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Welcome, and thanks for joining!

Webinar 1: Measuring the Global Blockage Effect (today) Webinar 2: Modelling and Accounting for Wake and

Background & motivation for the project Blockage Effects (Thursday)

Objectives A Recap of objectives

Project participants and structure Modelling approaches

Measurement campaign design Validation against measurements

Validation & verification Conclusions

Joint Statement
Q&A

Blockage measurements
Q&A
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Do To Io Do Do



Introductions

Neil Adams, Carbon Trust
Programme manager for Offshore Wind Accelerator
Carbon Trust project manager for GloBE

Christopher Rodaway, RWE
Lead Scientist T Advanced Numerics
Technical lead for GloBE



Offshore Wind Accelerator
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Involved in over %, of all
operating EU wind farms
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Joint industry Programme currently involving 9 developers + Carbon Trust

A Industry-led initiative

Set up 2008 in response to the need to bring down the cost of Offshore Wind

The largest and most established innovation programme

A New lower-cost technologies , ready to use
A Simple governance model

Over£120m total programme spend to date
A Industry has funded >60%

-- Objective of OWA Stage IV cccmmmmm o

The OWA programme aims tacontinue the cost reduction of offshore wind to make it
cost competitive with other sources of energy generation, overcomenarket barriers,
develop industrybest practice, trigger the development of newindustry standards and
support the international expansion of offshore wind
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Potted History of GloBE RWE zeon

Y. f 2 @ffett BSght shows science of wind
AdAtt S@2t @Ay3aQ

@rsted's production forecast revision put the
issue in the spotlight, but better understanding

pe——— |
—a longterm

=
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Example Coupling Test Case: Results

i
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of such phenomena can only help the industry
= 28 Nov. 2019 H
= Recharge e
T —— :SH'?PZ’A‘Z;“SE}”;'S‘;‘E i af later rov \
Historical approach to turbine Blockage becomes a hot topic in the OWA Common R&D project improved
interaction losses: industry: RctvpgtuX"wpfgtuvecp:
A Upwind turbines see free- A Increased understanding that the A The reduction in power at lead row
stream wind speed wind slows down as it approaches Is partially compensated by
A Wake effects impact a wind farm increases elsewhere
downstream turbines A Turbine interaction losses = A A comprehensive measurement
A Turbine interaction losses = complex, two-way interaction campaign is required to achieve
between turbines and atmosphere certainty and consensus

wake losses :



Objectives of GIoBE

Dataset for model
benchmarking

Measurement
campaign

Test hypotheses and
deliver updated model

Build industry
consensus

&

Increase confidence in
yield predictions



Objectives of GIoBE

Dataset for model
benchmarking

Measurement Test hypotheses and
campaign deliver updated model

Requirements:

A Agnostic to the various hypotheses on the blockage effect

A Capable of discerning a small signal amidst measurement
noise and uncertainty

A Realisable on an existing wind farm or cluster

Solution: RWE campaign at the Heligoland cluster

Build industry
consensus

Increase confidence in
yield predictions

CARBON
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GloBE Project Structure
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@Why N4 Helogolang?

The ideal experimental location!

@ High installed capacity (~1GW) and Modelled Wind Field
energy density A Measured Wind Field fro

satellite SAR

© Flat leading edge

© Regular grid (AMK) and perimeter
based (NSO) OKaskasD

@ Far downstream of neighbouring wa Froxor
& minimal coastal effect ordseeO =

g, = s

(5 ) Highly westerly winds

O KaskasH L F2NJ 555 : £t s 2
effects (GloBE)

@ AMK & NSO 100% owned / operate @ - =
by RWE

RWE *Dual Doppler Page12
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Reaching Consensus
Hypothesis testing approach

@ There is no GBE
@

GBE results only in a downwards bias in AEP

@ GBE results in a downwards or upwards bias in
AEP

@ Geostrophic height (ABL) has little impact on GBI:Jl

Geostrophic height (ABL) has large impact on
@ GBE

Decoupled
approach

Tightly- / fully -
coupled
approach L




Why N4 (Heligoland)?
@: YA ljkdekasdl | LI F S| (0 dzNB

Comparison of models and flow variations

PALM [LES CFDJ*

10m/s, hg=300m

cooperation

envso-
wsevo-
weeo-
1tzo-
o000
saoto

RWE

*Very strong inversion and low ABL height

Induced Flow (%)
°

PALM LES data courtesy of
FraunhoferlWES through XVakes

Direct Comparison

2

—_— U =9ms

Deceleration

— hy=300m
—— hy=500m
— hy=862m
= hy=1000m

s PALM, U, = 10m/s
s WindModeller

405000

422500 425000
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@ Experiment design

Summary of GIoBE measurement campaign

° 6x WindCube 400s scanning in 3x dual Doppler pairs to
conduct dual Doppler reconstruction (DDR) of wind speed «-
from LoS

A Operating in stegstare scanning patterns

A Motion corrected, debiased, levelled, time
synchronised

a Dedicated WindCube 200s for ABL:
A Boundary layer height
A VAD tall profiles

e Floating LIDAR System (FLS)

A Measuring in 3 locations, 2x ¢ocated with scanning
LiDAR and mast as trusted reference

° Met mast ¥V FLSPos.A
. . . . . voe| Y FLSPOS.B
A Refurbished with higlfrequency sampling inc. D48 st WG
A Turbine Locations

ultrasonics for atmospheric stability and SST | NSO Met Mast Location

Northing

RWE Pagel16



Experimental design i
Scannlng L|DAR setup '

-01
GloBE 400s

A-70
GloBE 400s

[ T NO-01 NO-01
GIoBE 400s GIOBE 400s _

| L )
. | M
]

IWES 200s ABL




Experimental design
*/ Floating LIDAR system setup

Locations of the FLS Over Time

3
© FraunHeferIWES \

RWE Page18
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Uncertainty & bias
Why is this so important for measuring blockage?

A small signal in a lot of noise

Global Blockage Effect

A If blockage is within-#% of wind spe€ld uncertainty and bias
needs to be controlled and minimised.

Aot aSx 4SS SAlGKSN Gditnp@emeds@énerd f 2 G
oAlF&a G2 o6ft201F3S STFSOGax

A Example showing impact of wind shear and LiDAR line of &ig§t (
on overall uncertainty with range:

h =0.09

5

—— DTU Baseline
Ut tncaraity Meaningless
blockage

; measurement

Uncertainty (%)

Meaningful
blockage
measurement

o
2

LoS1.0%A 0.2%

Py
4

RWE
408000 410000 412000 414000 416000 418000 420000 422000 424000

Vet

RWE 1Bleeg, J.; Purcell, M.; Ruisi, R.; Traiger, E. Wind Farm Blockage and the Consequences of Neglecting Its Impact aluliwergiriRngies 2018, 11, 1609. https://doi.org/10.3390/en11061609

407500 410000 412500 415000 417500 420000 422500
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Uncertainty & bias
%/ Controlling & correcting known sources

RWE

Pointing: Drone / turbine haretargeting & Earth curvature Motion: Dynamic tilt correction

+20m[

-20m [

Inclino-

= Post
@Heligoland

Page20
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Wind data processing & bias removal
Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final pocessingof LIDAR data includes:

RWE

A

o I» Do Do Do

Removal of earth curvature and eddy correlation at measurement level.

|dentification & correction of intedeviceLoSwind speed offsets.

Identification & correction of timaviseLoSwind speed offsets.

Motion compensation using additional high frequency inclinometer measurements.

Adjustment for pitch/roll & static elevation offset using drone and applied in motion correction step.

Spatial correction using WRF to determine speedups to common point statistically using wind speed
filters (312m/s) with and without wake.

Timesyncronised

Page21



@Scanning LIDAR setup

Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final pocessingof LIDAR data includes:

A Removal of earth curvature and turbulence correlation at measurement level.

RWE Page22



Wind data processing & bias removal
% Earth curvature correction

Correction and finalization steps

RWE

Points adjusted in z (and therefore
elevation) to account for Earth
curvatureat measurement source

Postprocessing pipelines presented
with data that has already been
corrected for Earth curvature.

No further processing needed.

Correct z for Earth curvature

A Beams scan at tangent to earth
surface.

Plot shows earth radius 20x
smaller for illustrative purposes




Wind data processing & bias removal
* Turbulence advection decorrelation

Horizontal & Vertical Correlation Considerations

1. Scanning order iR,ydone upstream to fﬁyﬁ\?f’\
decorrelate eddy advection for 5 4 321
predominant westerly directions. | N\_scan_%

: AAANA
. . . . FLS 5 4 321
2. Scanning in order in z always the same i.¢ \_scan
) " n_“¢
from bottom to top with an additional | ... '
dummy start point to reduce backlash ——
impact.
5 4
3. A 30min averaging period permits

RWE

turbulence advection through the gap
(applied in posfrocessing). -
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410000
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@Wind data processing & bias removal

Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final pocessingof LIDAR data includes:

A Identification & correction of intedeviceLoSwind speed offsets.

A Identification & correction of timavise LoSwind speed offsets.

RWE Page25



Wind data processing & bias removal
* Inter-device biases

Comprehensive correction of systematic known sources of biases to isolate blockage

A LiDARsleployed in a preand postcampaign intefcalibration to check and control for initial and
developing radial WS biasbstween LIiDAR devices

PreCampaign @Riso aign @Heligoland

Image)/creditsDEYU Image credit: DTU

Elevations the same in
both cases, LIDAR bea
parallel

Tested at 1.0, 1.5, 2.0,
3.0 & 5.0km ranges

Page26



Wind data processing & bias removal
*/ Inter-device biases

Emergence of offsets withiDAR4.&2

Pre.campaign @Riso Postcampaign Heligoland

Uncorrected offset Uncorrected offsets

- 1
./'\'——-0\. —o—GloBE1 :— :-—- —e— GloBE1
— @ 1
7 0% —s—GloBE2 e i i f* 1 —o— GloBE2
£, 002 £ 1 1
= —o—GloBE4 = i T T 1 —o— GloBE4
a 0 7} 0 Py gy Fepeye— s my—p—p———————— }
G 00 0 1@e—g—2g0 — 0 = 5000 6000 GloBE5 § 0 500 1 ® 0 3500 GloBE5
8 001 —o—GIoBE6 g0 — —o— GloBE6
- —o—GIOBE7 e - ~*— GIoBE7

T 015 Determined by linear regression of 24h
LoSdata

- 0.2
Range [m] Range [m]

GloBE 1&2 have produced an offset / bias before and/or during the campaign!

Note that offset is relatively constant with range no beam misalignment

RWE Page27



@{;Wind data processing & bias removal

Resolving IntetDevice Biases

Process for correcting the data:

RWE

1.
2.

Consult with Vaisala to determine what key identifier we should be seeking in the data.

|dentify when in time the offsets occurred, looking $oidden changes in CNR

Conduct a test (period after event occurred) against a control (period before event occurred) to confirm
findings.

Implement offsets in dataset from time event occurred of the measured value.

. Separate initial factory offset for GIoBE 1 from event.

. Apply timewise offset ihoSwind speed from the point of each event through the entire dataset.

Page28



@Wind data processing & bias removal

Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final pocessingof LIDAR data includes:

A Motion compensation using additional high frequency inclinometer measurements.

RWE Page29



Wind data processing & bias removal
“/ Motion compensation

Pre-campaign 3month measurements for tilt

A A preLiDAR campaign to measure tilt conducted as part of the feasibility and-go/decision.

X-axis tilt, 1-second average

—— Xinc

A The following questions needed answering: N — e,
A What is the peak tilt we can expect?
A Are there significant differences in the

dynamic response of each foundation type?
A Can we use the dataset to test a motion
compensation method for use in GIoBE?

- =

A Inclinometers installed at toweg transition piece

interface and measured for 3months.

RWE Page30



Wind data processing & bias removal
“/ Motion compensation

Removing the higHrequency artifacts

\Jnitial assumption

Lower than expected tilt magnitudes: a 8

A We can now see the winithduced tilt. g 02

g
A Max (mean) tilt for ARB and NSO are about 0.14 and 0.12
respectively (about the same) 00

2,I5 570 7.'5 10..0 12'.5 15'.0 175 2.0

After mode correction / ' Wind Speed (mis)
filter to remove oscillations

A Peak tilts similar between foundation types as an
indication of design stiffness, however dynamics
responses are different.

Fore-Aft Tilt (deg)

A Peak tilts lower than expected, good for GIoBE!

RWE

T + T g T T T
00 25 5.0 75 10.0 125 15.0 175 200
RWE Wind Speed (m/s)
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@{;Wind data processing & bias removal

Bench test for tilting impact assessment

A Dynamic test bench fabricated by DTU to test a LIDAR in motion against a static LIDAR and met mast to
develop sheabased correction method to be used offshore that is more robust than more simple
approaches (e.g. assuming a shear level for vertical extrapolation).

Static

RWE Page32



Wind data processing & bias removal
*/ Motion compensation

Pre-campaign 3month tilting measurenentsat ‘
each wind farm as proof of concept to generate ti
time-series

Development of correction method tested pre
campaign at DTU using acquired real tilt tinseries

Imagej@redit? Elliot Simom:!TU

| Deployment of reaftime motion monitoring at
16hz using inclinometer and gyro array fixed to
each WindCube for correction in pogtrocessing

Image credit: DTU

RWE Page33



Wind data processing & bias removal
% Motion compensation

Motion compensation in pos{processing

A Take amoving average of 30s from inclinometer data to filter out higrequency vibrationsand leave true inclinations.

A Collect points in net around measurement height using highly concentrated points to get as many samples as possible as a
10min average foLoSWS prior to dual Doppler reconstruction.

A Interpolate / extrapolate between heights in z back to 90m as final data point.

Desired points in z @6.5km Inc. Tilt Motions @6.5km

Lidar z [m] position as function of range

Lidar z [m] position as function of range 20

[P PTTILA
L ot

ul'”“:nb"'
uth .,n"

..... -
Ignore these, backlag
S reset point in each

i loop

[ 1000 22000 3000 2000 5000 000 7000 0 = 2000 3000 4000 5000 6000 7000
range [m] range [m)

RWE Non-uniform distribution of sample points around region of interest
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@Wind data processing & bias removal

Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final pocessingof LIDAR data includes:

A Adjustment for pitch/roll & static elevation offset using drone and applied in motion correction step.

RWE Page3s



@{;Wind data processing & bias removal

Initial setup onshore

Initial setup of theLiDARgIone onshore at DTU as follows

A Levelling on compacted surface:
A Hard targeting using small objects for azimuth.
A Hard targeting for static elevation offset.

A Weassume that this remains true when going offshdvat ultimately checked by:
A Drone hard targeting for pitch, roll and elevation offsets.

A Subsequent assessment of weekly turbine hard targets to test ebased haretargeting and capture
any temporal changes in offsets.

RWE Page36



@Wind data processing & bias removal

Drone-based hard targeting

New & novel methods for ensuring beam pointing accuracy

A Drone deployed for pitch, roll and motor offset calibrations using RTK absolute & relative GPS positioning |
combination with turbine geometric information to calculate beam position compared to the commanded
head position.

Image credit: Elliot SimorDTU

&

u e s W
To s
e I\

RWE Page37




Wi

nd data processing & bias removal

“/ LIDAR pointing accuracy

Turbine Hard Targeting Method

A

A

RWE

Scan reference turbines regularly (plan was weekly) throu
the campaign.

Apply motion compensation turbine hard target data and s

same 30sxvdfilter.

Track reference point over (railing) time to see if there are
time-wise changes.

6040000

6044000

6038000

6036000

6034000

6032000

Globe6
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L e S N
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> rx » > > »

R S S N
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GlobeT

L T

= > > > > »

Zi Fraunhofer
IWES.

412000

414000

416000

418000

420000
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Wind data processing & bias removal
“/ LIDAR pointing accuracy

Turbine Hard Targeting Method

Globe1, 2021-09-01, range=610m

lidar output motion data filter: None motion data filter: 30s moving-avg

motion data filter: low-pass

1.05
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0.41
0.25{ =
0.091
-0.07

elevations®be! [°]
elevationg®?/ [°]

elevation’@ [°]
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-0.39
-0.55
-0.71
-0.87

~30minsaquisition time
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0.25
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Wind data processing & bias removal

“/ LIDAR pointing accuracy

Turbine Hard Targeting Outcome Example for LIDAR Pair 4|7

0.4
Closer to 0 is better
03
@
02 H'OQ"@ \'*@«"@'@\ /.@w,O@_@,.,@ -3
‘_p-"-o' ®

o
o

— =
s

—_

elevation difference [°]
o
- o

s & 5

w

Zi Fraunhofer
IWES

1
o
~

2021-09
2021-10
2021-11
2021-12
2022-01
2022-02
2022-03
2022-04

Subtle changes over time

Note: Serves as check only, only single turbine

observable for each LIDAR due to structures, need

A 4

for pitch and roll calculation.

RWE

2022-05

elevation difference [°]
o
o

0.4 7

0.3

0.2

0.1

Globe4: no drone included W ——

Globe4: drone included «—
Globe4: drone included-GPS method

Globe4 drone calibration 2022-04-26

%

Closer to 0O is better

Independent test of drone
based offsets verifies positive

impact and timevarying nature

PR o)
O md : -

- = miei s

LarA\ | o A=
e et Sl o)
_a
Zi Fraunhofer
g ° = o g § 8 3T 8
P Py S P 8 8 8 N 8
8 8 & 8 & & 8 8 &

—e— Globe7: no drone included

—#— Globe7: drone included

—m—- Globe7: drone included-GPS method
—— Globe7 drone calibration 2022-04-27

Day drone flights

conducted
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Wind data processing & bias removal
*/ Beam pointing accuracy

Example beam deflection from data pipelines from pitch, roll and elevation offsets

Desired points in z @6.5km Inc. Tilt Motions @6.5km

Lidar z [m] position as function of range

Lidar z [m] position as function of range
100 P 9 00 |I“|—|l“”'
i
- it .nl" '
i LTI wtt!
® o e (1= .
ot " " o
PRI -t
—" " ,
&0 @0 ".—lnul
prmestt
a—
- @
X £ AT :
~ N T
1 - ||||“!||ll
2 [TH i
o 0
-20 innovation -20 innovation
TNO i TNO 52

0 1000

Makes a
huge
differencel!!

0 1000 2000 3000 4000 5000 6000 7000 o 1000 2000 3000 4000 5000 6000 7000

RWE range (m] range [m] Pages41



@Wind data processing & bias removal

Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final pocessingof LIDAR data includes:

A Spatial correction using WRF to determine speedups to common point statistically using wind speed
filters (312m/s) with and without wake.

RWE Page42



Wind data processing & bias removal
%/ Spatial variations and neighboring wind farms

Spatial Correction Method

A WRF contains internal numerical variability resulting from seeding and randomisation.

A Any correction using WRF to the DDR wind speeds done statistically and not temporally to avo

RWE

phase errors, only when larger than numerical variability.

-12.0
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Wind data processing & bias removal
Summary of corrections

Comprehensive correction of systematic biases to isolate blockage

Final pocessingof LIDAR data includes:

A Time synchronisation.

RWE

Page44



@Wind data processing & bias removal
% Scanning LiDAR timsynchronisation

Provision of bespoke IT infrastructure

A All measurement devices placed on common network and wind farm NTP server for consistent
logging, monitoring and time synchronisation.

From NGO1 to A71

No LTE solution existed at the time else we
would have used that!

Pageds
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@ Results & observations

Measurement period overview

Measurement location takin into final analysis

FLS located in 3 positions A, B & C:

FLS vs NSO Met Mast | Period: 2021-09-19 00:00:00 to 2023-02-15 08:10:00
WS (NSO MM USA) 92m: All-Allm/s | WD (NSO MM USA 92m): AllxAlldeg | ABL (ABL LiDAR): All-Allm
’ . —— NSO Met Mast (USA3D_92m_S_Spd_8Hz_Calc_Avg)
3 [— GloBE Start 4 GloBE SIOp ~. —— FLS Pos. A (91m wind speed corrected [m/s]) L
—— FLS Pos. B (91m wind speed corrected [m/s])
~— FLS Pos. C (90m wind speed corrected [m/s])

25

N ].II“. | Lyl

e
E
F || L1l
P AR INRE LN B 1IN imn . | 1|
2] .
° H
2
g H l
10 1 | 1 T - 1 1 1 o i 1 BB B ‘ “
¥ FLSPos.A
W FLSPos.B
¥V FLSPos.C
. Stll??lmﬂumn[ﬂf! 0
e i S | RWE
202109 2021-11 202201  2022-03 2022-05 2022-07 2022-09 2022-11 202301 2023-03

Date/Time [-]
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@ Results & observations

Met mast comparisons

NSO Met MasiAneo96m N vs NSO Met Magtheo96m S

NSO Met Mast vs NSO Met Mast

NSO Met Mast (Aneo_96m_S Spd_1Hz_Calc_Avg) | NSO Met Mast (Aneo_96m_N_Spd_1Hz_Calc_Avg)

241 ¥ =10.056 + 0.993x
234 r2=0.996

22 N = 52307

21{ Ws= 2-Allm/s

201 WD = All=0deg

19 { ABL = All-Allm

Important note: Met mast data
presented is completely raw and
un-cleaned. It is used to illustraté

250

regressions and statistical
performance of other

measurement instrument

technologies for context!

NSO Met Mast Wind Speed [m/s]
-
N

i

OFNWAULONOO

Ee ! 1 ! ! v

NSO Met Mast Wind Speed [HM y

RWE No data cleaning done, completely raw
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I\ Results & observations
Met mast comparisons

NSO Met MastAneo96m N/S vs NSO Met Mast USA @92m
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Met mast com parisons

NSO Met Mast ZX300M @91m vs NSO Met Maseo96m N/S
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@ Results & observations

Met mast comparisons

FLS @95m vs NSO Met MagieoN/S @96m

FLS Pos. C vs NSO Met Mast = i | "
FLS Pos. C (95m wind speed corrected [m/s]) | NSO Met Mast (Aneo_96m_N_Spd_1Hz_Calc_Avg)
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