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OWA GIloBE Project Webinars

Webinar 1: Measuring the Global Blockage Effect (Tuesday)
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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 (Today)

Recap of objectives

Modelling approaches

Validation against measurements
Conclusions

Joint Statement

Q&A
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GloBE Project Structure RWE CARBON
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Forum for Consensus-Building: ITRG RWE reon
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Introduction & recap
Objectives of this session

Delineate Blockage Physics and Accountancy

A set of proven / dis-proved hypotheses

A physics recipe

An accountancy recipe

@) Joint Statement on the Global Blockage Effect @)
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Introduction & recap
Recap of previous session

Focus on Measurements and Observations

End-to-end measurement and processing of
scanning LiDAR data to get wind speed
gradients for pattern of wind speed analysis

Processing and use case of the NSO met
mast and FLS data as trusted references for
confidence-building

RWE

Processing and initial analysis of ABL height
measurements

Processing of short-term wind farm SCADA
data for pattern of production analysis
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Experiment design
% Summary of GloBE measurement campaign

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

604108

. Operating in step-stare scanning patterns

. Motion corrected, de-biased, levelled, time cone
synchronised
e Dedicated WindCube 200s for ABL: -

soasse

Northing

. Boundary layer height
. VAD tall profiles
e Floating LiDAR System (FLS)

oass

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

° Met mast Ve
FLS Pos. B
. Refurbished with high-frequency sampling inc. B M Scanming LoAR Pins
ultrasonics for atmospheric stability and SST e e

w0y wsry wsrry 2y aem

yyyyy

i s i
Easting
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Results & observations
Blockage-induced speedups

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

GloBE (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
Blockage-induced speedups

“Kaskasi gap” Transect Only

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

GloBE (All) | WS (NSO MM USA 92m): 5.0-13.0m/s | WD (NSO MM USA 92m): 270+5.0deg | ABL (ABL LiDAR): 0.0-3000.0m
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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

—— WS (NSO MM USA 92m): 5.0-13.0m/s | WD (NSO MM USA 92m): 120.0+15.0deg | ABL (ABL LIDAR): 0.0-3000.0m | WGS84:32632
Y Normalisaion point for
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% (POWS).
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GloBE LiDAR Wind Speed Ratio Filtered | Period: 2021-09-19 00:00:00 to 2022-04-21 00:00:00
GloBE (All) | WS (NSO MM USA 92m): 5.0-13.0m/s | WD (NSO MM USA 92m): 120.0+15.0deg | ABL (ABL LiDAR): 0.0-3000.0m
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ABL: 0-3000m
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Results & observations
Impact of boundary layer height on pattern of production

Amrumbank West | Nordsee Ost Turbine Interactions from SCADA Amrumbank West Impact of Bounday Layer Height on Lead Row Power
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Results & observations
¥ Wind gradients by wind speed

Trends by Wind Speed — Pair 5|6

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

GloBE 5[6 | WS (NSO MM USA 92m): All-Allm/s | WD (NSO MM USA 92m): 270+30.0deg | ABL (ABL LiDAR): 0.0-3000.0m
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Hypothesis testing of physics
Proving / disproving hypotheses

@ 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

Lead row
Legacy approach correction
approach

Tightly / Fully-
coupled
approach

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
¥
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1
|
|
L

|
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Hypothesis testing
Evidence-based method

Combining wind speed and power gradients

In order to prove / disprove hypotheses we will use a body of evidence comprising of:

* Measured wind speed gradients & what impacts them
* Observed power gradients & what impacts them

* Modelled results to separate physics & what impacts them (use of VV to assist)

Question: What best explains what we are seeing in the observations?

Result: A model physics recipe.

RWE Page 19



=
_ 2

>
—

N L



Model comparisons
% Introducing RWE’s VV and RANS CFD model

w w RANS CFD PALM LES*
(inviscid) (inviscid + viscous)
RWE RWE

Zi Fraunhofer e i

€ RWE in-house developed “VV”
(Viscous Vortex) tested against higher
order models I

300m

h,=

9 No wake model “tuning” or
coefficients required

©® wiskev (Ainslie) coupled to vortex g
sheet (RHB) Q
1}
ﬁ =
EV (viscous) RHB (inviscid)

Turbine

1000m

interaction loss

h

RWE *Courtesy of Fraunhofer-IWES through X-Wake cooperation




Model comparisons
* ITRG model contribution

GloBE data

Blockage physics & model Independent Technical Review Group Blockage technical loss
representation - accountancy
= & 450 pO .
Yapp

@) Joint Statement on the Global Blockage Effect @)

RWE Page 22



(455 Model comparisons
&

Summary Table

Global Blockage Effect

GBE Physics rzs:ei::::g? ABL Heights (m) Cf::‘ dbiitlii;\r:s Plot Designation

A @ Fully Coupled Full Yes (soft) 300, 600, 1000 Neutral, Stable A (FC)

B A Fully Coupled Full Yes (soft) Many Many B (FC)

C ¥ Tightly Coupled Full Yes (hard) 300, 500, 1000 - C (TC-ABL)

D 4 Tightly Coupled Full No - - D (TC-no ABL)

E Tightly Coupled Deceleration No Many - E (TC-no ABL)

F & Tightly Coupled Full Yes 300, 500, 1000 - F (TC-ABL)

G ¥+ Fully Coupled Full Yes (hard) 300, 500, 1000 - G (FC)

H Tightly Coupled Full No - - Not included yet
RWE vV - Tightly Coupled Full Yes (hard/soft) 300, 500, 1000 Neutral, Stable RWE VV
RWE CFD Fully Coupled Full Yes (soft) 700m Neutral RWE CFD

RWE
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Model comparisons
% Processing of SCADA data

Summary of data processing

Wind speed distributions

- Shown in the “Wind & Power Observations” session, won’t go over this again.

Power distributions

- Uses 4yr long term dataset.

- Filtered for wind speed and direction from lead row turbines, 100% avail. And 0% curt.
- Normalised PoP calculated using lead row average if lead row only.

- Normalised PoP calculated using wind farm average if looking at whole wind farm.

Models
- Model results averaged directionally if available within the same bin widths as measured.
- Model results averaged across multiple ABL heights if available.

- Model results averaged across multiple stability conditions if available.

RWE Page 24



Model comparisons
Pattern of production

Pattern of Production Along Lead Rows

0 = 300° £ 5°

VV only comparing hypotheses (ABL =
[300,500,1000m], lid = 0.5):

RWE

No GBE (HO) — Shows no variation
Partial GBE (H1) — Shows power gradient

Full GBE (H2/3) — Shows increased power
gradient

Uper = (7.5 £ 1) m/s

6 = 300°
T 1
s SCADA
41 -@- Full GRE
-l- No GBE
| —=A- Partial GBE
A
s
4
/,
A
'f
,d
&
/
- — e =
I”
1® RWE

AO1 AD2 AO3 A04 AD5 A06 AO7 AO8 A09 A10 All Al2

Turbine []
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Model comparisons
% pattern of production

Pattern of Production Along Lead Rows

0 =300°+5 U= (7.5+1)m/s

6 = 300° 6 = 300°
= SCADA * = SCADA
@ A(FQ) /’ 1.081 ~*- E(TC-no ABL)
1.15- -:- B (FC) ;7 ~@- F (TC-ABL)
-¥- C(TC-ABL)
— ~4- D (TC-no ABL) /7 — 1.06 1 I ‘RSV\(IZCJ'V
T~ 1.10 s . ~{- RWE-RANS
] /T 2 1.04
o g )
% 1.05 // P z 1.02
ﬁ TTTAS-- - ’_- ﬁ
T 1.001 --i-- R o, aigi gre: U % 1.00
£ =0 = i e E
20.95 v S 0.98
R ol 0.96 1
0.90 5 08 y
v’ RWE 0.94 RWE |
AO1 AO2 AO3 AO4 AO5 AO6 AO7 AO8 A09 Al0 All Al2 AO1 AO2 AD3 AO4 AO5 AO6 AO7 A0S A09 Al0 All Al2

Turbine [] Turbine []
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Model comparisons
Pattern of production

Pattern of Production Across Wind Farm

Uper = (7.5 £ 1) m/s

0 = 60° £+ 5°
6 =60°
*\ — scaDA
\ @ A(FQ)
1.15 N -A- B (FC) i
\Y -¥- C(TC-ABL)
—1.10 N -‘- D (TC-no ABL) |
2
(o]
8- 1.05 "‘ ~
-
s o
© 1.00 T -
£ S .
] ~ ———==__
< 0.95 .
0.90 S
RWE

RWE

Turbine []

AO01 AO02 AO3 A04 AO5 AO06 A07 AD8 A09 A10 All Al2

Normalized Power []

8 =60°
1.125 - T
e SCADA
~#r= E (TC-no ABL)
1.100 -@- F(TCABL) |
- G (FC)
1.075 1 - RWE-WV i
1050 ™ ~{- RWE-RANS
. q Y I
N .
1.025 ‘*f\‘ “': ~ ,',
1.000 ST R S
I s 2 o S
0.975 - ‘w1
0.950 e
0.925 \lt

AO1 AO2 AO3 AD4 AO5 AO6 AO7 AO8 A09 Al0 All Al2

Turbine []
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Model comparisons
Pattern of production

Pattern of Production Across Entire Site

wind dir = 300, model = A (FC)

Uper = (7.5 £ 1) m/s

wind dir = 300, model = B (FC)

R%=0.96
1.4
y=117x -0.17
y=xXx
1.2 4
1.0 4
(|
e
[ ]
0.8
0.6 1 . RWE
0f7 0.8 0.9 1.0 1.1 1j2 1.3 1:4
PoP scada

PoP model

=
i
.

g
o

o
)
!

o
o

e
o

wind dir = 300, model = C (TC-ABL)

R?=0.42 i
29 x+ 0.7 ]
y =X . o
L > o. L
[ ]
ol ® e /T
* e
L L
° ® o
I °
R
07 08 09 10 11 12 13 14
PoP scada

We typically look for “global gradients” and scatter in these plots

L4 RZ=10.87 ~
— [= [ ] hd
1.3 y = 0.95 x + 0.05 o "
{ ]
1.2 4 Y =X
] ]
L ]
T 11 2
£ ®e £
a 1.0 . a
g % g
0.9 .'
0.8 l_.
o7 | ' RWE
07 08 09 10 11 12 13 14
PoP scada
RWE

to assess model performance
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Model comparisons
% pattern of production

Pattern of Production Across Entire Site

Uper = (7.5 £ 1) m/s

wind dir = 300, model = D (TC-no ABL) wind dir = 300, model = E (TC-no ABL)

wind dir = 300, model = F (TC-ABL)

141 R2=0.96 i 1.4 RZ =077 o 14 RZ =094
13 y=0.79x+0.2 ~ y =1.01x -0.01 . 13 y =0.63 x + 0.37 .
. ¥ = ’4. 12 =X Y . .“ f J v - -
_ ~ — °® »o ® _ L2 ~Cadl
% 11 « . % E" % 1.1 > i
€ _ E 1.0 £ e ® * LJ
% 1.0 - Z % % 1.0
% o9 °® & 0 | / & os
0.8 P ‘.. Y 0.8
0.7 0.6 ”TP‘ 0.7 R
0.7 08 09 07 08 09 10 11 10 11 13
PoP scada PoP scada
We typically look for “global gradients” and scatter in these plots
to assess model performance
RWE
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Model comparisons
Pattern of production

Pattern of Production Across Entire Site

Uper = (7.5 £ 1) m/s

wind dir = 300, model = G (FC) wind dir = 300, model = RWE-VV wind dir = 300, model = RWE-RANS
14 R?=10.92 14 R? =0.96 » 14 R? =0.95 A
13 y = 0.98 x + 0.02 .-," 13 y=0.89x+0.1 13 y =0.96 x + 0.0 . -
1.2 y=X ‘__.._' 1.2 y =X 124 Y=X .~
., L ° K] °® . o t .
. 1.1
E e |® 0 'g i 'g 11 5
o 1o o o M0 o 10 s
£ oo > S [ 3 .
. 0.9 0o
0.8 0] 0.8 08 °
o C
0.7 0.7
0.7 1
0612 RWE| 1* RWE | RWE
07 08 09 10 11 1.2 13 14 0.7 08 09 1.0 11 12 1.3 14 0.7 08 09 1.0 11 12 1.3 14
PoP scada PoP scada PoP scada

We typically look for “global gradients” and scatter in these plots
to assess model performance
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s Model comparisons
:
Pattern of production \

Pattern of Production Across Entire Site

300deg allows us to drill into GBE specifically, let’s see how by looking at models C and D

wind dir = 300, model = C (TC-ABL)

wind dir = 300, model = D (TC-no ABL)
1.4 1 RZ =042 ’; 141 R?=0.96 i
7 .\. . — N 70 v . -
134y =029%+07 . P 4l Sub or local power gradients S A Gl y an
y =X . 2 o0 : y =X =
5 o . J o form! What does this 5
-8 1.1+ r 7 T~ '8 11 e ®® .
2 L L. ¥, mean??? € A
% . ¢  ® 2 L Y " / % . [ ) .
S oof % Sete ® % N : % 09 o®
o8 ow model C o Is global power gradient o8
07 2O P impacted??? 07] a8 RWE
07 08 08 10 11 1z 13 14 07 08 08 10 11 1z 13 14
PoP scada PoP scada

Let’s use VV to answer these questions!
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s Model comparisons
:
Pattern of production \

Pattern of Production Across Entire Site

VV run for 300deg a range of ABL heights using lid strength = 1 (to exaggerate the effect) 2 remember this is
the same wake model in each case:

wind dir = 300, model = RWE-VV, ABL = 250 wind dir = 300, model = RWE-VV, ABL = 500 wind dir = 300, model = RWE-VV, ABL = 1000 wind dir = 300, model = RWE-VV, ABL = 10000
R? = 0.56 ° L4 R? =0.92 L4 R? =096 * 14 R? =0.96 :
L y=054x+046  w /(" 13 y =079 x +0.21 Pd L3 y =0.92 x + 0.08 Z y = 1.00 x -0.00 C
y=x . .l 12 V= .'. { 1.2 4 =X 1 .s‘ 12 y
E L2 — T E 11 4 L .. E 11 a".. L E u.: *
Q ‘ o .. - 0 Q | o o
! . - 09 08 4
G.fﬁ:". 08 08 ‘/
RWE| '] rwe .| & ____ RWE| ofal RWE
DjT 0.8 0.9 1?0 1:1 ljZ 13 14 Dr".' 0.8 0.9 lrU 1:1 ljZ 1.3 1?4 DjT 0.8 0.9 1?0 1:1 ljZ 13 1‘r4 Dr".' 0.8 0.9 lrU 1:1 ljZ 1.3 1.4
PoP scada PoP scada PoP scada PoP scada
. GBE and ABL impacts the
GBE and ABL impacts the :
. o global gradient and
local power gradients within " -
S appears” as a wake model
the global gradient! : |
issue!
RWE
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PoP model

Model comparisons
Pattern of production

Pattern of Production Across Entire Site

VV run for 300deg a range of ABL heights using lid strength = 1 = remember this is the same wake model in

each case:

wind dir = 300, model = RWE-VV, ABL = 250

wind dir = 300, model = RWE-VWV, ABL = 500

0.7 0.8 0.9 1.0 11

PoP scada

wind dir = 300, model = RWE-VV, ABL = 1000 wind dir = 300, model = RWE-VV, ABL = 10000
R? = 0.56 g 141 R? =096 14 '
'y =0.54 %+ 0.46 ‘ o 131y =092 x+0.08 -0.00 %'
.
y=x 12 % Q‘r 124 ¥=X% I — 12
- oY
— . - ® — ] .
% 11 *° g 11 . . % oy /
E £ . £ 10
b % 10 oo, 5 1.0 ) g
.
.' - a 09 o 0.9 a o
L] .
~ L1 08 o
07 71
| RWE| | & _ RWE| o RWE
0?7 0.8 09 ljU ljZ 13 1?4 0?7 0.8 ljU 1:1 ljZ 13 1‘r4 l‘IU 1:1 ljZ 13 1?4
PoP scada PoP scada PoP scada PoP scada
wind dir = 300, modei = C (TC-ABL) wind dir = 300, model = D (TC-no ABL)
14 R?=0.96
. 13 y=0.79 x +0.21
We can explain the
g 2
3 . 311 .
E behaviour of model £, _ 2.
& s 3
CandD R
0.8 -"
0.7
RWE

s Model D age s




Model comparisons

Impact on pattern of power from wake and GBE

Change global trend 9’ '

gradient -
— )
- 74
@]
[a
5 ‘ ( 7

Changrti=| ::l:r;:rend § 7
- = V
and (\/

: . . Change global //
ABI- hEIght / Inversion gradient at extremes /

Strength

Measured PoP [-]

All contribute to stream-wise power gradients and therefore scatter

in POP comparisons
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Model comparisons
5 i
Impact of boundary layer height \

Patter of Production Across Entire Site — ABL Impact

RWE-VV, 8 = 300°

VV run for 300deg a range of ABL heights using lid —
9inversion) strength=0.5 AND =1 o et m e I
~®- abl = 300 m, lid = 0.5 /I

12+ ~M- abl=300m,lid=1

* ABL height has a big impact .

abl =500 m, lid = 0.5
M- abl=500m,lid=1

« Lid (inversion) strength has an equally big % 11| B abi-i000m g1
mpact E |3 mmeniy
o) = SCADA
* VV requires a inversion strength of 0.5 to E 1.0 -
permit a realistic ABL height to be set. g
=
GBE models must have ABL representation and care 0.9
over inversion strength
S : : : 0.81 RWE
Significant learning for RWE, inversion strength AOL AO2 AO3 AO4 ADS A0S AO7 ADS AOD ALO ALl Al2

option introduced to VV as a result Turbine []
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Model testing
Model comparisons

Pattern of Wind Speed

So far we have looked at long term power only but
what has GloBE given us? ‘ Pair 5|6

Pair 1|2

* Wind speed gradients along transects for 3 dual
Doppler scanning LiDAR pairs.

* Interrogate the model flow fields supplied and ‘="
compare against the measured data.

* Try and split out the hypotheses, again will use
VV for this purpose.

V¥ FLSPos.A
V¥ FLSPos.B
WV FLSPos.C
® Scanning LiDAR Points
A Turbine Locations
RWE | NSO Met Mast Location
on o

Easting

Pair 4|7




Model testing Poir 516
. Measurements
Model comparisons WS: 5-13m/s o
WD: 270£5deg WD: 270+5deg air 1]
ABL: All ABL: 1km (0.5 lid)

Pattern of Wind Speed

Let us use VV to show the impact of the different hypotheses on wind speed gradients:

] — T T T 1

o ﬂwt\ “m- WV, ABL = 1000m, lid = 0.5

Lot -#&- VV_no_gbe, ABL = 1000m, lid = 0.5

' \ -¥- VV_no_gbe_upside, ABL = 1000m, lid = 0.5
S 008 —o— \WindCube
gt :
£ AE\\\ Upstream deceleration
o | Meeal_ —— o~ : : :
o T ———e }l\ identical for partial (H1) and
_;g 1.004 \\ full (H2/3) GBE.

1.002 "M, \

\\% Can’t separate H1 from H2/3
1.ooo 1k * by looking upstream only
-4.0 -3.5 -3.0 -2.5 —=2.0 -1.5 -1.0

CWE Eastlng [km] Page 37



Model testing Poir 516
. Measurements
Model comparisons WS: 5-13m/s e
WD: 270£5deg WD: 270+5deg air 1]
ABL: All ABL: 1km (0.5 lid)

Pattern of Wind Speed

Let us use VV to show the impact of the different hypotheses on wind speed gradients:

__ Pair1]2 Pair4 | 7

Lot RWVE . RWE| g\, ABL=1000m, lid = 0.5
1.025 -#4- VV_no_gbe, ABL = 1000m, lid = 0.5

__ 1010 -¥- VV_no_gbe_upside, ABL = 1000m, lid = 0.5
o 1.020 o— \WindCube
',% 1008 | ~— - TR u
- -—
B oo \-..‘\ Lo15 Crucial: Partial GBE (red line)
Q- L]
I — \ Lo10 | e M » can only go back to unity
2 BEn : (free wind speed)

1.002 \\ 1.005 Un Ity

l'm'i} B s - R * A | Can separate H1 from H2/3

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 9.0 9.5 10.0 10.5 11.0
Easting [km] Easting [km]

RWE
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Pair 5|6

Model testing S

Model comparisons WSs: 5-13m/s
\WD: 270+22.5deg
ABL: All

WD: 270+22.5deg Pair 1|2

ABL: Avg. avail.

Pattern of Wind Speed

Pairl | 2

1.008 RWE Lot P “““““ A RWE | _o. A(Fo)
' - Ty -&- B (FO)
—. 1.006 - . 1.0101 — o =322 . -4-- D (TC-no ABL)
= 2 s o D - -4~ E (TC-no ABL)
© 1004 'tf:' 1.008 1 T N -®- F(TC-ABL)
5 s ~+- G (FO)
] ;’&1_005- RN -4~ RWE-RANS
& 1.002 0 \‘:‘:\“\ -- RWE-VW
o ° R
k= £ 1.004 WindCube
= 1000 = e e I e o o
1.002 i
0.998
1.000 [
—4.0 -35 —3.0 -25 -2.0 _15 ~1.0 -4.0 3% -3.0 -25 -2.0 -15 ~1.0
Easting [km] Easting [km]
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Model testing
Model comparisons WSs: 5-13m/s

Pattern of Wind Speed

Measurements

\WD: 270+5deg \WD: 270+5deg
ABL: All ABL: Avg. avail.

Pair 5|6

Pair 1]2

RWE

-
—_——
-

-
-

RWE

1.008

1.004

Wind speed ratio []

1.002

1.000

-®- A(FC)
-#&- B (FC)
-4-- D (TC-no ABL)
-~ E (TC-no ABL)

- - F (TC-ABL)
-+- G (FC)
~4-- RWE-RANS
-®- RWE-W

—e— \\/indCube

-4.0 -35 -3.0 -25 -2.0 -15 -1.0
Easting [km]
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Model testing
Model comparisons

Measurements
WS: 5-13m/s
WD: 270+5deg
ABL: All

Pattern of Wind Speed

WD: 270+5deg

ABL: Avg. avail.

Pair 5|6

Pair 1]2

Pairl | 2

1.04

Crucial: Partial GBE (pink line)

1.03
= can only go back to unity
B 102 (free wind speed)
o
[}
a
1,01 -
©
£
= | &EEEsEEss

1.00 A

0.99

30 -25 -2.0
Easting [km]

-1.5 -1.0

RWE

Paird | 7

1.04

.._._..._ .______.._......_  ——— e __.

RWE

p—

-
-
-
-

9.0

9.5 10.0
Easting [km]

10.5

A (FC)

B (FC)

D (TC-no ABL)
E (TC-no ABL)
F (TC-ABL)

G (FC)
RWE-RANS
RWE-VV

We believe there is wake
contamination here
(brown line)
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Model comparisons
Findings from comparison exercise

Conclusions

We have seen the following from the model comparison:

RWE

1.

There is a large spread of methods and therefore a large spread of results, the extent of the spread was a
surprise.

There are models that clearly perform very well and some pretty poorly specifically for GBE.

Tightly coupled models which exclude ABL height representations show negligible GBE impact and therefore
are of little value.

Tightly coupled models which only contain partial GBE exhibit gradients which do not match observations.
Fully coupled higher order models consistently perform the best when including the correct physics.

Tightly coupled models with good ABL height representations including soft lid perform very well.
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Hypothesis testing
Proving / disproving hypotheses

Body of evidence 1

2. Wind speed gradients

1. Power gradients for un- .
& upstream of wind farm show

waked & waked turbines

deceleration only
explainable when including
GBE physics

only explainable when
including GBE physics

RWE

3. Wind speed gradients

follow expected trends with
farm thrust.
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Hypothesis testing
Proving / disproving hypotheses

@ @ There is no GBE Dis—
@

@

GBE results only in a downwards bias in AEP

proven

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

Lead row
Legacy approach correction
approach

Tightly / Fully-
coupled
approach
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Hypothesis testing

Proving / disproving hypotheses

Body of evidence 2

1. Power gradients for un-
waked & waked turbines
only explainable when
including GBE physics

4. Wind speed gradients
exhibit acceleration through
Kaskasi gap only explainable

when GBE models include
accelerations.

RWE

2. Wind speed gradients
upstream of wind farm show
deceleration only
explainable when including
GBE physics

3. Wind speed gradients
follow expected trends with
farm thrust.
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Hypothesis testing
Proving / disproving hypotheses

@ @ There is no GBE Dis—

@ @ GBE results only in a downwards bias in AEP

@

proven

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

Lead row
Legacy approach correction
approach

Tightly / Fully-
coupled
approach
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Hypothesis testing

Proving / disproving hypotheses

Body of evidence 3

1. Power gradients for un-
waked & waked turbines
only explainable when
including GBE physics

4. Wind speed gradients
exhibit acceleration through
Kaskasi gap only explainable

when GBE models include
accelerations.

RWE

2. Wind speed gradients
upstream of wind farm show
deceleration only
explainable when including
GBE physics

5. magnitudes of power /
wind speed gradients only
explainable when including

ABL representation.

3. Wind speed gradients
follow expected trends with
farm thrust.

6. The range potential of
power / wind speed
gradients is large due to the
impact of the ABL height.
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Hypothesis testing
Proving / disproving hypotheses

CX) @ 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
Y @ g

Lead row
Legacy approach correction
approach

Tightly / Fully-

Dis-
proven

Proven

'{ Note: This is not saying that we have proven / disproven

coupled
RWE approach

accountancy methods by proxy.
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Hypothesis testing
Redistributive effect on power

Looking at Different Hypotheses in More Detail

* VV can represent all hypotheses with the
same underlying wake model!

* Let’s use VV to break this down by looking
at Amrumbank West PoP.

* Look at the different hypotheses and why
these matter.

* Focus on 270, 000, 180 and 300deg.

* Single ABL height and lid strength @ 9m/s. o ¥
rwe e




Hypothesis testing
Redistributive effect on power >

Looking at Different Hypotheses in More Detail

AMK Normalised Power ws=9m/s wd=270x5.0deg abl=500m alb_gain=0.5
Power Norm. by No GBE Max Power Norm. by No GBE

104y E"“““"‘E """""""""" :'"““"'E"' ____Ji__ | _i___ai____;.____al___;______:_ ______ : : !.. Rw:E
NS\ W N B I Full GBE introduces stream-wise JRIICther partial or full (H2/3) can gy pat
5 g i g g : be used for a lead row ! !
power gradient correction
o8 | i | | | I | 1 1
g Partial GBE introduces stream- |
{7 -{ S U | A R S — . .
: B . wise power gradient almost only &
= 0o RS - . — below 1.
oo IO —,, B ]
%0 S D NU I T e o~ St ey S
A5 A6 A2T A2 A29 A0 Aiil .ne;-z A‘;is 234 .ﬁs mi-s P .;u'? AZ-:BAIIBAEiO né-l A‘;izmm;\z'a A34 A?I.; 236

—— No GBE (H0) —— Partial GBE [Deceleration Only] (H1) —— Full GBE (H2/3)

RWE VV shows a power gradient is introduced due to GBE Page 51



Hypothesis testing
Redistributive effect on power

Looking at Different Hypotheses in More Detail

AMK Normalised Power ws=9m/s wd=0+5.0deg abl=500m alb_gain=0.5

Power Norm. by No GBE Max

L00 o iamn RWE 100 {
099
098 098
= =
E 0a7 E 097
E E
o o
= =
096
096
0.95
094

A5 A6 A2 A28 A9 A0 A3 A3z A33  A34 A35 A6

Power Norm. by No GBE

099 -

094 {4

Full GBE introduces small
downwards bias for AMK

Partial GBE introduces large
downwards bias for AMK

0,95 [

—RWE

225

AZ6 A2T Al

—— No GBE (H0) —— Partial GBE [Deceleration Only] (H1) —— Full GBE (H2/3)

RWE GBE power gradient persists through entire N4 cluster
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(\ Hypothesis testing
Redistributive effect on power I
Looking at Different Hypotheses in More Detail

AMK Normalised Power ws=9m/s wd=180x5.0deg abl=500m alb_gain=0.5
Power Norm. by No GBE Max Power Norm. by No GBE

1o S T L |  RWE
| : : : : : : : : ' | ] 106 - -
les  Full GBE introduces power  SuSiy B
oal upside NN el LD n
o et - : AN
£ .l Partial GBE persists power il I -l e R R R B TV
downside 1 I
05— e e — -v ----- 100
—_— ' —— : 098
P& H A ms A Mo M M 5 M A5 As e . S
WIG WIG

—— No GBE (H0) —— Partial GBE [Deceleration Only] (H1) —— Full GBE (H2/3)

RWE GBE power gradient persists through entire N4 cluster Page 53




@ Hypothesis testing

And Some Clarifications

We probably need some clarification here about the hypotheses.

RWE

What we have proven here is the physics and what the physics of blocakge does to wind
turbine/farm power.

In other words = The physics of global blockage has a redistributive effect on power within
a wind farm / cluster.

In other words = We have proven that there is a power gradient induced by GBE relative to
wakes-only (no GBE), but how do we deal with that?

We now need to talk about accountancy.
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@Accountancy & conclusions

@) Joint Statement on the Global Blockage Effect
— i3

nnnnnn

TRUST Glo8E Modalling & Accountancy Recommendations

" RWESteBE | R

Globol Blockoge Effect: Experiment

Globol Blockage Effect: Physics
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Accountancy & Conclusions
GloBE key findings

Key finding 1: Direct evidence of the existence of GBE was observed in wind
speed and power gradients at and around the wind farms.

Key finding 2: GBE decelerates wind upstream of and accelerates wind between / within the

wind farms. Consequently, GBE has a stream-wise and lateral redistributive effect on power

within wind farms and clusters resulting in negative and positive GBE losses from turbine to
turbine and farm to farm.
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@Accountancy & Conclusions

Key finding 4: GIoBE has assessed a wide variety of industry modelling / accountancy approaches
and identified significant variations in GBE wind speed and turbine power predictions. In order to

minimise GBE energy bias errors, the correct physics implementation should be the focus of any
modelling approach. A set of modelling recommendations is proposed to narrow the modelling
gap thereby increasing the accountancy consensus.
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@Accountancy & Conclusions

NS
GLOBE

Global Blockage Effect

The GloBE project has developed a set of modelling recommendations in order to reduce the gap
and variations in modelled GBE-related losses. The output of all of the following methods is an
overall “Turbine Interaction Loss” inclusive of wakes and GBE.

Turbine
Interaction
Model Type

Decoupled

From Joint Statement

GB

Tightly Coupled

Fully Coupled

Description

Wake and GBE models run separately fully

decoupled. Also knows as a “lead row correction”

method that corrects GBE errors introduced by
"wake-only” models assuming lead row turbines
produce 100% of ideal energy.

Wake and GBE models run together iteratively in
coupled mode and introduce stream-wise /
lateral power gradients. Lead row turbines
produce less than 100% of ideal energy.

Wake and GBE effects inherently coupled and
therefore inseparable within high-order
numerical modelling such as CFD*. Lead row

turbines produce less than 100% of ideal energy.

Model / Physics
Recipe

RWE

Wake: Engineering (Eddy Viscosity, NOJ etc ).

GBE: Lookup table derived from other modelling
(e.g. CFDY) OR direct from analytical potential
flow (e.g. vortex ring, RHB?) / CFD.

Wake/GBE model coupling: No
Thermal stratification / simplified BLH*:

Implicit (inc. gravity waves) within validation /
wake model tuning.

Wake: Engineering (Eddy Viscosity, NOJ etc ).
GBE: Potential flow (e.g. vortex ring, RHB)
Wake/GBE model coupling: Yes

Thermal stratification / simplified BLH: 3-
/shallow-layer models (inc. gravity waves) / wind
farm mirroring (not inc. gravity waves) or with
BLH height input for GBE.

Wake: RANS* / LES® CFD (steady state or
unsteady or timeseries) + turbine AD* + buoyancy
(inc. Coriolis farcing).

GBE: Inherent.
Wake/GBE model coupling: Inherent.

Thermal stratification / simplified BLH:
Inherent (inc. gravity waves).
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7 Accountancy & Conclusions
GloBE recommendations

Categorising Model Types in the Joint Statement

Decoupled Tightly Coupled Fully Coupled

Capture streamwise / lateral redistributive blockage effect

Total turbine interaction loss impact on AEP

More heuristic Less heuristic
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@Accountancy & Conclusions

Areas Covered by Joint Statement

Model Description Model / .PhVSICS
Recipe
Model Validation -
isi Limitations
Prerequisite

Enables you to map where your modelling and accountancy path sits relative to other
methods available in the market and de-risk GBE.
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7 Accountancy & Conclusions
GloBE recommendations

Going Back to Our Original Motivation

[1]
o> OWA GloBE
=" Industry split...

DTV

Example Coupling Test Case: Results

III III Achieved!

n

Motivation...

@ There are many methods available for
assessing blockage impact

o These are O&e n house _5"pecI ﬁ ca nd » Dalm:w power red:c;;::l lead row b:u::;upled model suggeslsthis;;p:;;iv
compensated for by r uplift at later rows
fra gme nted . v?r:y nlwage--m acceleration field outside of wake, unwinding of blockage through array

© Thereis alack of understanding® due to a Lead row correction OR redistribution OR both? iccl H |
lack of data on the mechanics of blockage Mission accom pIIShEd *
. . . Reconciliation of positions on modelling and
© Thereis alack of suitable (rapid) models uccouztuncy required -
available* so surrogate methods are sought
GloBE aims to provide the bespoke dataset and
framework to enable consensus

RWE  *This is changing Page 61
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@Accountancy & Conclusions

Global Blockage Effect

The Need for Robust Modelling is Increasing!

> '/ =
4.\ I ] »

HomsRev 1

ey o ‘\‘ T How do any of the modelling
oogger ank »\ approaches perform over
\ significant spatial scales and
N

o = many GW installed
" capacity???

= ’
//

- k
o ‘ Source: 4COffshore

RWE Page 63
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Accountancy & Conclusions
Considerations & further work

Physics Representation is the Key!!

There are still some remaining research questions:

1. What is the impact of gravity waves on GBE power and/or AEP bias and can they be
separated (probably not!)?

2. What s the impact of Coriolis on the global blockage effect?

3. How does blockage effect evolve over “big-huge” clusters?
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GLOBE

Global Blockage Effect

RWE

: Prepared by: < y 4

—

Christopher Rodaway Kester Gunn

Lead Scientist — Advanced Numerics Chief Scientist
christopher.rodaway@rwe.com kester.gunn@rwe.co

O
&
) -

Sam Williams ’ QA
Senior Scientist “ $ “““‘:‘:““
sam.williams@rwe.com Q‘ 4‘ 50 ’Q“““‘
| | RIS
N‘t ity




GLOBE

Global Blockage Effect

RWE

Special acknowledgments:

~ Fraunhofer
IWES

m innovation
for life

Mike Courtney Julia Gottschall
Elliot Simon Martin Dorenkamper
Gunhild Thorsen Erik Patschke
Emilie Clausen Lukas Vollmer
Lin-Ya Hung
XN
BN SRS
/ RIS
Additional acknowledgement for contribution: Pedro Santos (formerly Fraun XVES); / ’tfé an o"@‘:ﬁp-‘%““‘?r‘a‘\:“:&“




GLOBE

Global Blockage Effect

RWE

Made possible by:

CARBON
TRUST \\
\\
Ow Orsted Z Fraunhofer Supported by: -

\J N
~ TEeDF -
S B A (L) . .
renouvelables I OCEAN WINDS IWES Federal Ministry
- quinor i * | for Economic Affairs

L\ G ESTATE | ™ m-
GI;) ESTATE | = VATTENFALL @
L0 %U’TﬁBEGUAR m Solutions W\\

\ \ \\\

3
\\\\s\\\i X
38 \\\\\\\ N
\\\\\\\§ N
\\\\ O\ \\\\

DTU DTU Wind Energy
@ Department of Wind Ene

on the basis of a decision
by the German Bundestag




RWE

OWA GLOBE PROJECT WEBINAR 2

Any Questions?

—-\\
/A\‘

CARBON
TRUST

69



	Carbon Trust
	Slide 1: Modelling and Accounting for Wake and Blockage Effects 
	Slide 2: OWA GloBE Project Webinars
	Slide 3: Recap: Objectives of GloBE
	Slide 4: Recap: Objectives of GloBE
	Slide 5: GloBE Project Structure
	Slide 6: Forum for Consensus-Building: ITRG

	RWE
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69: Any Questions?


