically designed for compleerrain andis Skiron_IASA M3 (remote)
able tousethe complete grid of NWPaddition tothe Aladin, COMBI (local)
closest grid pit. Saint Simon| Skiron Cener,
Skiron_IASA
- The M2 model is based on a neural network Aladin,
approach. Guerledan | Skiron_ Cener,
Skiron_IASA

- The M3 model is a statisticalone based on auto
regressive techniques.

In addition, acombination module (name&dOMBI ) is
considered. This model is able to make a weighted o
line combination of the model forecasts minimizing the
forecast errorg].

Finally, the Persistence model is considered as

Table Il : NWP and WPP motleonfigurations under

evaluation.

5. Evaluation methodology

In the ANEMOS project, an evaluation protocol was

reference together with the PC model. Persistenceproposed 4] for standardising the wind power

considers the more recent wind poweeasurement as  prediction models evaluation procedure. This protocol

prediction for every horizon. proposes guidmes and defines several statistical
criteria for evaluating WPMPnodels. In this paper, we

. - have chosen three typical criteria to measure the
WPP BIAEr Drlve_rfor Tlmg f ﬂ inistic f Th -
Type f wevimel | eseitien performance o _eterm_lnlstlc orecasts. They are:
models execution | vizon | (hour) the normalised bias\BIAS)
pC Phys. NWP NWP 1 the normalised mean absolute erfdMAE)
the normalised root mean square erdRMSE)
M1 Stat. NWP NWP 1 The normalising factor is the nominal capacity of the
targeted wind farm.
M2 Stat. | SCADA NWP 1
In order to automatise the evaluation process, a
M3 Stat. | SCADA NwWP 1 dedicated module called ANEMOSAnalysis wa
developedThis module implements the various criteria
COmBI | Stat | WPP NWP 1 proposed in the abowmentioned evaluation protocol.
All the results given in this paper come from this
Table I: Features of the Wind Power Prediction module.

(WPP) models considered here.
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Figure 3: Schematic representation of the data flow
considered in this paper which starts with thedivery

of the NWP forecasts and SCADA recordesios, the
production of the WPPs, their combination and finally
the visualization and evaluation of the forecasts.
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6. The online performances

This Section presents representative results of the
evaluation of the operational modeldor the five
targeted wind farms: Alaiz, Sotavento, Oupia, Saint
Simon and Guerledanfrom September 2006 tMay
2007. Although this period is inferior to one year, it
includes the mnths with lower predictability.

In general inEuropeanclimateswind predictability is
higher in summer months. In this sentee presented
results are more pessimistic than if a whole year was
considered. However, the relatively limited length of
the evaluated saple of data explains part of the
variable performance per horizon.

6.1  ALAIZ wind farm (Spain)

For the Alaiz test casaye presentresults fromthe
prediction models using SKIRON NWPs as input. The
evaluated models are the two reference models
PoweCurve (PC) and Persistence (PS) and the three
advanced models indicated here as M1, M2 and M3.
The computed statistical criteria are the NBIAS,
NMAE and NRMSE.

Figure 4-a shows the NBIAS per forecast horizon. It
can be sen that while the simple PC model shows
strong diurnal fluctuations coming from SKIRON
forecasts, the other models reduce that fluctuation,
especially M1. This reduction of NWP error is one of
the main contributions of the statistical models.

Figure 4-b and -c show the NMAE and NRMSE
criteria.ModelsM1, M2 and M3 outperform the simple
PC model for horizons longer than 6 hours ahead,
being M1 and M2 the most competitive models for
those horizons. M2 outperforms Persistencetferfirst
forecasts horizons.

In this very complex site M1, M2 and M3 reduce
significantly the error of the simple PC model around
to 10%, making evident the improvement of advanced

prediction models vs a simple one. On the other hand,
in this case, M1 rad M2 give the best performance;
however, the models are competing closely and
depending on the horizon either of them may appear as
best.

Finally, the same test case wasgdered in the off
line evaluation of 11lmodels presented irb]. It is
noted that the actual dime results are better than the
off-line onespartially also due to the improvement of
the spatial resolution in the NWPs.
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Figure 4: (a) NBIAS (b) NMAE (c) NRMSE ALAIZ
from September 2006 to March 2007. The models are
initialised using SKIRON NWPs as input.
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6.2 SOTAVENTO wind farm (Spain) 6.4 GUERLEDAN wind farm (France)

For Soavento test case, we preseesults for two For Gueledan test case, we presaesults for four
models initialised by SKIRON from November 2006 to models initialised by SKIRON from October 2006 to
May 2007 (Figure5). The computed statistical criterion  March 2007 Figure 7-a) and two models initialised
is NMAE shown inFigure 5. It can be seen that the with ALADIN from June 2006 to March 200Figure
level of errors is lower thathatin Alaiz case Models 7-b) The computed statisal criterion is NMAE.
M1, M2 and M3 give a similar level of error for
horizons between 6 hours and 24 hours, while for Figure7 shows that for Guerledan wind farm the level
longer horizons M1, M2 and PC are more competitive. of errors is significantly lower than in the previous
M1 gives similar performance than Persistence for the cases, being the lower complexity of the terrain a
first 3 hours, while M2 is clearly better for horizons determining factorFigure 7-a shows a marked daily
between 3 and 6 hours. fluctuation of PC errors that is less significant in M1,
M2 and M3 due to the contribution of the advanced
models. For very short term horizons M2 and M3 give
the best performanceFigure 7-b shows that M1
outperforms Persistence and PC model for all forecasts
horizons.

Figure 5. NMAE at SOTAVENTO for WPP models
initialised by SKIRON from November to December
2006.

@
6.3  OUPIA wind farm (France)

For Oupia test case, we preseesultsfor four models
initialised by SKIRON from October 2006 ttanuary
2007 Figure 6). The computed statisat criterion is
NMAE.

The results show thahe model M1 gives the best
performance for horizons longer than 6 hours, while for
the shortest horizons Persistence and model M3
produce the lower errors.

(b)

Figure 7. NMAE at GUERLEDAN for WPP models
initialised by (a) SKIRON from October 2006 to March
2007 (b) ALADIN from June 2006 to March 2007.

6.5 SAINT SIMON wind farm (France)

For Saint Simon test case, we present the results for
Figure 6: NMAE at OUPIA for WPP models initialised  four models initialised by SKIRON from October 2006
by) SKIRON from October 2006 to March 2007 to March 2007 Figure8-a) and two models initialised
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with ALADIN from Jly 2006 toMarch 2007 Eigure i
8b). The computed statistical criterion is NMAE. 7. Performance Vs terrain
complexity

Figure 8-a,b show a significant reduction in the error

level when comparingnodelsM1, M2 and M3 vs PC  once the performance of the individual prediction
mocel and Persistence for both SKIRON and Aladin odels has been analysed, it is of interesinalyse the

NWPs. Figure 8-a shows that M1, M2 and M3 filter rejation between prediction model performance and
part of the diurnal component of the error and that the terrain complexity.

performance of the advanced models is similar without

one appearing tooutperform. For some forecast Figyre9-a shows that for very short term horizons, the
horizons M1 gives better results (between 50 hours andmodel M2 has no tendency to increase the prediction
72 hours ahead), while M2 and M3 produce the best grrors when increasing the fgin complexity, while

predictions for other intermediate horizons. models M1 and M3 have a small tendency.
Figure 8-b shows the performance tdie PC malel, Horizons < 6h
Persistence, M1 and thANEMOS-Combi model, 25 -
using ALADIN NWPs as input. It can be seen that M1 . me
outperforms PC model and Persistence for all forecast ¢ ,, e vty
. . . *
horizons, and that ANEMOSombi improves the a — tinéaire (M)
. [ —— Linéai
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(b) Figure 9: NMAE vs TOPIDX index for (a) horizons <
6 hours, (b) horizons between 6 and 24 hours, and (c)
Figure 80 NMAE at SAINT SIMON for WPP models horizons between 24 and 48 hours. For all the graphs
initialised by (a) SKIRON from Odber 2006 to March  dots represent NMAE for each studied wind farm,
2007 (b) ALADIN from July 2006 to March 2007. while “Linear” the linear trend for each model.
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Figure 9-b refers to horizons between 6 and 24 hours complexity. This relation is more evident for prediction

while Figure9-c to horizons between 24 and 48 hours horizons longer than 6 hours ahead.

ahead. They botehow that prediction models M1, M2

and M3 increase the error level when the terrain . The adanced models have different response to

complexity increases. Howeve¥l2 is less sensitive to  the terrain complexity, being this finding another proof

the increase of the terrain complexity. of their canplementary role inside of therkcasting
system.

In general, the relation between prediction error and

terrain complexity is less pronounced for horizons < 6 . The operational performances presented here are

hours than for larger horizons. This riésuan be better or at least equal to the-tiffe resultsobtained at

explained because the predictions for the very short the ANEMOS Competition presented B.[This is the

term horizons are mainly depending on the SCADA result of the methodology followed in the ANEMOS

data. project to make the models operational and also to the
characteristics of the prediction platform.some cases

For longest horizons, NWPs take a more relevant role |ike in the Alaiz one,the resolution of the NWPs

and since NWP errors are related to terrain complexity increasedsince the time the offine study in[5] was

(local features not solved)ishdependence can be seen performed This should be considered asother factor

in the wind power forecasts as well. of improvement.

The different design of the prediction models (M1, M2 The evaludbn presented in this paper constitutes part
and M3) implied a different response of each model to of the results obtained through the demonstration phase
the terrain complexity. This feature shows that the of the ANEMOS project. A number of additional
studied prediction models can beconsidered  models, NWPs and test cases have been alsopset
complementary. operationally and are under evaluation.

8. Conclusions Acknowledgements

This paper presents results from three advanced modelsThis work was performed in the frame of the
running operationally through the ANEMOS wind ANEMOS Project (ENKSCT-200200665) funded in
power forecasting system. Results from a selection of part by the European Commission. Acknowledgments
five wind farms in Spain and in France were presented. are given to EDF, ACCIONA and IDAE for providing
the data for this work. Special thanks t&SA and
The models are compared to simple models such as themétéoFrance for providing the SKIRON and
PC model and also to Persistence. The main ALADIN NWP forecasts respectively.
conclusions are the following:

The ANEMOS Forecasting System has proven to References
be a reliable and powerful prediction systelmejng
able to run operationally several prediction models 1. http://www.anemogroject.eu (last access:
including their combination A multitude of 10.5.2007).
configurations (NWP+WPP model) aset operational
In this paper a subset of the available results is 2. www.dataforwind.com (last access: 10.5.2007).
presented, while a more complete analysis with the
ensemble omodels implemented will be published in 3.  Giebel G., Karinitakis G., Brownsword R.,The

the near future. State of the art in Sheifterm Prediction of Wind

Power — A Literature Overview.'Position paper

The three examined models hereare for the ANEMOS project, http://www.anemos
complementary fronthe point of view of performance project.eu (last access: 10.5.2007).

The advanced models are found to outperform 4. Madsen H., Pinson P., Nielsen T.S., Nielsen H.A.,

significantly the simple PC modelas well as Kariniotakis G., Standardizing the performance
Persistence, which are used as references. They can  evaluation of shofterm wind power prediction
also generate forecasts with less diurnal variation in models.Wind Engineering 20029, 475489.
performance, minimising thus the errors coming from
the NWPs. 5. Marti 1., G. Kariniotakis et al., Evaluation of
advanced wind power forecasting models
The combination model is able to provide Results from the ANEMOS projectrdteedings
improved performance compared toe thindividual of the 2006 European Wind Energy @mence
models by combining their output forecasts. February 27 March 2, Athens, Greece, 2006.

The complexity of the terrain affects the level of 6. Sanchez I., Shoterm prediction of wind energy
errors, increasing the prediction error with the production.Int. J. Forecasting2006;22, 43-56.



