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[1] IEA Recommended Practices for Wind Turbine Testing and Evaluation; No 11: Wind Speed 
Measurement and use of cup anemometry, 1. Edition 1999.
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84% confidence interval, 

omni directional, lead time +24 h
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Most pictures by Jos Beurskens
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Gerard Schepers

ECN-MW Testfield measurements



ECN Wind Turbine Test Farm 
Wieringermeer (EWTW)

– Two rows:

• Five research turbines with 
one 108m high 
meteorological mast (mm3)

• Four prototype turbines 
with two 108m high 
meteorological masts (mm1 
and mm2)

• Scaled farm

– Measurement Infrastructure

– Measurement Pavilion
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Research Turbines at EWTW

• EWTW Research 
Turbines:

• Five turbines in a single 
line

• Mutual distance: 3.8 D

• A 108m high mast is installed with 
equipment at 52m, 80m and 
108m heights.

Hub height: 80m

Rotor diameter: 80m

Rated. Power: 2.5MW



ECN Wind Turbine Test site Wieringermeer,  EWTW

– State of the art turbines

– Research farm 

– Turbine data available



Meteorological Measurements MM3

• Top mounted at 108 m: 
Gill 3D Sonic anemometer

• 80m: Three booms (0, 120, 240 deg); 
One boom (N) with 3D sonic (80.0m); 
Two booms with cups (80.0m).
Two booms with wind vanes (79.2m); 
Air temperature, humidity and 
pressure (78.4m).

• Air temperature difference 
measurement 10.0m – 37.0m: 
Stable/unstable/neutral atmosphere

• 52m: Three booms (0, 120, 240 deg); 
Boom (N) with 3D sonic (52.0m); 
Two booms with cups (52.0m); 
Two booms with wind vanes (51.2m)



– Research turbines 
numbered from 5 (most 
Westerly) to 9 (most 
Easterly)

– Wind farm line: 
95-275 degrees

– MM3 at 3.5 D and 315 
degrees from turbine 5

– MM3 at 2.5D and 31 
degrees from turbine 6

– Sonic anemometers on 
boom in Northern 
direction, well suited for 
wake measurements
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Measurements at research turbines

• Five turbines are equipped to measure a 
variety of signals

• From PLC (25Hz). All turbines:

– Electric active power PLC

– Generator speed PLC

– Wind speed nacelle PLC

– Wind direction nacelle PLC

– Nacelle position PLC

– Pitch angle axis 1 PLC

– Pitch angle axis 2 PLC

– Pitch angle axis 3 PLC

– Operation mode (0-24) PLC

• On a daily basis, files are received with 10-
minute averaged statistics (avg, min, max, 
std) of 132 signals measured with SCADA 
system



Measurements at research turbines

• Load measurements at turbine #6 with 32 Hz:

– blade 1, Root, Flap moment 

– blade 1, Root, Edge moment

– blade 2, Root, Flap moment

– blade 2, Root, Edge moment

– blade 3, Root, Flap moment

– blade 3, Root, Edge moment

– Tower bottom bending N-S

– Tower bottom bending E-W

– Tower bottom bending, +45 deg.

– Tower bottom bending, -45 deg.

– Rotor Azimuth

• Autumn 2007-Spring 2008: Load 
measurements are also performed
on turbine #8 and torque on high 
speed shaft and main shaft strain measurements on both turbines



Database

• ECN has developed a database in SQL 
4 years of data (Some data were 
added a later stage)

– Meteorological data of masts

– Turbine data from PLC’s

– Turbine data from SCADA

– Load measurements

– Pseudo signals (functions)

Standardised database structure
The data are synchronised and easily 
accessible/selectable on 10-minute 
statistics data. 
The raw data are also easily accessible.



MM1: H=71.6 m, June 2003-May 2005

Wind Climate

MM 3:H=80m, Turb. Int. according to IEC 61400-1

Turbine 1:   315 deg.;

Turbine 2:     31 deg.;

Turbine 3-5:  71-85 deg
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Research projects at EWTW

• WT-Bird: A method for registration of bird collisions using video cameras and microphones 
triggered by acoustic vibration measurement

• FOBM: Measurement methods to monitor wind turbine blades by means of fiber optic measuring 
systems

• O&M Cost Estimator: Methods to analyze SCADA data, loads data and O&M data for estimating 
future O&M costs

• Flight Leader: Methods to monitor and assess the equivalent loads on main components of any 
turbine in a  wind farm. Such method can be used to determine the most heavily loaded turbines 
and components

• PROTEST: procedures for designing mechanical components (viz. gearbox, pitch system, and yaw 
system) and specifying the loads on these components. 

• Sirocco: Silent Rotors by Acoustic Optimisation
• Extrapolation of extreme loads
• Crisp: An EU project to investigate, develop and test advanced intelligence by ICT technologies to 

reduce costs of integration and control of distributed generation and RES to the EU power grid. 
Includes a considerably wake investigation

• Aeolus: A project from the EU ICT program coordinated by University of Aalborg to  develop 
models that allow real-time predictions of flows and incorporate data from a network of sensors, 
and control paradigms that acknowledges the uncertainty in the modelling and dynamically 
manages the flow resource in order to optimise specific control objectives. Includes a Wake work 
package!

• Project on (time dependant) meteorological characterisations
• Wake reducing concepts (Heat and Flux)
• Projects on wake characterisation(national project ‘LTVM database’ and supply of data to the 

partners in the EU project Upwind (WP8: flow))



Relative power production
(Vw < Vrated)

Single/double/triple/quadruple:

Single wake gives largest power 

deficits, other deficits are similar

Slightly larger deficit when wind blows 

from the East, i.e. at low turbulence level
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Effect of ambient turbulence intensity on 
relative production of second turbine

Low ambient turbulence intensity: P6/P5 much lower



Summer: Diurnal cycle of temperature difference, wind shear 
(V108-V52/V80) and turbulence intensity (h=80m)

• 2005-2008

• Summer period 1)

• V(h=80m) <12 m/s

• Binning interval: 10 min.

1) April 15 – October 15
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Winter: Diurnal cycle of temperature difference, wind shear 
(V108-V52/V80) and turbulence intensity (h=80m)

• 2005-2008

• Winter period 1)

• V(h=80m) <12 m/s

• Binning interval: 10 
min.

1) October 15 – April 15
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Relative production of second turbine and velocity 
deficit at 3.5D (summer period) at day and night time

Night time: Much stronger wake effects
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Meteorological wake measurements: Velocity deficit at hub height as function of wind direction
MM3 at 3.5D(315 degrees) from turbine 5  and 2.5D(31 degrees) from turbine 6

Vfree between 6-8 m/s, derived from P(V) curve

v=6-8 m/s
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‘Asymmetry’ in wake profile, with lower velocities ‘left’ may be caused by wake rotation, see vertical 

velocity at hub height as function of wind direction: 

Larger vertical velocity at ‘left’ part of the rotorplane (looking from downwind) is consistent with 

counterclockwise wake rotation and leads to momentum transfer from low wind speed region
h=80m
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Anisotropy in wake: 
σw/σhor (sonic) at h=52m, h=80m and h =108 m as 

function of wind direction
• Free stream: σw/σu ~0.6 (Panofsky Dutton: 0.52)
• In wake: Turbulence more isotropic 
• Mast disturbance visible at h =52m and h=80m 
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Animation showing wind direction variation 
(+wakes)

Sampled with 2 Hz

Empirical wake expansion

Courtesy to Stephan Barth



Conclusions from EWTW wake measurements

• Largest power deficit is found at 2nd turbine. The power deficit 
from the 3rd to the 5th turbine is slightly lower

• At low ambient turbulence intensities: 
Power deficit > 80%

• Turbulence becomes more isotropic in wake
• Effect of wake rotation visible in measurements of vertical 
velocity at hub height at 2.5 and 3.5D which results in 
assymmetric wake profile

• A clear diurnal cyle appears in temperature difference, wind 
shear, turbulence and resulting wake effects. Wake effects are 
much stronger at night time

• Data are used for validation of different types of (stationary) 
wake models in EU project Upwind.

• Wakes are very instationary



Statement: Field measurements on full scale MW 

turbines form the best basis for the final validation

of aerodynamic (wake) models since they are the 

only type of measurements taken at representative 

conditions



Dutch Wind Workshops, October 2008
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Dutch Wind Workshops, October 2008
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Dutch Wind Workshops, October 2008

The Mexico project and IEA Wind Task 
‘MexNex(t)’

Gerard Schepers



• 2001-2006

• Measurements in German Dutch Wind 

tunnel, DNW
– North East Polder

at NLR premises

– Open test section:

9.5 x 9.5 m2

– Diameter of rotor: 4.5 m

• Pressure measurements along the 

blade

• Particle Image Velocimetry (PIV): 

Quantitative flow visualisation

EU project Mexico 1)
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Model EXperiments In COntrolled conditions



Content

� Mexico project
– Background
– Sketch of the Mexico experiment
– Results

� IEA Task MexNext
– Goal, workplan participants



‘Common’ validation measurements

• Validation measurements of power and loads do show differences but 
they are too global to form a basis for improvement of aerodynamic 
models

• Loads are integrated over blade
• Structural dynamics

• Desired:
– Local aerodynamic loads (pressure distribution)
– Induced velocities and wake velocities
– Constant, controlled conditions (�Windtunnel)



Measurements in NASA-Ames wind tunnel

• Carried out by NREL (National Renewable
Energy Laboratory), USA

• Spring 2000 
• 24m x 36m NASA-Ames wind tunnel.
• 10 m rotor
• Measurement of pressure distributions at 5 

locations along rotor blade
• Analysed in IEA Task XX (Scott Schreck)

NASA-Ames Mexico 
 D=10 m D=4.5 m 

 2 blades 3 blades 

 Emphasis on stall Entire operational range 

 Pressure measurements at 5 radial  

positions 

Pressure measurements at 5 radial positions 

and PIV measurements of inflow and wake 

velocities 

 

Comparison between NASA-Ames and Mexico experiment



Goal of Mexico project

o Main objective: create a database of detailed 
aerodynamic measurements on a realistic wind 
turbine model, in a large high quality wind tunnel. 
Complementary to the NREL NASA Ames 
measurements

o The database is to be used for aerodynamic model 
evaluation, validation and improvement, from BEM 
to CFD (i.e. Mexnext)



Mexico: Tasks/Participants
• Coordination (ECN)
• Design of model (ECN, Technion)
• Assembly of model incl. control (Technion)
• Instrumentation, DAQ (NLR, DUT)
• 2D wind tunnel measurements as a reference to the rotating 

measurements (DUT)
• Analysis of tunnel effects 

(ECN,NLR, RISO, DTU, NTUA,CRES)
• Development of test matrix (RISO,NLR,ECN,FFA,DNW)
• Measurements (NLR,ECN,Technion,DUT)

(7 December-14 December 2006)
• (NREL brought in the NASA-Ames experiences)



Global overview experiment

– 9.5 x 9.5 m2 open test 
section at DNW

– Closed circuit
– Distance: Nozzle-collector: 20 m

Distance: Nozzle-rotor: 7 m
– Slotted collector
– Rotor: 3-bladed, D= 4.5 m
– Electrical speed control
– Pitch control
– Tower on yawable DNW-balance: 

• Measurement of 3 forces 
and 3 moments



Global overview experiment, ctd

– Blades instrumented with 
Kulite pressure transducers at 5 sections 
• Blade 1: 25% and 35%
• blade 2: 60%
• blade 3: 82% and 92%  
• 25 to 28 Kulite pressure 

transducers per section
• A few Kulites are placed on strategical

positions to double with sections on 
one of the other blades to analyse 
differences in blade pressure 
distributions

• Measurement of absolute pressures
Maximum range: 5PSI (35 kPa)
(could be heavily overloaded)
Sampling frequency: 5.5 kHz

• Connected to 5 PCB’s 
(Printed Circuit Boards)
in blade (root)

Pressure transducers in nose



Global overview experiment, ctd

–Moments at  blade root of all 3 blades
–PIV measurements:

•Quantitative flow visualisation
•Gives induced velocity in rotor plane 
and velocities in near wake



DU 91-W2-250

2.25 m

NACA 64-418

Risø A1-21

The Mexico bladeThe Mexico blade

DU 91-W2-250

2.25 m

NACA 64-418

Risø A1-21

The Mexico bladeThe Mexico blade

Representative aerodynamic profiles

3 Distinct airfoils with 2 transition zones

‘Tripped’ boundary layer 

(0.05% c at both pressure and suction side)



The measurement matrix. A) pressures and loads

• Tunnel speeds: 10, 15, 20,25 and 30 m/s 
• Rotor tip speeds: 100 and 76 m/s  (424.5 rpm and 324.5 rpm,

Re~800.000 and 600.000)
• Blade tip angles: 1.7, 0.7, -0.3, -1.3, -2.3, -4.3, -5.3 degrees

• Pitch ramps from -2.3 to 5 and back
• Rotor speed ramps from 100 to 76 m/s and back
• Yaw angles 0, 15, 30 and 45 degrees
• Rotor parked condition with blade angles varying from -2.3 to 90 

degrees at Vtunnel = 30 m/s

For all except  the dynamic ramp conditions: run duration of 5 
seconds, sampled at 5.5 kHz (effectively)

design angle for λ = 6.7



Measurement matrix B. Flow field measurements with 
stereo PIV, done by DNW

PIV traverse tower with two camera’s, aimed 

at (horizontal) PIV sheet (35*42 cm) in 

symmetry plane of rotor (‘9 o-clock’).

Traversing in axial+radial direction

Seeding (tiny bubbles) are introduced in 

settling chamber, upstream of rotor. 

PIV sheet is illuminated with laser flash, and 

two digital photographs are taken with a 

delay of 200 nanoseconds;

Sheet is subdivided into small ‘interrogation 

windows’ Velocity vector is the one resulting 

in maximum cross correlation between the 

two shots.



Similarity between PIV measured axial velocity as f(radial 
position) at x =0.3 m downstream of the rotorplane at 

φblade1 = 0 degrees and φblade1 = 120 degrees

Vtunnel = 15 m/s 

and θ θ θ θ = -2.3 deg

no yaw



•vx = vertical speed
•vy = tangential speed
•vz = axial speed

PIV measured and Fluent calculated velocity as function of radius, 0.3 m 
downstream of rotor, 3 velocity components, calculations performed by NRG 
φblade =0 deg, i.e. vertically upward (in both meas and calculations!)
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V = 15 m/s, θ = -2.3 deg, no yaw

Edge of wake

Vtunnel = 15 m/s 

and θ θ θ θ = -2.3 deg

no yaw



PIV measured and calculated speed decay as function of x 
at 61% and 82% span for Vtunnel = 15 m/s and θθθθ = -2.3 degrees, no yaw

Calculations done with cylindrical vortex sheet model 1) based on given CDax compatible to momentum theory 

CDax = 4a(1-a)

a
∞

= 2arotor plane

Calculations for CDax =0.89 (a=1/3)

Strange behaviour at .61 R is the  

result of vortical structures shed

from the blade at a slightly

inboard position, For x>3m 

results get close to expectation

again

1) H. Snel and J.G. Schepers: 

Joint Investigation of Dynamic Inflow Effects and Implementation of an Engineering Method, 

ECN-C-94-107, 1994

4
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V
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] theoretical, a =1/3

82%

61%

NOTE: φblade=0 degrees, but flow in the rotorplane is 

non-uniform!

Measurements:
1) φblade =0, i.e. blade is 

vertically upward,

2) Measurements points

averaged over the length of a 

PIV sheet



Animation of pressure distribution over 5 seconds sampled with 5.5 kHz; 
Design conditions: Vtun = 15 m/s and θ = -2.3 degrees 
Stable flow conditions around airfoil

Courtesy to S. Barth



Animation of pressure distribution over 5 seconds sampled with 5.5 kHz; 
Stalled conditions: Vtun = 30 m/s
and θ = -5.3 degrees: 
Unstable flow conditions around airfoil

Courtesy to S. Barth



Conclusions from Mexico project

– Very large, useful and consistent database with 
measurements to validate and/or improve design and 
analysis models

– Analysis of data should (obviously) be done but it needs 
years of work

– An IEA Wind Task ‘MexNext’ is urgently needed:
• Activities should  be ‘task shared’
• Forum for discussion, interpretation, explanation



MexNext: Goal and Results

• Project Period: June 1, 2008-June 1, 2011
• Goal: A joint effort in which the Mexico measurements (together 

with the previously made NASA-Ames measurements) are evaluated. 
• Validated and improved aerodynamic models:

� General BEM modelling
� Free vortex wake models
� CFD blade flow and near wake flow
� Yawed flow models
� Dynamic Inflow models
� Instationary airfoil aerodynamics
� General inflow modelling (non-uniformity between blades)
� 3D models (including tip effects)

� Results (i.e. the insights on accuracy of different models, and the 
recommendations/descriptions for model improvement) will be made
public



MexNext: Potential participants
� Interest from the following research institutes from 12 different countries:

• Canada (École de technologie supérieur, Montreal (ETS))
• Denmark(RISØ-DTU and DTU(MEK))
• Germany(University of Stuttgart (IAG), University of Applied Sciences, Kiel, 

ForWind)
• Israel (Technion)
• Japan (Mie University/National Institute of Advanced Industrial Science 

(AIST)) 
• Korea((Korea Institute of Energy Research (Kier))
• Netherlands(ECN, University of Delft (TUDelft))
• Norway (Institute for Energy Technology/Norwegian University of Science 

and Technology (IFE/NTNU) ) 
• Spain(CENER, together with the (UK!) University of Liverpool)
• Sweden(Royal Institute of Technology/University of Gotland (KTH,HGO)) 
• Switzerland ((Swiss Federal Technical University Zurich (ETH))
• USA (NREL)

� Industrial interest from LM-Glassfibre (Dk) and AE-Rotortechniek (NL, part of 
Suzlon)
BUT many participants still need to secure funding



Statement:
Measurements in a large wind tunnel 
form the best basis for 
interpretation, validation 
and improvement of wind
turbine aerodynamic models
since they are taken at 
known and controllable
conditions
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The long-term response distribution is the integration of the 
short-term response distribution, conditional on the wind speed 
(and turbulence), over all wind speeds.
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wake? (Alle)

Aantal van t6_mbf1_load_avg stdvV_bin
Vbin 0.25 0.75 1.25 1.75 2.25 2.75 Eindtotaal

3 25 20 1 46
4 143 77 3 223
5 159 133 12 1 305
6 145 183 24 5 1 358
7 92 285 53 10 2 442
8 39 255 84 9 1 388
9 9 105 90 4 1 1 210

10 61 88 14 1 164
11 10 83 19 112
12 2 44 19 1 66
13 1 18 3 22
14 1 1

Eindtotaal 612 1132 501 84 7 1 2337
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Dennis Wouters (ECN)

Tim van Engelen (ECN)

Stoyan Kanev  (ECN)
Wouter Engels (ECN)
Xiukun Wei (TUD)
Jan Schuurmans (dotX Control)
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courtesy Stoyan Kanevcourtesy Stoyan Kanev

pitch angle [dg]pitch angle [dg]

speed [dg/s]speed [dg/s]

accelaccel [dg/s^2][dg/s^2]

speed [dg/s]speed [dg/s]

accelaccel [dg/s^2][dg/s^2]

flap moment [(Nm)^2/Hz]flap moment [(Nm)^2/Hz]
blue: collective pitch onlyblue: collective pitch only
red: collective + individualred: collective + individual

collective pitch fraction collective pitch fraction 

collective + individual pitch actionscollective + individual pitch actions

Individual pitch control & collective pitch

•specific limits collective, alltogether

•dynamic compensation rotor inbalance



jump error in flap moment sensor (2 x 3 sensors) 

• detection by method of generalized likelihood ratio test (GLRT)

compute in each time point k the course over interval [k-L,k] of
upper limit of probability ratio yes/no
jump-error in flap moment sensor

� � � 
� � � � � � � �� � � � � � � 
� � � �� �

courtesy courtesy XiukunXiukun WeiWei

log(GLRTlog(GLRT) blade 3) blade 3

log(GLRTlog(GLRT) blade 2) blade 2

log(GLRTlog(GLRT) blade 1) blade 1

JumpJump--error in ONE sensorerror in ONE sensor
detected in all 3 fixeddetected in all 3 fixed--frameframe
converted flap moment signalsconverted flap moment signals

GLRTGLRT--implementation usesimplementation uses
model in fixedmodel in fixed--frame coordinatesframe coordinates

isolation of specific sensorisolation of specific sensor
by difference in sensorby difference in sensor--pair pair 
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blade effective wind speed and oblique inflow angle

•turbelence + gust on 3 blades, wind direction change EDC (IEC)

•estimation by extended Kalmanfilter

wind speed [wind speed [m/sm/s]]
wind direction [degree]wind direction [degree]

blade 1blade 1

blade 2blade 2

blade 3blade 3
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controlled behaviour

rotor speed [rpm]rotor speed [rpm]

lowlow--pass filteredpass filtered

rated speedrated speed

flap moments [flap moments [MNmMNm]] flap moments [flap moments [MNmMNm]]

lowlow--pass filteredpass filtered

rated speedrated speed

rotor speed [rpm]rotor speed [rpm]

limitlimitlimitlimit

pitch angles [dg]pitch angles [dg]

YES EECYES EEC

00 2020

2020

00
pitch angles [dg]pitch angles [dg]

NO EECNO EEC
00

2020

courtesy Stoyan Kanevcourtesy Stoyan Kanev



nmpcnmpc ~ standard~ standard

------ pitch stuckpitch stuck
------ pitch okaypitch okay

blade tip speed [blade tip speed [m/sm/s]]rotor speed [rotor speed [rad/srad/s]]

nmpcnmpc ~ standard~ standard
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nmpcnmpc standardstandard

nmpcnmpc standardstandard

time  [s] time  [s]

(lower limit)(lower limit) (lower limit)(lower limit)

courtesy Jan courtesy Jan SchuurmansSchuurmans

nonnon--linear linear 
model predictive model predictive 

controlcontrol
((nmpcnmpc)   )   



� � � �� � � � ��

�� �  !� � �� � � � � �� � � � � �� � � �� � �� !�  � � � � �� � � � � �  !� � �

� � �� � � � �� � � � �� !

�� 
� � � � � � ��  � � �  �� � � �  !� � !� � � � !� �� �� �� �  

� � � � � 
� � � � �� � � � � � !� � �� � �� �� � � � !� �  � � �� � �

� � �  !� �� � �� ! !� � � ��  � � � � � � �  � � ��

� � � � � � � � ���	
 � �
� �� 

 � 	 � � �
 �� 
 �� 
� �
 ��� 
 � � � �� � 
� � � 
 	
 �� � � �� � �
 

 �

�� � �� 
 	 	� �� � � 
 �� � � � 
 �
 � � 
� � � � � � �� � � �
 �
 � �
 � 
  � � �
 �
 � � �

�� � �
 � � � � � � �� � 
! �� �� 

 � � "� � 
� � ��$# %� � �
 # %
 � � �
 �# &� 
 

 � � � �#" � 	 � � '
 � � 
 � (



Dutch Wind Workshops, October 2008

�� �� � � �

�� 	 	 
� 	 � �
� � �� � � � 
 �� � �
� � 



� � ��� � �� � � � �� 	� � 
 � 
� � � 
 	�

��� �
 � �
�



�� �� � � ��

� 	 � 
� � � 
 � 
 � � 	 � 
� � 
 � 
 �� �

� � �� � � 	 � � � � � 	� �� � � 	� � 
� � 
 � � � � 
 �� � �
� � 



� � ��� � �� � � � �� �� � � � 	 �� �
 � � �� � ��

� 
 
� �� � � 	� �� � � �� � � 	 � � 	� � � � � 	 � � 
�

� � � � � � � � � �
� �� 	 � � 	� � � � � � �� � � � � �� � � �


� �� � � � � � � � 	� � �

� � 	 � � � �� � 
� � � �� � � � 
 �� � �
� � 
 
 � � 	 � � �

� � � � � � � 
� � � � � � � � 	 
� � � 	 � � � 
 �� �

�
� � � � � � � �� � � � � � 
� � � � � � � 	� � 	 ��



�� � � � � �� � � 
 	� �

� � � 
� � 
 � � � � � 	 
� � � � � � �� � � �� � � � � �� 	 �

� 	 � � �� �� 	 � � 	� � � � � � �

� �� � �
� �� � � � �� � 
 ��� � 
 	� � 
�

� � � 
� � 
 � � � � � 
 �� � �
� � 
 
 	� � � � �
� 	 �� � � � 	 � � � � 
 	�

� � � 
� � 
 � � � � � � � �� � 	� � 	 � � 	� � � � � 	� � � �� 
 
 � � 
 
 
� �

� � � 
� � 
 � � � � 
 � �� 
 
� � � � � 	 � � � � 
 	� � 	� � �



�� � � � � � � � �� � � � 
� � 
 � 
� � �



�� �� � � � �� � 
 � �� �

� �� � �� � � � � � � � � 
� � � 
� � � � � � 	 � �
� �� � � � �� � �

� � 	� �� �
�
� � � � � 
 � �
�� � �

�� 	 �� � � � � �
� �� � � � �� � 
 ��� � 
 	� � 
� �

� �� 	 �� � � � � � 
 � � � 
� � 	� � �� � � � 	 � � 	� � � � �

� � � � � � � 	� � �� � 
 	� � 
 � 	� � � 	 	 
 � � � 	 	� �

� � � �� � � � � �� �� � � � � � � �� 	 � � 	� � � � � �� �

� 
� � � �� � � � 	 � � 	� � � � � �� � � � � � � � � � � � � � 	 � � 


� � � 
� � 
 � � � �� � � � �� �� �
 � � 
 � � 	 � � 
 
� 	 � � 	� � � �

� � �� � � � � �� � 	� 
 � 	� � � � 
 
 � � �� 	 � � 	� � � � �

� � � � � � � � � 
� � � 	 � � � � � � � 	� � � � 
 � �

� �
� 
 
 � � � 	 � � 
 	� � 
� � � � � � � � 
 � �



�� �� � � � 
 
� �� � �



�� � �� 
 � 
 
 �� � � �

� � 
 � 
 �� �� � � 
 
 � � 
� � � 
 � 
 � �� �



�� 
 
 � � 
� 
� �� � � � � � � � � ��



� � � �� � 
 � � �



� 
 �� � � 
 	 � � �� � � � � �� � � �

� 
� 
 � � � � �� � �� � � �� �� ��



� 	 � � 	� � � � � 	� � � �� 
 
 � � 
 
 
� ��

� � � �� � � � � � � � � � � 	 �� � � � 	 �� � � � 	 � � � � � � �

� 	 � � 	� � � � 
� � � 
�



� �� � � � 
� � 
 ��

� �� ��� � �� �

	 
�� 
�� � 
� � � �� �� � �� � �� � �� � 
 �� � �� 
 � � 
 � � �� �� � � �

	 � � 
 � � 
� � � �� 
� � � � � �� � �� 
� � �� � � �� � �� � � � � 
 � �

	 � ��  �� 
 �� 
 � � � � � � �� � �� � �� � 
 � �

� !� � !"� � #� $"� �% � �& ' " � �( � �( �� '

)* + ( ( % � " � � * ( � � � * � * ( � !( � � � � �( �� ', ' ( * -% .

� % !� * � /0 �& � , �� � !( 1�� �� !& �

� � � 
 � � 
 � � �� �� � � 2 � � � � �� � � �� 3 �4 �� ��  � �

� � & � #� $"� � 5

	 �� � �� �� � � � �� � � �� � �� 
 � � � � 
 � � � �� 6 
 7 �

� * +� * - * ( � !( � � � �8 ( ' �" 9� % " � � * & � � � � �%

� % !� * � /0 � * ( � ( � � * !"� " �� ��� % )� : � : ; � /� � � �� .

� � & � !( % � !� ( * � % % ( �



� � 
� � 
 � � 
 	� � �� � � 
 � �

�� � � �� 
� � � � � �� � � � � 
� � � 	 � 
 	� � �



� � � � � � � � � 
 � � 
 
� �� � � � � �



� � �� � � � � 
 �� �� � � �



� 
 � � 
 �� 
 � � � 
 � � �� 
 � � � 
 � �



� � � �� 
 �
�


 � � �� 
 � 
 � � 
 � �� � � � �
�

� � � � �









�� 
 � �� � � � � 
� �� � � 
� � 
 �

� 
 	� � � 
 	� 	� � � �� 
� � � � � � � 	 � �� � � 
� 	� � � �
� � � 
 � �
�� � � �

� � � � 
 � � � 	 
� � � � �� � � 
 � � 	 � � 
 � � 
� � 
 � � �
� �� � � �

� � � �� � � � � � 
 	� � � 
 	� 	� �
 � �� � � � � �� � � � 	 � � � ��

� 
 	� � � 
 	� �
� �� � � � �� 
� � 	� �� �� � 
 �� � 	 �� �

� 	 � � � � � � � 
 	�

� � � � �� � 	� �� � � � � � � � � �� � � � 	 � � � �� � � �� � � 
 � �

� �� �� �� � � � � � � � �� �� �� � � � 	 ��

� � � �� � � � � � � �� � 	� ��
�

� � � 	� �� �� � �� � � � � �� � � �� �

� � � � � 
 �� � �
� � 
� �� � � �� 	� � � � � �

�� 	 � � �� � � 
 � � 
 � � � � �� 	� � � 	 
 �



�� �� � � �

� � � �� � � � � � � �

� � " % 0 �( & % � )* ( ! 0 � !" % �� .

� 8 �� 0 � " % 0 �( * + " � 9� % 0 % �� � ' " 0 ( & �

�
�� * ' & �� % � " �" , " % � 1 � � + !"� " �� ��� % " � � !� � * � %

� % � �& ' " � � ( � �% /" % � : " '% ( /( � 8 �� 0 ' "� 9� 1 �� � /"� �%

� !� � � !� ( 9� " � �� � ( & � !& � 9� � �� " � �( � ) ! ' ( �% : ;" �� � �" , ' � % .

� � 
� � � �� � � � � � � �

�

� " � ' " ,
�

� � �& ' �� -� � �& �� � �



�� ��

� � 
 � � � � � �� �� 
� � 
 �� 
 	 �� 
 
� 
 �� � � � �� � � 
 �

� � 	 � � 
 � � � � � � � � � 	 � � 
� �� � � � � 	 �
�

� � 	 � � � � �

� � � � � � � � � � � � �� � �� � � � � � � � 
 
 �

� � 	 � � 
 �� �
� 
� � � 
 	� �� � � � � � � � 
 
 �

� �� � � �� 
 � � � 
 	� 	� � �� � � �� 	� � �� 	 �
�� � � � �

�� 	 � � � �� � �� �� � � �� � � �� � � �� �

�� �	 
 � � 
 �� � �� 	 �	 �� 	 �� � �� � � �� � �



Dutch Wind Workshops, October 2008

�� �� � �� � ��	 
 �� � � � � �� �
 � � � � � �

�� � � �� � �� � �� � �� � �




 � �� � �

� � �� � � � � � � � 	� �� � � � � � �� 	 � � �
 � � �

� � � � � �� ��

� 
� � � �

� � � �� ��

� � �� � � � � � �� �



� � � � � �� 
 	 � �� �� � �� � ��	 �
 � � � � � �



� � � � � �� 
 	 � �� �� � �� � ��	 �
 � � � � � �



� � � � � �� 
 	 � �� �� � �� � ��	 �
 � � � � � �

� �� � �� � �� � �

	 � � �
 � � �� � � � �� 
 � � � ��



� � � � � �� 
 	 � �� �� � �� � ��	 �
 � � � � � �

� � 
 
 � � �� � �� � �� �� � �

� � � � � � 
 �� � � 
 � � � � � � �� ��

� 
� � � � � 
 �� � � 
 � � 
� � � �



� �� � � � � �

� � � � � � 
 �� � � 
 � � � � ��

� � � � � � � � � � � �� ��

� �� � � � �� � � � � �� �� �� ��
� � � �� � � � �� �� � � � � ��

� �� �	 
 � � �
 � 	� 
 � � 	 � �� � 	 � � �� �	 � �� � �

� �� �	 
 � � �� �
 	 � �
 � 
 �
 � 	 � � �� �	 � �� � �

� � �� � � � � � � � � � � � 
 � � � �
 � � � 	 � � �� �	 � �� � �

� �
 � � � �� 
� �� � � � �� � � � � �� � 	 � � �� �	 � �� � �

� � � � � � 
 �� � � �� � � 

 � �	  
 ! � �
 �

� "� �� � � �




 � � �	 � � �� � �� �	 � �
 � � �

� 	 � 
 �� �� � � � � � 
 � �� �� � � � �� � � � �� � � � � � � � �� � � � � �� � � �� � �

� � � �� � � � ��

� � � � �� � � �� � 
 � �� � � � ��

� � �� � � � � � � � � �� � � � � � � � � � � � �
 �
 �� � � � � � � � � � �
 ��

� � 
 � � � �� �� �� � �� � � � � � � � �� � � 
 � � � � � � �� �� �� �

� ��� � � � � �� � � � 
 �� � � � � � � � � � � �
 � � �� � � � � � 
 � �� � � � � � �� �

� � � � �� � � � ��

� 	 � � �� � � � �� � �� 	 �� 
 �� � �




 � � �	 � � �� � �� �	 � �
 � � �

� 	 � 
 �� �� � � � � � 
 � �� �� � � � �� � � � �� � � � � � � � �� � � � � �� � � �� � �

� � � �� � � � ��

� � � � �� � � �� � 
 � �� � � � ��

� � �� � � � � � � � � �� � � � � � � � � � � � �
 �
 �� � � � � � � � � � �
 ��

� � 
 � � � �� �� �� � �� � � � � � � � �� � � 
 � � � � � � �� �� �� �

� ��� � � � � �� � � � 
 �� � � � � � � � � � � �
 � � �� � � � � � 
 � �� � � � � � �� �

� � � � �� � � � ��

� 	 � � �� � � � �� � �� 	 �� 
 �� � �




 � � �	 � � �� � �� �	 � �
 � � �

� �� � �� �� � � � � �
 � � � � �� �� � � � � � � � �� � � � �� � 
 � � �

� �� � 
 ��

� 
 �� � � � � � � � � � �� � � � � �� � � � � � � � � � � � � �� � � � � � � 
 � � � �� � � �

� � � � � � � � � � � � �� � � � � � � � �





 � � �	 � � �� � �� �	 � �
 � � �

�
�

�
��

�
�

� � � � �� � � �

� � � � � � �

	

� � 
 � � � ��

�� ��




 � � �	 � � �� � �� �	 � �
 � � �

�
�

�
��

�
�

� � � � �� � � �

� � � � � � �

	

� � � � � � ��

�� ��




 � � �	 � � �� � �� �	 � �
 � � �

�
�

�
��

�
�

� � � � �� � � �

� � �
�� � � � �� ��

�� � �

� � 
 � � � ��

�� ��




 � � �	 � � �� � �� �	 � �
 � � �

	 � � �
 � � � � � � � �� � � �

�
	

�� � �� � �� � �� �� � � � � �� � � � � � 
 � � � � � � � � �� � � � � � � �� � � �

� � �� � � � 
 ��

�

	

� �� � � � � � 
 � �� � � � 
 �� � � 
 �� � � �� � � �� � � �� � � �

� � � � � � �� � � � � 	 � � � � � � � �� � � � �� � �� �� � � � � �� �



� � � � �

� � � � � � � � � ��

� � � � � � � �� � � � � � � 
 � 
 	 � 	� �

� �� �� � �� ��

� �� �� � � � � � � � � � � �
 � � �

� � � � � �� � �



� � � � �

� � � �� � � � �� � � � � � 
 � � � � � �� �� � � � � � � � �
 � � � � � �
�

� � � �� � � 	 � 
 �

� 
 � �� �
� �� � � � � � � � � �� � � �
 � � � � � �� �� � � � � � � �

�

�� �
 ��� � �� ��
	� �� � � � �

� � � � � �� �� � � �� � � � �� � �
 � � � �� �� �� � � � � � � �
�

�� �


�� � � �
 � �� �� � � � � �� � �

� � � � � � � � � � �� � � �� � � � � �� � � �� � � � � � �� � �� � � � � � �� � ��

� � � � � � �� � � �� � �

� �
 � � � �� � � �� � � � � �� � �
 �� �� �
 � � � � � �

� �� � � � � � � � �� � � � � �� � � � �� �� � �� �� � � � � � � �


� 	 � � � 
 �

� � �� �� � � �



� � � � �



� � � � �

�� �� �� � � � �� �� � � � �� � � � � � � �
 �
� � � �� � � � � � �
�

�� �
 �

�

� �
� � �� �� � � �� �� � �� �� � � � � � �� � � �� � � � � �� � � � � 


�� �� � � � � �� �

�

� �
� � �� �� � � � � � �� �� �� � � � � � � �� � � �� � � � � �� � � � � 


�� �� � � � � �� �

�

� �� �� � �� �� � �� � � � �� �
�

	 �� �� � � � � � � � ��

�� � � � �� �

� � � �� � �� �� � �� � � � � �� � � � � � � � � �� � � � �� �
� �� � �� �

� � � � � �� �



� � � � �



� � � � �



� � � � �



� � � � �



� � � � �



� � � � �



� � � � ��

�� � � � �� � � � �

� � � � � �� ��

�
 � � � �� �

	� � � �� � �

�� � � � �� � �

�� �� �
 � � � � � �

� �� ��
�

	 � � ��
�

�� �� � � �� � �



� �� � � � � �� � 


� � � � � � � 	 � � �� 
 � � �� �� � � �� � � � � � �� � 
 � � � � � � 
 �

� � �� � �� � �� 	 � 
 � � � � � � �� � � � � � � � � � � � � � � � � � ��

� �� �� �� � 	 � � �� � 
 � � � � � � � � 
 � � � � � � � �� � � � � �

� 
 � �� � � �



Dutch Wind Workshops, October 2008

UPWIND

Cost Modelling

& 

Optimisation

Bernard BulderECN

Session 2D Design & Loads



UpWind WP 1A1 & WP 1B4

Objectives:

Development of integral design approach methodology

Development of (pre)standards for the application of the 

integral design approach

Develop cost model for application in other WP for 
comparisons and for demonstration of potentials and benefits 
of design developments

Evaluate pros and cons of different design options by 
calculation of cost of energy

Define the technological bottlenecks for successful up-scaling 
of wind turbines to 20MW



Repower

Jos Beurskens

Jos Beurskens

??
??

2008

Repower

Jos Beurskens

Jos Beurskens

??
????

20082008

Up-Scaling

250 m Ø



Up-Scaling - Development in airplane size – MTOW

From: Siemems Wind Power, 2007



Up-scaling 

The optimum size depends on:
� Chosen concept

� Installation method

� O&M costs

� Ratio of Labour / Material cost

Labour / Material

cost

Optimum size



Up-Scaling

Similarity rules 

(Takis Chaviaropoulos)



Up-Scaling

Upscaling, preliminary results for blades:
� Classical similarity rules : mass of blade ~ R3

� Trend data : mass of blade ~ R2
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Up-Scaling – cost models

� Uncertainties:

� Costs and yield are site dependent and uncertain

� The scaling rules are uncertain

� The learning curve, and the introduction of new technologies and
new concepts will bring the costs down

� Unlikely that up-scaling of present wind turbine designs is
optimal for future offshore wind energy

� higher tip speed?

� active boundary layer control?

� advanced materials?

� advanced control?

� ....



Cost model – Life cycle approach

� Life cycle approach using expected

� Benefits

� Planning costs

� Fabrication & installation costs

�Operation & maintenance costs

� Inspection & repair costs

� Demolition costs

� Optimal design: Minimum expected total costs during lifetime 
per MWh



Cost model - Main design parameters

� Wind turbine type: reference WT (based on NREL 5 MW)

252 m218 m178 m126 mRotor diameter

153 m136 m116 m90 mHub height

80 m/s80 m/s80 m/s80 m/sTip speed

20 MW15 MW10 MW5 MWPower



Cost model - Design parameters

Detailed list of decision parameters – on component level:

� Wind fam layout

� Height and cross-sections of tower

� Length and cross-sections of blades

� Design parameters for nacelle 

� Type and size of foundation

� …

� Monitoring methods and maintenance strategy

� …



Cost model - External conditions

� 500 MW (1000 MW) offshore wind farm
� Separation: 7 x 7 rotor diameters
� Design lifetime: 20 years
� Wind speed and turbulence – class I B at 90m height + wake 

turbulence
� Wind shear: see IEC 61400-3 – normal wind shear

� Water depth: 30m and 60m
� Wave height: North Sea
� Ice loading: not included
� Current: not included
� Soil conditions: sand / clay
� Distance to shore: 25 km and 100 km (30m and 60m water 

depth)



Cost model

Generalised cost model:

( )Trsf
Tc

Tsfc
TCTsfC

T
⋅⋅=

)(

0

comp0comp
comp

),1(

),(
),1(),(

α

changes in cost per mass unit

due to changes in materials, 

manufacturing process,.. 

up-scaling of mass using the same 

technology using ‘similarity rules’

effect of technology 

improvement on mass

with same size of the 

component



Optimum size determination

� For each sub component a cost model is created, 
using a surface fit of orthogonal multinomials
(limited number of design variables)

� In WP 1.A1 and 1.B.4 combine the cost models

� Determine optimum size, for all conceptual options. 
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O&M: retrofit

O&M; spare parts

O&M; equip 

O&M; crews

Installation; electric

infrastructure, transmission

Installation; electric

infrastructure, collection

Installation; wind turbine including
foundation

Hardware; electric infrastructure

Hardware; tower and foundation

Hardware; rotor nacelle

assembly

Up-Scaling – cost of energy

Preliminary results



Challenges 

Are 20 MW turbines technically possible:

� Can they be manufactured?

� Can they be transported?

� Can the turbines be installed?



Not feasible?

�… we were 
able to build 
this in 1889 …

EiffelEiffel towertower, , heightheight 300 to 324 m300 to 324 m



Not feasible?

�… we were 
able to build 
and transport 
this some 
decades ago 
…

Ballast Ballast NedamNedam

ConfederationConfederation bridge, Canada, bridge, Canada, 

175 elements, 175 elements, 

ranging in mass from ranging in mass from 

1,200 to 7,500 1,200 to 7,500 tonnestonnes



Not feasible?

�… we were 
able to 
design and 
manufacture 
this some 
years ago …

MaeslantkeringMaeslantkering, Nieuwe Waterweg, The , Nieuwe Waterweg, The NetherlandsNetherlands

BallBall--joint of 10 m diameter, joint of 10 m diameter, 

mass 680,000 kg.mass 680,000 kg.



Not feasible??

�… we were 
able to 
design and 
manufacture 
this some 
years ago …

MaerskMaersk –– DenmarkDenmark

sizesize -- 396 x 63 meter396 x 63 meter

Engine 80 MWEngine 80 MW



Height

278 m

Not feasible?

� So can we build a 
20 MW turbine?

YES, YES, 

WE CAN!WE CAN!



So, what is determining the erection of 20 MW 
turbines?

It's the Economy, 

stupid!



Thank you!
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