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OWA GIloBE Project Webinars

Webinar 1: Measuring the Global Blockage Effect (today)
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Welcome, and thanks for joining!

Background & motivation for the project
Objectives

Project participants and structure
Measurement campaign design
Validation & verification

Blockage measurements

Q&A

Webinar 2: Modelling and Accounting for Wake and
Blockage Effects (Thursday)

Recap of objectives

Modelling approaches

Validation against measurements
Conclusions

Joint Statement

Q&A



Introductions

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

Christopher Rodaway, RWE
Lead Scientist — 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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TRUST

Joint industry Programme currently involving 9 developers + Carbon Trust

* 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

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

Over £120m total programme spend to date

¢ Industry has funded >60%

-- Objective of OWA Stage IV~ oo

7

: The OWA programme aims to continue the cost reduction of offshore wind to make it
| cost competitive with other sources of energy generation, overcome market barriers,

| develop industry best practice, trigger the development of new industry standards and
| support the international expansion of offshore wind

N ——————



Potted History of GloBE
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Historical approach to turbine
interaction losses:

Upwind turbines see free-
stream wind speed

Wake effects impact
downstream turbines

Turbine interaction losses =
wake losses

‘Blockage-effect insight shows science of wind
still evolving’

@rsted's production forecast revision put the
issue in the spotlight, but better understanding
of such phenomena can only help the industry
long-term

28 Nov. 2019
Recharge

Blockage becomes a hot topic in the
industry:

Increased understanding that the
wind slows down as it approaches
awind farm

Turbine interaction losses =
complex, two-way interaction
between turbines and atmosphere
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Example Coupling Test Case: Results
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Data show power reduction at lead row but coupled model suggests this is partially
compensated for by power uplift at later rows

Why .. blockage-induced acceleration field outside of wake, unwinding of blockage through array

OWA Common R&D project improved
Partners’ understanding:

The reduction in power at lead row
is partially compensated by
increases elsewhere

A comprehensive measurement
campaign is required to achieve
certainty and consensus



Objectives of GIoBE RWE CARBON

TRUST

Dataset for model Build industry
benchmarking consensus

Measurement Test hypotheses and Increase confidence in

campaign deliver updated model yield predictions




Objectives of GloBE RWE zeon

Dataset for model Build industry
benchmarking consensus

&

Increase confidence in
yield predictions

Measurement Test hypotheses and
campaign deliver updated model

Requirements:

» Agnostic to the various hypotheses on the blockage effect

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

* Realisable on an existing wind farm or cluster

Solution: RWE campaign at the Heligoland cluster



GloBE Project Structure RWE CARBON

TRUST
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GLOBE

Global Blockage Effect

RWE

Measuring the Global Blockage Effect

Carbon Trust Webinar Session 1

6th August 2024

Christopher Rodaway?, Kester Gunn?, Sam Williams?!, Alessandro Sebastiani?, Elliot Simon?,
Michael Courtney?, Gunhild Rolighed Thorsen?, Emilie Clausen?, Marco Turrini3, Dennis
Wouters?3, Yichao Liu3, Julia Gottschall?, Martin Dérenkamper?, Erik Patschke?, Lin-Ya
Hung?, Neil Adams®

IRWE Renewables, 2DTU Wind Energy, 3TNO, *Fraunhofer-IWES, >Carbon Trust

\
=

Supported by:

* Federal Ministry
&8 for Economic Affairs
and Climate Action

on the basis of a decision
by the German Bundestag
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Why N4 (Helogoland)?

The ideal experimental location!

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

satellite SAR

© Flat leading edge

(3 Regular grid (AMK) and perimeter-

based (NSO)
Q Far downstream of neighbouring wake g‘ﬂ;ﬁi;

& minimal coastal effect ordsee O S =5
(5] Highly westerly winds s

. = .c L

@ “Kaskasi gap” for DD* to test lateral : ot 107 ERAS 200

effects (GloBE)

| — 2:.5:5 I r

€ AMK & NSO 100% owned / operated @ = e L=

by RWE

RWE *Dual Doppler Page 12



@ 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 GBE

Geostrophic height (ABL) has large impact on
@ GBE

Decoupled
approach

Tightly- / fully-
coupled
approach

e e e ]

Page 13




Why N4 (Heligoland)?

Unique “Kaskasi gap” feature

Comparison of models and flow variations

WindModeller [RANS CFD] RWE’s VV [Reduced Order]

7m/s, hg=862m 7m/s, hg=862m

PALM [LES CFD]*

Direct Comparison

- Ur=5mis

= -=- U=6ms
10m/s, hg=300m =g
41—~ v=8ms
—_— U =9ms
s=e Ur=10mis
== Us=1lmis
Ur=12mis

Induced Flow (%)
°

il

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

PALM LES data courtesy of -
Fraunhofer-IWES through X-Wakes
cooperation

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

405000 407500 410000 412500 415000 417500 420000

422500 425000
X (m)

envso-
wsevo-
weeo-
1tzo-
o000
saoto

RWE

*Very strong inversion and low ABL height Page 14
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Experiment design
2 Summary of GloBE measurement campaign

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

. Operating in step-stare scanning patterns

. Motion corrected, de-biased, levelled, time
synchronised

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

e Floating LiDAR System (FLS)

. Measuring in 3 locations, 2x co-located with scanning
LiDAR and mast as trusted reference

Northing

° Met mast V¥ FLSPos. A
ol ¥ FLsPosB
. Refurbished with high-frequency sampling inc. D S rin i ORI
ultrasonics for atmospheric stability and SST et s i

s
RWE Page 16



Experimental design peo
2 Scanning LiDAR setup

GloBE 400s

A-01
GloBE 400s

A-70
GloBE 400s

2021-08-18 16:13:27
Globed

IWES 200s ABL

NO-01 NO-01
GloBE 400s GloBE 400s

-‘ |

Page 17




Experimental design
2 Floating LiDAR system setup

Locations of the FLS Over Time

3
© FraunhBfer-IWES \

RWE Page 18



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

A small signal in a lot of noise

* If blockage is within 1-4% of wind speed?, uncertainty and bias
needs to be controlled and minimised.

* Else, we either can’t see blockage or mis-attribute measurement
bias to blockage effects...

* Example showing impact of wind shear and LiDAR line of sight (LoS)
on overall uncertainty with range:

RWE

5

—— DTU Baseline
— Updated Shear
—— Updated Uncertainty

Uncertainty (%)

RWE
408000 410000 412000 414000 416000 418000 420000 422000 424000

Vet

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

Meaningless
blockage
measurement

Meaningful
blockage
measurement

a=0.15

0.09

a=

LoS 1.0% = 0.2%

407500 410000 412500 415000 417500 420000 422500

Page 19



Uncertainty & bias
2 Controlling & correcting known sources

RWE

Pointing: Drone / turbine hard-targeting & Earth curvature Motion: Dynamic tilt correction

+20m [

-20m [

Inclino-

Post
@Heligoland

Page 20
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Wind data processing & bias removal
Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final processing of LiDAR data includes:

RWE

Removal of earth curvature and eddy correlation at measurement level.

Identification & correction of inter-device LoS wind speed offsets.

Identification & correction of time-wise LoS wind 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 (3-12m/s) with and without wake.

Time syncronised

Page 21



(\Scanning LiDAR setup
h

Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final processing of LiDAR data includes:

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

RWE Page 22



Wind data processing & bias removal

2 Earth curvature correction

Correction and finalization steps

* Points adjusted in z (and therefore
elevation) to account for Earth
curvature at measurement source.

* Post-processing pipelines presented
with data that has already been
corrected for Earth curvature.

* No further processing needed.

RWE

Correct z for Earth curvature

o Beams scan at tangent to earth
surface.

Plot shows earth radius 20x
smaller for illustrative purposes ©

400000

410000
aioon |l 1| T
420000

6025
425000

Page 23




@ Turbulence advection decorrelation

Wind data processing & bias removal

Horizontal & Vertical Correlation Considerations

5158 o
. : 5 ©[Ba
1. Scanning order in x,y done upstream to £ Y OWY)
decorrelate eddy advection for 5 4 321 e e
; ; ; Qequ 232 2
predominant westerly directions. ‘ n_~6 hiat & doeo
: £ VYY) Y
. . . FLS 5 4 321 5432 1
2. Scanningin order in z always the same i.e. \scan . . . ... \sean J E
from bottom to top with an additional ’ S ’ g
idnt’:mmy start point to reduce backlash — "s * Dummy o for bk e’ |
pact.
2
TIoo
3. A 30min averaging period permits D/
turbulence advection through the gap / 3/- 3 -
(applied in post-processing). N x> x

406000 407000 408000 Easting PDP 410000 411000 412000 &cﬂng

RWE Page 24



@\Wind data processing & bias removal
2 Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final processing of LiDAR data includes:

* Identification & correction of inter-device LoS wind speed offsets.

* Identification & correction of time-wise LoS wind speed offsets.

RWE Page 25



Wind data processing & bias removal
“? Inter-device biases

Comprehensive correction of systematic known sources of biases to isolate blockage

* LiDARs deployed in a pre- and post-campaign inter-calibration to check and control for initial and
developing radial WS biases between LiDAR devices.

Pre-Campaign @Riso

Image credit:DTU Image credit: DTU

Elevations the same in
both cases, LIDAR beams
parallel

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

Page 26



Wind data processing & bias removal
% Inter-device biases

Emergence of offsets with LiDARs 1&2

Pre-campaign @Riso Post-campaign Heligoland

Uncorrected offset Uncorrected offsets

1 -
0.08 Initial bias removed with @ S cnery R TO
006 offset R

—o—GloBE1 ) —o— GloBE1
= 004 -/.\'—_"\. Z ——
~ —o—GloBE2 = GloBE2
g 002 £
= —o— GloBE4 - —%— GloBE4
[ 0 3
3-0'2 00 0 1"__._3_‘_____/ 5000 6000 GloBE5 3.6 GIoBES
2 ow —e—GloBE6 2 —*— GloBE6
-0. -
- —o— GloBE7 o ~*~ GloBE7
=TT 015 Determined by linear regression of 24hrs
=T LoS data
- 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 Page 27



Wind data processing & bias removal
% Inter-device biases

Resolving Inter-Device Biases

Process for correcting the data:

1.

2.

RWE

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

Identify when in time the offsets occurred, looking for sudden 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 in LoS wind speed from the point of each event through the entire dataset.

Page 28



@\Wind data processing & bias removal
2 Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final processing of LiDAR data includes:

*  Motion compensation using additional high frequency inclinometer measurements.

RWE Page 29



Wind data processing & bias removal

%/ Motion compensation

Pre-campaign 3month measurements for tilt

* A pre-LiDAR campaign to measure tilt conducted as part of the feasibility and go/no-go decision.

* The following questions needed answering:

What is the peak tilt we can expect?

Are there significant differences in the
dynamic response of each foundation type?
Can we use the dataset to test a motion

compensation method for use in GIoBE?

* Inclinometers installed at tower — transition piece

interface and measured for 3months.

RWE

X-axis tilt, 1-second average

—— Xinc_ARB
—— Xinc_NSO

™.

lﬁh.

~7.:’-:

B

- =

’.

Y-axis tilt, 1-second average :fi —_—
P —

Page 30



Wind data processing & bias removal
2/ Motion compensation

Removing the high-frequency artifacts

Initial assumption

Lower than expected tilt magnitudes: 20 ~ 0.06°

¢ We can now see the wind-induced tilt.

Fore-Aft Tilt (deg)

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

. 1 2,I5 ;0 7.'5 10:.0 12'.5 15'.0 17I.5 200
After mode correction / Wind Speed ()
. . . (o}
filter to remove oscillations 7 "S 5
| : 20- =~ 0 04' Initial assumption

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

Fore-Aft Tilt (deg)

* Peak tilts lower than expected, good for GloBE!

RWE

00 25 50 75 100 125 150 17s 200
Wind Speed (m/s)

RWE Page 31



@\Wind data processing & bias removal
o

Bench test for tilting impact assessment

* Dynamic test bench fabricated by DTU to test a LiDAR in motion against a static LIDAR and met mast to
develop shear-based 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 Page 32



Wind data processing & bias removal

Motion compensation

RWE

Pre-campaign 3month tilting measure-ments at _ ‘
each wind farm as proof of concept to generate tilt
time-series

Development of correction method tested pre-
campaign at DTU using acquired real tilt time-series

i Deployment of real-time motion monitoring at
16hz using inclinometer and gyro array fixed to
each WindCube for correction in post-processing

Image credit: DTU

Page 33



Wind data processing & bias removal
% Motion compensation

Motion compensation in post-processing

Take a moving average of 30s from inclinometer data to filter out high-frequency vibrations and leave true inclinations.

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

* 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

-
. T RS Lt . ' Ignore these, backlash
: reset point in each
loop

RWE Non-uniform distribution of sample points around region of interest bage 34



@\Wind data processing & bias removal
2 Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final processing of LiDAR data includes:

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

RWE Page 35



@\Wind data processing & bias removal
%/ Beam pointing accuracy

Initial setup onshore

Initial setup of the LiDARs done onshore at DTU as follows

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

* We assume that this remains true when going offshore but ultimately checked by:
* Drone hard targeting for pitch, roll and elevation offsets.

* Subsequent assessment of weekly turbine hard targets to test drone-based hard-targeting and capture
any temporal changes in offsets.

RWE Page 36



Wind data processing & bias removal
“/ Drone-based hard targeting

New & novel methods for ensuring beam pointing accuracy

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

Image credit: Elliot Simon - DTU Image credit:

RWE Page 37




Wind data processing & bias removal
%/ LiDAR pointing accuracy

Turbine Hard Targeting Method

GLOB{E

Global Blocka

RWE

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

Apply motion compensation turbine hard target data and
same 30s avg filter.

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

Globe7. 2021-09-01, range=1205m
(e

lapjuno

elevation []

slavption 1)

railing position

o
azimuth ]

6044000

6042000

6040000

6038000

6036000

6034000

6032000

6030000

Globe6

o >
> x> »

&
Globe1
Globe5

Globe2

|

>

L O T T R

L e S N

SR S S S SR S

I N T R

r r o r > > »

> rx » > > »

R S S N
R N T

GlobeT

L T
e R I S S

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
A
1.05 1.056
0.89 0.89
o 0.73 0.73:
£ 0574 -+ 0.574
=] -
c = o -
S = = 04148 £ = o4 &
k= 5 B pzd
| L %&, 0.25 %é ég 0.25 z
= K 2 0.099 2 2 0.09 =
a s H 3 s o
2 © -0.07 i ° © -0.07
£ -0.239 ¢ -0.23
o
N -0.39 -0.39
-0.55 -0.55
-0.71 -0.71
-0.87 -0.87
© O = A a4 A AN
® ©W =2 N A O N O O
- N W o 0 = N W ©
azimuth#&t?! 2]
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Wind data processing & bias removal
LiDAR pointing accuracy

Turbine Hard Targeting Outcome Example for LiDAR Pair 4|7

0.4

03

0.2

elevation difference [°]
S & S5 o
o

1
o
~

Closer to 0 is better

.
s~ o QW e /_,@.._@

0

— =
s

—_

Zi Fraunhofer
IWES
[} o - o - o~ [52] = w
- - = S 0 o~ o~ o~ oN o
N N o~ N N N N N N
& & & & & & & & &

Subtle changes over time

Note: Serves as check only, only single turbine

observable for each LiDAR due to structures, need two
for pitch and roll calculation.

A 4

RWE

0.4 7

0.3

0.2

0.1

elevation difference [°]
o
o

Globe4: no drone included W ——

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

Globe4 drone calibration 2022-04-26

Independent test of drone-
based offsets verifies positive

impact and time-varying nature

Closer to 0 is better
@e® e
DRI ) el
,-.””\@@@ OO IO}
b
- AApA
O
_a
Z Fraunhofer
g = = & s 8 8 3 8
g 8 < ] ] f & < ]

—e— Globe7: no drone included

—#— Globe7: drone included

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

Day drone flights

conducted

Page 40



@\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 100 Lidar z [m] position as function of range
100 PTLTTII
- ‘||I" l,u’

— Y (LA TL att!!

® 0 e i

o’

-

@ @

_ - @
g® g it
» 1
) = nll“”hul
0
o 0
-20 innovation -20 innovation
TNO 52 TNO i

0 1000

Lidar z [m] position as function of range Lidar z [m] position as function of range
RTHIR Nl "
pr? ’““I '
o st P “m"nl::—,mu'
l o
BT AT PTTL
© - o i " 4 L be2s
= e akes a
=TI
E L £ 0 L LA huge
w w yit
|I||"!.ﬂ HHE =
2 20 - .
difference!!
o 0
- innovation = innovation
» 1 TNOQ 5 » TN 5%
[ 1000 2000 3000 4000 5000 6000 7000 [ 1000 2000 2000 4000 5000 €000 000

RWE range [m] range [m] Page 41



@\Wind data processing & bias removal
2 Summary of corrections

Comprehensive correction of systematic known sources of biases to isolate blockage

Final processing of LiDAR data includes:

* Spatial correction using WRF to determine speedups to common point statistically using wind speed
filters (3-12m/s) with and without wake.

RWE Page 42



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

Spatial Correction Method

*  WREF contains internal numerical variability resulting from seeding and randomisation.

* Any correction using WRF to the DDR wind speeds done statistically and not temporally to avoid

phase errors, only when larger than numerical variability.

-12.0

=
[=]

5
=

Wind Speed at 100m [ms™]

o
=

: B0
RWE

1o

5
=

Wind Speed at 100m [ms™]

b
=

80

Zi Fraunhofer
wies

105

- 100

95

90
Page 43
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@\Wind data processing & bias removal
2 Summary of corrections

Comprehensive correction of systematic biases to isolate blockage

Final processing of LiDAR data includes:

* Time synchronisation.

RWE

Page 44



@\Wind data processing & bias removal
2 Scanning LiDAR time synchronisation

Provision of bespoke IT infrastructure

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

From NO-01 to A-71

e

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

Page 45
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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 Stop [ 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
£ b
: I L
H ¢ 15 . Al . BN I |- L |
] i
b H
e £
g H l
10 | s 1 N N 1 11 ] o 1 Tl B ‘ “
o 5 H--H-
V¥ FLSPos. A
V¥ FLSPos.B
“ 1§ FLSPos.C
@ Scanning LIDAR Points 0
1 RWE
4 Easting o o " o ” 2021-09 2021-11 2022-01 2022-03 2022-05 2022-07 2022-09 2022-11 2023-01 2023-03

Date/Time [-]
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Results & observations
Met mast comparisons

NSO Met Mast Aneo 96m N vs NSO Met Mast Aneo 96m 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 Y= 0.056 + 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 illustrate

8 b
s 3

o]
3
Wind Direction Deg]

regressions and statistical
performance of other

measurement instrument

technologies for context!

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

Cire i i i i )
012345678 910111213141516171819
NSO Met Mast Wind Speed [HM y

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

NSO Met Mast Aneo 96m N/S vs NSO Met Mast USA @92m

NSO Met Mast vs NSO Met Mast

NSO Met Mast (USA3D_92m_S _Spd_8Hz_Calc_Avg) | NSO Met Mast (Aneo_96m_N_Spd_1Hz_Calc_Avg)

24 { ¥ =-0.016 + 0.993x
234 r2=0.981

22 | N =52307

21 WS = 2-Allm/s

20{ WD = All+0deg

19 { ABL = All-Allm

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

O NWRAUON®O

NSO Met Mast Wind Speed [m/s]

RWE .
No data cleaning done, completely raw!
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NSO Met Mast vs NSO Met Mast

y =-0.077 + 1.000x
r2 =0.985

N = 52284

WS = 2-Allm/s

WD = All=0deg
ABL = All-Allm
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distortion/shadowing
clearly present

0123456 78 9101112131415161718192021222324
NSO Met Mast Wind Speed [m/s]

NSO Met Mast (USA3D_92m_S_Spd_8Hz_Calc_Avg) | NSO Met Mast (Aneo_96m_S_Spd_1Hz_Calc_Avg)
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Results & observations

. GLol3
Met mast comparisons e

NSO Met Mast ZX300M @91m vs NSO Met Mast Aneo 96m N/S

NSO Met Mast ZX300M vs NSO Met Mast NSO Met Mast ZX300M vs NSO Met Mast

NSO Met Mast ZX300M (Horizontal Wind Speed (m/s) at 64m) | NSO Met Mast (Aneo_96m_N_Spd_1Hz_Calc_Avg)

NSO Met Mast ZX300M (Horizontal Wind Speed (m/s) at 64m) | NSO Met Mast (Aneo_96m_S Spd_1Hz Calc_Avg)
P

24 { ¥ =0.148 + 0.968x A 24 { ¥ =0.094 + 0.976x
23 z =:5.!:$;2 e 23] r2=0.998
22 NF 2 22 { N=35278
211 Ws= 2-Allm/s 21{ Ws= 2-Allm/s
_ 20 { WD = Allx0deg 0 _ 20 | WD = All=0deg 4 30
% 191 ABL= All-Allm ¥ 19 ABL= All-Allm o 2
£ b
;‘ i_a} 300 J ; 18 300
2 16 % 10
2 15 =0 g 15 250
s 14 g S 14 i
200¢c 200c
g 13 % s 13 ]
=] B
S 12 = g 12 s
ﬁ 11 1502 ﬁ 11 150 2
7 10 z S 10 =
[}
g 9 g 9 o 4 100
g 8 z 8 3
= 7 = 7 ™
3 6 3 6 .
Z 5 Z 5
4 4 4
3 3
2 2
(1) RWE (1) RWE
0123456 7 8 9101112131415161718192021222324 01234567 89101112131415161718192021222324
NSO Met Mast Wind Speed [m/s] NSO Met Mast Wind Speed [m/s]
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Results & observations
Met mast comparisons

FLS @95m vs NSO Met Mast Aneo N/S @96m

FLS Pos. C vs NSO Met Mast -

FLS Pos. C vs NSO Met Mast

FLS Pos. C (95m wind speed corrected [m/s]) | NSO Met Mast (Aneo_96m_S_Spd_1Hz_Calc_Avg)
241

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

24 { ¥ =0.295 + 0.969x Lo ! 24 | ¥ =0.201 + 0.980x
23 r2 =0.978 o 23| r2=0.985
57 | N=37615 27 | N=37612
21 WS = All-Allm/s 21 WS = All-Allm/s.
201 WD = All+0deg 20 { WD = All=0deg
19 ABL = All-Allm 19 ABL = All-Allm
18 18
@ 17 L B 17
E 16 E 16
° 15 T 15
l% 14 | ‘% 14
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4 10 i »‘ 4 10
€ o9 '?g € o9
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X i L
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> - 4;' > lack of mast data cleaning! |
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NSO Met Mast Wind Speed [m/s]
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NSO Met Mast Wind Speed [m/s]

RWE .
No data cleaning done, completely raw!
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Results & observations
Atmospheric stability distributions

Monin-Obukhov Length (MOL) from Different Sources — Measured vs Modelled

Menthly Stability Distribution NSO MM Concurrent

10 10
0.8 0.8
0.6 0.6
7 7
g g
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£ g
0.4 0.4
0.2 VS: 10 <L < 50 0.2
550 < L <200
NNS: 200 < L < 500
N: L> 500
NNU: -500 < L < -200
U- 200 < L < -100
VU: -100 < L <-50
0.0 0.0
(] m wy w -+ [=)] = ~ ™
- A = = =1 o a -
Month [-]

RWE Note: MOL dataset calculated & provided by Fraunhofer-IWES through GloBE — X-Wakes cooperation

Monthly Stability Distribution WRF Concurrent

Manth [-]

V5:10 = L < 50
5:50 < L=< 200
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N: L= 500
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Wind Speed Ratio (5|6 411238 90m / NSO MM USA 92m WS} [-]

Results & observations
Scanning LiDAR data post-processing

Filtering of Extreme Points / Outliers

Calculate wind speed ratio between DDR :

point and NSO USA every 10min

GloBE LiDAR Wind Speed Ratio Filtered | Period: 2021-09-19 00:00:00 to 2022-04-21 00:00:00
GloBE (5|6 411238 90m) | WS (NSO MM USA 92m): All-Allm/s | WD (NSO MM USA 92m): All+0.0deg | ABL (ABL LiDAR): All-Allm

—— GIloBE 5|6 411238 90m Unfiltered [71.7%]
~ GloBE 5|6 411238 90m Filtered [70.5%]
0]
i Minimal data loss
8
6
4
2
| W X i "
0 RWE
2021-10 2021-11 2021-12 2022-01 2022-02 2022-03 2022-04 2022-
Date/Time [-]

Wind Speed [m/s]

Exclude DDR point if ratio is greater than a

factor of 2 either direction

GIoBE (5|6 411238 90m) | WS (NSO MM USA) 92m: All-Allm/s | WD (NSO MM USA 92m): All+0.0deg | ABL (ABL LiDAR): All-Allm

GloBE LIDAR Wind Speed vs Reference | Period: 2021-09-19 00:00:00 to 2022-04-21 00:00:00

Nearly all upwards ratios, suggesting this is resulting from the motion correction

RWE

ERAS
~— FLS Pos A 91m wind speed corrected [m/s] [33.6%]
—— GIoBE 5|6 411238 90m Unfiltered [72.1%]
GloBE 5|6 411238 90m Filtered [70.5%]
Minimal data loss
| ‘
)
(| " l |
‘f »h“‘\ ,{ I | *(' | k‘*{uy . il |
‘ , O A ‘ y Iy kot
1 ! ) | ! K il |' T ‘#‘&'
RWE
2021-09 2021-10 2021-11 2021-12 2022-01 2022-02 2022-03 2022-04 2022-05
Date/Time [-]
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Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Speed

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1]2 409950 90m) Unfiltered | FLS Pos A 91m wind speed corrected [m/s] GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m wind speed corrected [m/s]

24 1Y =~ 106 + 1.008x : 24 | ¥=-0.112 + 1.008x
53] r2=0.982 s : 23] r2=0.994 :

S = All-Allm/s. s 51
D

LiDAR Dual Doppler Wind Speed [m/s]

=No
=No

: ’ b = Linear

SCHNWMARULMON®WO
OHRNWLALUON®W

| RWE| | i
RWE 012345678 9101112131415161718192021222324 01234567 8 9101112131415161718192021222324
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Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Speed

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1]2 409950 90m) Unfiltered | FLS Pos A 91m wind speed corrected [m/s] GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m wind speed corrected [m/s]
24 | ¥/=-0.100 + 1.003x -/ 54 | ¥=-0.080 + 1.001x
23| r2=o0.988 A 23] r2=10.993

= 7859 . L 22

21 s = All-allm/s [ eile 51

D = All+0deg “"’ . d 20

LiDAR Dual Doppler Wind Speed [m/s]

=No
=No

= Linear

P

SCHNWMARULMON®WO
OHRNWLALUON®W

| RWE| | i
RWE 012345678 9101112131415161718192021222324 01234567 8 9101112131415161718192021222324
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Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Speed

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1]2 409950 90m) Unfiltered | FLS Pos A 91m wind speed corrected [m/s] GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m wind speed corrected [m/s]
24 Ly == 1§*m+ 001x s 24 y = -0.087 + 0.999x
23| r2=o0.988 : 23| r2=0.993

= 7859 . s 22

21 s = All-allm/s. :"" 51

D = All=0deg L : 20

LiDAR Dual Doppler Wind Speed [m/s]

=Yes
=No

= Linear

RWE s NN
RWE 012345678 9101112131415161718192021222324 01234567 8 9101112131415161718192021222324
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Results & observations

Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Speed

RWE

LiDAR Dual Doppler Wind Speed [m/s]

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1|2 409950 90m) Unfiltered | FLS Pos A 91m wind speed corrected [m/s]

241 ¥=- 165 + 1.012x

GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m wind speed corrected [m/s]

24 y=-0.141 +

0

0x

23{r2= 0§88 - f‘ .

23 r2 =:0.994

21 s = All-Allm/s. Al
D

N
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Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Speed

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1]2 409950 90m) Unfiltered | FLS Pos A 91m wind speed corrected [m/s] GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m wind speed corrected [m/s]

24 1Y =~ 177 + 1.013x : 24 | ¥=-0.155+1.011x
23| r2=0.991 Ny 23| rz=0.994 N

51 | Ws = all-aiim/s 51
D R 50

.

=

=
v

LiDAR Dual Doppler Wind Speed [m/s]

=Yes
=Yes

P 3 : = Power 0.09

gt
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OHRNWLALUON®W

— RWE| i
RWE 012345678 9101112131415161718192021222324 01234567 8 9101112131415161718192021222324
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Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Direction

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1|2 409950 90m) Unfiltered | FLS Pos A 91m horizontal direction (TN) [°] GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m horizontal direction (TN) [°]

y = 5.978 + 0.975x i y =5.161 + 0.979
r2 = 0.946 y r2 = 0.955 i
3307y = 7863 & 3307\ Z 6696
y_median - x_median = 0.598deg F y_median - x_median = 0.452deg
3007 s - All-AlIm/s 4 3007 s = 5.0-35 .0m/s 4
=3 WD = All+0deg . ‘ WD = All+0.0deg
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‘5 240 MM WSR Filter = No 240 MM WSR Filter = Yes
£ s
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2 7
2180 180
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§150 2 150
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g 120 120
z 90 %0 Motion Corr. =No
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v s Spatial No Wake = No
30 /r ) ] 30 /,/ Spatial Wake =No
0 : RWE] 0 __ RW
RWE 0 30 60 90 120 150 180 210 240 270 300 330 0 30 60 90 120 150 180 210 240 270 300 330 page 55
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Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Direction

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1|2 409950 90m) Unfiltered | FLS Pos A 91m horizontal direction (TN) [°] GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m horizontal direction (TN) [°]
y =5.777 + 0.976x . y = 4,906 + 0.980
r2 = 0.947 A ? rz = 0.954
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Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Direction

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1|2 409950 90m) Unfiltered | FLS Pos A 91m horizontal direction (TN) [°] GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m horizontal direction (TN) [°]

y = 4.196 + 0.983x i y = 3.885 + 0.984
r2 = 0.950 L r2 =0.954 ‘
3307y Z 7858 # 3307\ Z 6695
y_median - x_median = 0.529deg L y_median - x_median = 0.453deg
300 s - All-Allmy/s ¥ . 300 | s - 5.0.35 omjs
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Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Direction

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1|2 409950 90m) Unfiltered | FLS Pos A 91m horizontal dlrectlon (TN) [°1 GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m horizontal dlrectlon (TN] [°]
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5 27071 aBL = All-AlIm o 2707 L = All-Alm
‘5 240 MM WSR Filter = No 240 MM WSR Filter = Yes
v} :
E 3
o210 210 !
'E K
2180 180
k]
§150 150
a
g 120 120
9{: 90 %0 Motion Corr. =Yes
o LoS Corr. =Yes
- Drone Offsets =Yes
60 60 va . Interp. method = Linear
v Spatial No Wake = No
30 30 v Spatial Wake =No
0 RWE] 0 __ RW
RWE 0 30 60 90 120 150 180 210 240 270 300 330 0 30 60 90 120 150 180 210 240 270 300 330 bage 62

Reference Wind Direction [deg]



Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 1|2 Loc. 3 vs FLS Pos A — Wind Direction

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (1|2 409950 90m) Unfiltered | FLS Pos A 91m horizontal dlrectlon (TN) [°1 GloBE (1]2 409950 90m) Filtered | FLS Pos A 91m horizontal dlrectlon (TN] [°]

y =5.642 + 0.977x i y = 6.414 + 0.974
r2 = 0.949 B r2 =0.947 . 5 .
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Results & observations
Impact of correction steps on LiDAR data

Scanning LiDAR Pair 5|6 Loc. 3 vs FLS Pos A — Wind Speed

GloBE LiDARs vs Reference FLS Pos A from 2021-09-19 00:00:00 to 2023-02-15 08:10:00

GloBE (5]6 410038 90m) Unfiltered | FLS Pos A 91m wind speed corrected [m/s] GloBE (5|6 410038 90m) Filtered | FLS Pos A 91m wind speed corrected [m/s]
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Results & observations
Impact of correction steps on blockage observation

Transects upstream of AMK and “Kaskasi gap”

GloBE LiDAR Wind Speed Ratio Filtered | Period: 2021-09-19 00:00:00 to 2022-04-21 00:00:00

1040 GIOBE (All) | WS (NSO MM USA 92m): 5.0-13.0m/s | WD (NSO MM USA 92m): 270222.5deg | ABL (ABL LIDAR): 0.0-3000.0m
’ 5 3 GIOBE1]2 RWE
10351 270£22. GIOBE 4|7 '
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GIoBE 1[2/4|7 4th Order Fit
1.025 GIoBE 5[6 2nd Order Fit
1.020 Unity
Amrumbank West
1.015 GIoBE 1|2 95% Cl
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Results & observations
Impact of correction steps on blockage observation

Transects upstream of AMK and “Kaskasi gap”

GloBE LiDAR Wind Speed Ratio Filtered | Period: 2021-09-19 00:00:00 to 2022-04-21 00:00:00

1.040 GIOBE (All) | WS (NSO MM USA 92m): 5.0-13.0m/s | WD (NSO MM USA 92m): 270+22.5deg | ABL (ABL LiDAR): 0.0-3000.0m
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Results & observations
Impact of correction steps on blockage observation

Transects upstream of AMK and “Kaskasi gap”

GloBE LiDAR Wind Speed Ratio Filtered | Period: 2021-09-19 00:00:00 to 2022-04-21 00:00:00

1.040 GIoBE (All) | WS (NSO MM USA 92m): 5.0-13.0m/s | WD (NSO MM USA 92m): 270+22.5deg | ABL (ABL LIDAR): 0.0-3000.0m
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Results & observations
Impact of correction steps on blockage observation

Transects upstream of AMK and “Kaskasi gap”

RWE
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GloBE LiDAR Wind Speed Ratio Filtered | Period: 2021-09-19 00:00:00 to 2022-04-21 00:00:00

1.040

1035| 27022,

1.030
1.025

Blockage-induced

1.020

upstream

1.015

deceleration

1.010

1.005

1.000

0.995
0.990

0.985
0.980

Emergent

0.975
0.970

downstream

Navg =1692.0
Navg. = 1563.2

wake effect

0.965

Nayg = 1370.5

0.960

Easting [km]

| %
_.x

GIoBE (All) | WS (NSO MM USA 92m): 5.0-13.0m/s | WD (NSO MM USA 92m): 27022 5deg | ABL (ABL LiDAR): 0.0-3000.0m
f GIoBE 1|2 RWE

GloBE 4|7
GloBE 5|6

GloBE 1|2/4|7 4th Order Fit

GloBE 5|6 2nd Order Fit
Unity

Amrumbank West
GloBE 1|2 95% ClI
GloBE 4|7 95% ClI
GloBE 5|6 95% ClI

Motion Corr.

=Yes
=Yes/No
=Yes

= Linear

Page 68



Results & observations

Blockage-induced speedups

“Kaskasi gap” Transect Only

RWE

Wind Speed Ratio [-]
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Results & observations
Pattern of wind speed & power

Amrumbank West | Nordsee Ost PoP/PoWS | Period: 2021-09-19 00:00:00 to 2022-04-21 00:00:00
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Results & observations
Wind gradients by wind speed

Trends by Wind Speed — Pair 5|6
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Results & observations

Impact of boundary layer height on pattern of production

Amrumbank West | Nordsee Ost Turbine Interactions from SCADA
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Results & observations
Comparisons of ABL height

Boundary layer heigh from different sources

2500 GloBE ABL Height Box Plot | Period: 2021-09-19 00:00:00 to 2022-04-21 00:00:00
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Conclusions
Has GloBE achieved its goals?

Mission Accomplished!

* GloBE has successfully executed (probably) the largest single measurement campaign (and certainly one of
the most complex!) ever run offshore.

* Significant known sources of bias have been identified, corrected and controlled for to produce the most
robust dataset possible at current technological limits.

* New & novel techniques have been used to ensure that we are left with a statistically meaningful blockage
observation.

*  Wind and turbine operational data have been brought together and processed to enable delineation of
blockage.

* Measurements & observations alone are not enough to describe the impact of blockage, modelling also
required 2 In the next webinar session!
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@Conclusions
“GloBE Dashboard” release

=1 GloBE Dashboard

Scan me or go to https://globe-serving.tnodatalab.nl
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URL: https://globe-serving.tnodatalab.nl
USR: globe
PWD: GlobeCampaignDash!
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Conclusions
Session 2: Modelling and accountancy of blockage

GloBE data

Blockage physics & model Independent Technical Review Group Blockage technical loss
representation W, 3 accountancy
AR :

@) Joint Statement on the Global Blockage Effect @)
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