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16 |Wind Integration Studies BANFEEDRFERICET HRE 2013 | 2018 | 2024
17 |Wind Farm Data and Reliability Assessment for O&M Optimization ;;Zigmo)3&;®®4>F77—L\7‘—'—9u;&w§ 2017

18 |Floating Lidar Systems FRRKSAEF—VRT L 2017

19 |Micro-Siting Small Wind Turbines for Highly Turbulent Sites BEFRYAMNBTDNEREDIAOY (T4 | 2018

20 [Selecting Renewable Power Forecasting Solutions BEARIRILEF—XEENETH 2018

« https://iea-wind.org/recommended-pratices/ #»'5. BHHEICE 70— KAJEE
+ RP16 Wind Integration Studies®&FE3kR2024FE (Y Y — R
NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY ‘ 9

RP, Recommended Practice® 3l L AIST

IEA Wind Recommended Practice 18 (RP), 1st Edition (2017),
FLOATING LIDAR SYSTEMS

. :
iea wind
EXPERT GROUP REPORT ON

RECOMMENDED PRACTICES

18. FLOATING LIDAR SYSTEMS

FIRST EDITION, 2017

Submitted to the Executive Committoe
of the International Encrgy Agency Implementing Agreement
for
Co-operation in the Research, Development, and Deployment
of Wind Energy Systems

Figure 8: Typical dimension for FLS deployments. The reference of the measurement height of Figure 4: The six degrees of freedom of an FLS.
the FLS and the measurement height of the reference system should be the same, for example

September 2017 mean sea level.

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY 10




RP, Recommended Practice Dl AIST

Create the Future, Collaborate Together

<

iea wind

EXPERT GROUP REPORT ON
RECOMMENDED PRACTICES
MICRO-SITING SMALL WIND TURBINES FOR HIGHLY TURBULENT SITES

Ist EDITION, 2018

October 2018

IEA Wind Recommended Practice 19 (RP), 1st Edition (2018),
Micro-Siting Small Wind Turbines for Highly Turbulent Sites

Obstruction of the Wind by a Building or a Tree of Height (H)

Recommended turbine exclusion zone [

Region of highly

turbulent flow 28

Figure 1. Zone of disturbed flow over a small building [1]

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY ‘ 11
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FIEDTEM (2020-2024) AIST

Create the Future, Collaborate Together

Year | TEM# -4 B FAfEE BE»S>0sMNE
113 Net Zero Electricity System Studies (v FERBEHY X7 LHAE) 2024.4.8-9 TANLT VR ISEP - M, BHHF - B
Impact of Extreme Weather on Offshore Wind Energy Systems ~ S
2024 112 GELRANI B 5 BES S DE) 2024.10.28-29 KE
111 Reanalysis for Wind Energy (BT 3L ¥ — DB 2024.4.25-26 TYv—Y RAKRE LN
Year | TEM# rEVY SES BAfEE BAMND DS INE (BFE)
110 Instrumentation Development(5t:BI#4255 %) 2023.11.2 KE -
109 Grand Challenges in Wind Energy Follow-on (BLADY S RF¥L D) 2023.2.28-3.1 XE -
108 Technology Transfer (i #x) 2023.2.22-23 AUTAVBRE -
107 Wind Energy Research Needs in Emerging Wind Energy Markets x5
2023 FRTIB BT BRANHEDOLEN)
Renewable Hydrogen in 100% Renewable Energy Systems ¥ " N EE M KR -1
10 (BAETRTFLE—KE) 2023956 | KE&AVIAY BRI SR S— KB
Sustainability / Harmonized Life Cycle Analysis
105 N 2023.9.21-22 -
(R ETRERE//\—EF A XFLCA) AAA
2022 104 Wind Farm Asset Management(A h ¥ B D& EEIR) RE
103 Offshore Wind Licensing and Consenting (¥ £ & h ¥ EDHR) 2022.2.8-11 | A2 54 B | -
2021 FAtEZL
HIHR L KB FH . LK H -Mostafa Rushdi. AT EH
102 Airborne Wind Energy (T 7R—> &) 2020.9.23-24 AUSAUBE | TEAL. #RINIHRKKRAR, BHKAEE, 2R
(WWEAZHFENFEERRS
2020 101 Hybrid Power Plants Challenges and Opportunities (/\{ 7)K% 7E) 2020.8.24-26 Ao VR A3/ 80—y )a—2a XA -FI-#H
100 Aviation System Cohabitation (122> X7 L EDWIL) 2020.12.8-9 T4 EE
99 Floating Offshore Wind Arrays GF{A = i L BEDEFIZHE) 2020.7.15&17820| #> 54 B EKEZERIEE
) ’ h = SN oy FEAABREA P
98 Erosion of Wind Turbine Blades (BB N ITO—3Y) 2020.2.6-7 TUI—Y (UWEAT L— Rz e

o FARIOTEM D B A EA
> 20224 (3 1[E]. 2023435, 20244 (34

« 2020F DB EF Y TA VREN XA EBY ZDH, BEOSMENL00% (UFTIF20%E2E) BEICHEZSZT—X
b

¢ BT AEFKIE. IEAWNIEREERICBITAEENODIBREZRE A, Task IIIBYEERUVEER (WEITER) A
85t - AED . EREESKRUNEDORKIC T A WL EWS T TEMET S

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY ‘ 13

TEMBI2 A ant

Create the Future, Collaborate Together

2024F(C1E, b —RIVABIDTEMA FE S N,
« TEM #110 on Wind Instrumentation TEMs realised since last ExCo in May 2024 3

. 1EA Wind TCP
Development follow up online

- REKE

* 3 TEMs plus an online follow up from TEM 110

Proposed by (Lead Date TEM #of

- FfERTE : 2024F582H T [ e i Tt Member) T e Osta location  SME  poricipants
o BfEH:AVIA v o e e e e el
o BHNE 264 online David Maniaci
. | Rémi Gandoin,
« TEM #111 on Reanalyses for Wind Energy 111 Reanalyses for Wind Energy y/Denmark | MBS | Oct.23 | Apri2526,2020 (VLB eatised 64
o BE: NV /Fre—7 m Il 89, 2024 Task
o BEfEHTR : 2024548 25~26H 1 Fﬁ:"smmm weang | MM | oz | DaMTIRSS | o | Resksed | a1
. M Fr<—7 e
R IhmmddEHemWeaﬂler . et | et 23 || Cetohar cicasin Rutgers
o BhE 644 (HEANS1450) e -IB,"N",':',‘,"'““"""W e Walt Musial R L el £
| e e Hesey e
Studies el
e BEITALTUR 5597EIExCo=i® (20254E5H) OHI2Task 11IREER (I54%)

- GifERTR : 2024F4H8~9H

. BfEM I TALT VR

< BIE 32% (BARD H2%5M)
e TEM #112 on Impact of Extreme Weather on

Offshore Wind Energy Systems

- RBE:XE

- BIEHATR : 20245E10828~29H
FEM 1 KE
ZME : 31%

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY 14




TEM #111 REANALYSES FOR WIND ENERGY AIsT

Create the Future, Collaborate Together

- BRI RV Frv—Y Time

. Eﬁ{% El }FE . 2024$4H 2506 E UERE(IE Welcome Opening Remarks

UERUW Introduction
° Fﬂ%’(’iﬂﬁ : 7__ N — 7 ORI Regional reanalysis from Australia / New Zealand.

. BINFE 64 %
> BARDSLDOSHINE .
> BFKRE - 1A

Short presentations on use cases (state of the art).
Break w food and drinks

Lunch

kLN Regional reanalysis

IR Break w food and drinks

TEMEZE

RE
BATANFE—DHFTEIZLDT -4ty FHAFELTVD
AL INHOT =2y MIBEAPMBICIRIELTWLSH DA
%<, T2ty MRATHR-MAB WD, T—2OHA I
ELh->TWa,

BN Future uses / improvements and shortcomings

WWEION Debriefing in small groups - unwinding - preparation of Day2

— = =
5 NI
3 2| B
@ G| o

WD Welcome
@ .
SIEX . WEEIN Debrief of day 1 + results of online survey
: EﬁgjﬁT — Xy bADT I E Z'& & K%TK@E&% 09:15 Session 1: improvement of existing datasets (access, usage,
CBEATANF-OCBENREADISBICE T LBETT —& validation)
v FORIEEREL. KNBOZL<BNTHZ LT, £ (LR Debriefing Session 1
O)ﬂﬂlﬁ% =0 D 'S Break w food and drinks and group picture
- g :improvement of future datasets and potential future
- BB ERET 5
sWWEIIN Debriefing Session 2

i

(I Closure and lunch thereafter for those who can stay

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY ‘ 15

TEM #113 Topical Expert meeting on Net Zero

e : AIST
Electricity System Studies

 fme [ . Dal |
Welcome and meeting overview

Public Session — Net Zero Power System Studies

-A Review of Global Net Zero Electricity and Energy System Studies,

-IEA Global Net Zero Assessments, Net Zero Planning in Denmark

-UCC Net Zero Energy System Modelling for Ireland

e RE:TALFTVE

-Net-Zero 2050U.S. Economy-Wide Deep Decarbonization Scenario Analysis,

- BERTE : 202454 88~9H
+Lessons from Ireland for Net Zero Energy System, Impact of Sector Coupling on

L . = N
. FfER: TAILTUF
iREIVYYN the Cost Efficiency of Net Zero Carbon Energy Systems,

4> . . . i i i - i
° gj]u% : 4_1|§§| skHNAYR - Studying large shares of wind and solar in the energy system - IEA Wind Task 25

Recommended Practices,
> H $75\ D) @gjﬂu% : -Co-Production of Long-Term Decarbonisation Plans
— N 2:00 Il TEM 113 Closed Session
> ISEP - ZH. B - B

CHIOWA'N TEM 113 Breakout Sessions
TEMBEZE

CHOWAN Introduction to objectives of session
FReE ¢ LBONAYN Short break and division in breakout sessions

Eljj Ijx}l/ :\:_ﬁj\i%’cul% < @7—__ L4y b ﬁ‘ﬁ& LTW3 Breakout Session 1State of the art
N i N — R N R N . Discussion of state of the current art in small groups. Groups divided by sub-topic
75\‘ — *L DT XAy f\ Li%/\i)\ﬁﬁ E L“EXTﬁ LTWwa :6 20 SIS (Al and will elaborate on or challenge the state of the art findings from the

Z Tty FEATHE—MEN B WTZD, T—X BaXiimaE i 1100 AM questionnaire, initial talks.

KElp-TW5,
Breakout session 2Knowledge gaps and disagreement Building on the

ﬂiﬁ .
B N TS questionnaire and breakout session 1, and using the same groups, discussion
‘ EﬁEj‘ﬁ'T — Ry FANDT I ER '|$ & Y%Tt@aﬁ% - focuses on where is there knowledge gaps, disagreement, unknowns or need for

12:30 PM q
CBNTHLE - DBNRGEAORAIH] 5 BRI — & Resus raseaton & dacusio
Ly ORI EREL. RNFEHELBNTSHIET, £ -
2:00 PM
3:00 PM

Results presentation & discussion

N Breakout Session #3Research needs identification
@Tﬁﬂ'ﬁ% =] &5 %) Topics and priorities to be developed from break out discussion

. aﬁ@jﬁ_;__ & ?%ﬁji% & Ek.jj Ij\ L #—%E%O)B%{,%% & 0);@ Results presentation & discussion
%% . J[%;’;jj o)i%%?%ﬁt_‘j— %) Full group open discussion Research needs identification
4:15 PM

Topics and priorities to be developed from break out discussion
Interactive poll or Additional Discussion

m Collect main points & identify follow-up responsibilities
I e oo
m Event close
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2025FETEMR#E e AIST

e« TEM #114 Artificial Intelligence for Wind Energy

(BLARE~DAIEA)
B3z - WE
> EE K Proposed by (Lesd Date TEM  Target Date for
- o . MNew TEM Title Membeer) Core Team Lead Approved  TEM [Qerf¥r] Location
> FEHRE 1 2025568
» o Ryan King (NREL); P
> Sﬁ{ﬁ ﬂij; . 7k 112 |Artificlal Intelligence for Wind Energy usA :;::':rln;‘:: 01.noe.23 June 2025 Boulder [US)
ORNL
H H H Al dra Lemks
« TEM#115 N aVIgag’] g_ the wind of ch a\n/ge 115 [Nawigating the wind of change : Communicatians USA/Denmark [un:;? e 23may2024 | Q220257  |DTU (Denmark)
(@ﬂ%é@kﬁ?’%ﬁ'?&ﬂ@}ﬂé fC U ) {Siman Bubin (DTLL
lake P. Gentle: Meg
> RE CKE/ Trv—7 136 |Cybarsecurity for Wind Energy Systems [ i::;i?::lr:_‘:‘m 23may2024 | Q32025 Tec
> BIEETR : 20254 Q2(FE ) B
> FfE 7~ —7
o Proposed by Target Date for
TEM # New TEM Title Core Team Lead Location
. . d b
« TEM #116 Cybersecurity for Wind Energy [Lead Member) U
== S — . ) .
(}ﬂjj % E5PAN D ‘H‘ /r N—+t f\’ a U A ) o c?%;r;;nnomy for Wind Supply Chains UK (Sgic:giyzlfe:et::s) Q3 -g;lCZUZS Online - TBC
T I KE
> E';IEK 7I< . ) Ireland / Prof. Gerad Dooly | Q3-Q42025 | In Person /
” o . B 2et=cRoboticiogiVindlEarny Portugal  |(University of Limerick]|  TBC Online - TBC
> BfEHTE  2025%Q3

> BRfEH SRR
« TEM #118 Automated Robotics for Wind Farms
(BAFKBE~DAKRY FEA)
> BETALTVE
> FEHRE 1 20255108
> BAfEH AT VR

#97[EExCos (20254E58) 1813 B Task 11IEER (k)

¥TEM #117 Circular Economy for Wind Supply Chains l&8Z s ni-h [BELE| & h -7,

NATIONAL INSTITUTE OF ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY ‘ 17

TEM b E v 7 EERIIRR e AIST

2025 F &M (P1, P2) 22 ExCoX v /R— DR E Proposed Target
by _
& UBEE SN New TEM Title by (Lead Corl.ee';Zam De.lrtEeNror Location Status
+ Circular Economics for Wind Supply Chains Member) (Qtr/yr)
()ﬁ.ﬁ%%@#75’f‘7‘l—\/t:$(ﬁ%fgfﬁ Dr Anne
BRE) - TEM #117 (41 ¥ X) P1 |Circular Economy for Wind UK Velenturf | Q3-Q4 |Online -| Proposal
« Automated Robotics for Wind Farms (&A1 (117) | Supply Chains (University |2025 TBC| TBC | received
FKEA~D ARy b3 - TEM #118 (7 4 of Leeds)
L7 R) Prof. Gerad 03-Q4 In
2025F 108 ICTEMBEFTE (A ILT v P2 |Automated Robotics for Wind | Ireland / Dooly 2025 Person /| Proposal
K) (118) | Farms Portugal | (University Online -| received
of Limerick) TBC TBC
\ o Indl{st.rializatit?n — Wind Supply Task | Zhang Chao 20262 Written
202612 (P3, P4, P5) MBI LA IR 2 IREA T P3 |Chain integration 11/CWEA| (CWEA) 026 Proposal
i, P4, PEADE LI EWER LR o7,
Julia Kirch Proposal
e P3 Industrialization — Wind Supply Chain ) ) Kiregaard :
. . S o Grand Challenges in the Social received
mtegra\tlon ()ﬂi}%%fi%éf¢@ﬁ' 774 P4 | Aspect of Wind Energy DTU fDDa-I\-/LIJd) 20267 but
Fr—vit) #ERE: FE Developpment Rudolph withdrawal
« P4 Grand Challenges in the Social Aspect (DTU) ? by the TL
of Wind Energy Development (A T*/L Tustine
BRI HANBEORR) 12E pot® First droft
A — Joint TEM between Wind and
CTYR—Y P5 |0 o e stroton pTU (DTU)& | 20267 proposal
+ Joint TEM between Wind and PVPS on AL EER R R A Task 12 received
end-of-life strategies (B 1 FE & PVPSIC PVPS

& B ERE T #ICET 2 Rl SR EE)
BITEIEXCoRik (20259E58) (T3 B Task 11REE R = £ ICIER
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Create the Future, Collaborate Together

@

Feo

F &8 - IEA Wind Task 11

« [EA Wind Task 111%, F4EEERREIMNSTEM (Topical Expert
Meeting) #@8 L. BAHBEERyY b FEY I DIEHREEZI1TS . EEEHIC
HEED S W5 % iRt

>TEMIZSIMLE T —~ICET 2MEOEMREZERT 2EICL Y.,
EROBERMT L NILELEAEEEIN S

« [EA Wind Task 11OTEMA, [EA WindiZB T 2 Task"nFEET 345 —
AN BMOMEILICE L TA > T F 722 —D2ODEHNEBFET
& 5

>Task 1115%, [EAWindoHF TR ER & LB TaskiFE)

« SHDOTEM M E Y &
> JAFE~DAIEH
>ENFEBICHTT HHEIOREHT-Y
>HAN—tx 1T 0%
>BEANFEBE~DOKR Yy FEA
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202549824 (KIER) ./ 9:55 - 10:15 1

£14[ETEA Windtz3F—)

Task44:71 R 77— LDFRNISHIE

B Operating Agents, Paul Fleming (NREL)

= WIND FARM
FLOW CONTROL

IEA Wind Task 44

W Web Page, https://iea-wind.org/task44/

b7 kDY

AHE Fid

SRAEMAFR/ BETERATANF -/ 2—/EERATAINF-BENRST/H R
# B LRAOAERE Y2~/ NF Ay —VE LRI /MR

E-mail : takanori@riam.kyushu-u.ac.jp hxsEEEnBRRE Y-

NI

,.__
/ﬂm KYUSHU UNIVERSITY

WIND FARM
FLOW CONTROL
IEA Wind Task 44

O EETRIVF—HEE (IEA) &, BAEMB A TO00 S A BEFR:IEA Wind TCP) ZEf£LTUL\S

O IEA WindERZES (HFFIHERS :NEDO) H\o DHERE - TFx = #3 C, IEA WindDEBFRHERAZEE)
(Task 44)IZ2EL TL\5(2021F12H15H~)

Task 44 (Wind Farm Flow Control) DR 1—2
« BARSFROFIEDEFICH T IERS N
« AAREFROFETIL I X LR AN ES

HADEN

v BAXBEDRBEICLSRNVRATLAVCENHEICHTIRANRENMENRKL

v REOIIAVFEMRRIC LS AAREIROERIL

v BAREROIAET VDORIFI—VERRNTZ9T 1 ADBIR. AN TS07 1 2 T—9TMRDRE




3 WIND FARM
5 FLOW CONTROL

IEA Wind TCP Task44

FRSINEE

FLRDARICET BiEs by TRE/MEFRNSHE

=3 E B4 RE T RILF—H3ERT(NREL

Q CENER | sizpgens EUBEARIRNF =125 ~(CEER)
ARTY el

5 FILIRIRKF(TUD)

TUDelft $52 —

DU Fuv—oTiixy

2 TR Vam

ZIE

RKE, 7524, RE, 7\\4‘3_24'[*‘, P12,

TIN—D, ANRM2, R4, JIVo1—, HXK

E I o — H)E

=F:NOLy N

« WNKFE/RE Fic (REH)
ENEOS')Z1—F7 ) -IFI—
REIRNF—IRTLR
AFTEP

« RRAR

L]

© WIND FARM
% FLOW CONTROL

IEA Wind TCP Task44

(D
JUNAREEIS R FER AR
mEE R EURIC TRS
2020%F11H12H

L

What is the wind turbine wake phenomenon

and wake steering ?




5
3 WIND FARM
5 FLOW CONTROL

IEA Wind TCP Task44

Quasi-steady flow control
Wake steering using yaw offsets

Baseline FLORIS optimized

-]

g
<
il AP AN ;
BB PRSI SR A A et sz m e m e e
'220
215 ——Baseline
) FLORIS optimized
& o 200 400 600 800 1000 1200 1400 1600 1800 2000
Time [s]
. 6
IEA Wind TCP Task44 & wnoraem

S FLOW CONTROL

Task44 T—2/\w4—J (WP)

/ Work Package 3 \

Work Package 1

/ Work Package 4 \

Work Package 2

Track the evolving state Characterize and Characterize the Collaborate and
of the art in wind farm quantify sources of building blocks which coordinate with other
control through uncertainties define wind farm IEA Tasks and other
collection of research control wind farm control R&D

results and expert

Develop methods for

activities
elicitations estimating AEP/loads Build an overview of
with overall uncertainty available options, Based on tasks 1-3 and
Develop set of specifications and external projects,
recommendations and Develop set of ‘assess TRL of each identify research gaps

best practices

recommendations and

best practices Give a full landscape of

the solution space

\ BH-PLIVZLORE )

XA IICWP2AZIN  Uncertainty Quantification / THEEMEDEE(L

Develop research
roadmap

\foTovrorroni j




IEA Wind TCP Task44 & ynomem |

Task44 FEBX)N\—

I

Paul Fleming Irene Eric Simley  Joeri Tuhfe ChristiAnn
« Operating Eguinoa o WP2 Lead Frederik Gogmen Vaughn

Agent e WP1 Co-Lead e WP3 Lead e WP4 Lead e Task Manager
* WP1 Co-Lead

IEA Wind TCP Task44 |& ooz,

v WESC2025[CHNETH U MTH(I5R) ThfE

v B Task44DBWPDEW &, 77— LHIHICET MR IOV T 2bORREHEFURL LT,
77— LHEOHERRICAITTEIR VDRI I - AORBARABEZRT D

WIND FARM
FLOW CONTROL

IEA Wind Task 44

o ;

v IEA Wind task 44MGeneral Meeting(@+> Ni2i8)




IEA Wind TCP Task44

: WIND FARM
o FLOW CONTROL

Task44 Work Package Updates msanstsin

Work Package 1: FRZEIESRDUNEE

«  WIKIDO{EBK (https://ieawindtask44.tudelft.nl/)

Research Database

IEA Wind Task 44 youtube Talks

Wind farm control in the news

Data sets

Terminology

Other Tasks and Projects

Wind Farm Control in the News

Wind farm control terminology

Terms around wind farm flow control

Control Ty

IEA Wind TCP Task44

 WIND FARM
©® FLOW CONTROL

Task44 Work Package Updates mskaonstsin

Work Package 2: FiEEMENEE (L (UQ: Uncertainty Quantification) & EIFSEHR

o UQESEIFEBRRICEAULTWP2DX UN—IC L BIDDHEEK

- YouTubeF+/RJL

IEA Wind Task 44 Talks

awndtash tais:

https://www.youtube.com/@ieawindtask44talks21

10




IEA Wind TCP Task44 € ez, 1

Task44 Work Package Updates meskunsigisnn

Work Package 2: FERMNEEL(UQ: Uncertainty Quantification) & SEiFEER
« [Field Assessment Review and Best Practices Paper ] D{EBX
v RS TME80%IER

v Task 447 T —X1DTE(2R)ICVv—FILARETE

IEA Wind Task 44: Review and Best Practices for Wind Farm Flow
Control Field Assessment

Eric Simley, Sgren Juhl Andersen, Maria Aparicio-Sanchez, Ervin Bossanyi, Nassir Cassamo,

Bart Doekemeijer, Thomas Duc, Irene Eguinoa, Tuhfe G¢gmen, Hadi Hoghooghi, Daniel Houck,
Matt Harrison, Michael Howland, Paul Hulsman, Yan Jie, Vile Kipke, David Onnen, Nathan Post,
Julian Quick, Johannes Schreiber, Balthazar Sengers, Rafael Valotta Rodrigues, Pragya Vishwakarma,
and Stoyan Kanev

IEA Wind TCP Task44 |& oz, 12

Task44 Work Package Updates mskuonsigisnn

Work Package 3: R 7IL.TURXLDMRE
v 2024FEREICTP T NABRDOE(EDI Z1F THEaREET)
v 10A28BIC 77— ARNBFIHDOREZADREICET 57— 203y T =hiE

Work Package 4: fh7’0I T 2b&EDRRM
v BhET BIEA Task®> 70OY 17 DR %E WIKIICEIE
v fhiTaskX N—IC LB T7—223v TORIE




WIND FARM
FLOW CONTROL

IEA Wind Task 44

WFFC Survey Results: Reviews & Discussion
TP —LRNGEHEICET 27— hNER L E1— 5

What sector best describes your current work?

44 responses

startups)
@ Research Institute (e.g., national labs,

research)

How do you rank the level of implementation of your work in WFFC?

13

@ Industry (e.g.. private companies, > 44 g w @g E %E"I’
L] Z‘::::r:?:'(:-:.sz:’lvd;r‘:i'::sl;aching & > E% » Eﬁ%ﬁﬁ e x#%n‘%‘\nwx :}, \\\_b\\ﬁg

dtresponses BROWFFCICE T SHFRDEFEL NILIZDWNT

@ Purely academic — My work is mostly

models, simulations, or concepts with...
@ Prototypeltesting phase — My wark
involves lab-scale or limited field testin.
@ Industry collaboration — | work on
applied research, collaborating with in...
@ Field implementation — My work is
actively deployed in operational wind f...

ooy FEOUE<OIRAERFEDL NIV

WIND FARM
FLOW CONTROL

IEA Wind Task 44

WFFC Survey Results: Reviews & Discussion
TP—LRNIGEIEICET 27— hNEE: LE 21— 550

How close do you believe we are to widespread cor ial impl ion of WFFC strategies?
44 responses

@ Fully ready - Can be deployed at scale
now,

@ Mostly ready — Some refinemants
needed. but large-scale adoption is fe...

@ Partially ready - Some commercial
pilots exist, but widespread adoption |...

@ Not ready — Significant bariers st
exist,

@ Too early o tell - More research is
needed bofore assessing commerdial...

What are the remaining barriers?
44 responses

@ OEM concems regarding loads / dam.
@ Uncortainty of use or effectiveness

@ Feasiility of practical implementation
@ Modeling capacities

@ All of the above, but | think I'd start wit
@ | think barriers are not technical. Oper.
@ | think "Uncertainty of use and effectiv...
@ Uncentainty of use or effectiveness an.

”»v
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WFFCIARE It~ T HRREICE 4

> [EFHFHO—BEIREERMBTETNDE
EATWS

XfEXFR RS
> —&lE, OEMIC L B RIER M
» RIS, FHERMECMENE, RROFREERE

OEM : X—A




WIND FARM
FLOW CONTROL

IEA Wind Task 44

15

WFFC Survey Results: Reviews & Discussion
TP —LRNGEHEICET 27— hNER L E1— 5

How impartant are the following things to remove these barriers? 1: More (public) data / data

sharing 2 ion projects / field 3:..oved 5 Imp control
B tjeast) BN B0 BN WS (most)
20
10
]
Data Expadimants Sensors Madaling Algorahma.

Which technology do you think will have the biggest impact on improving WFFC in the next 5 years?
44 responses

@ Advanced sensors and LIDAR

@ Machine learning and Al aigorithms

® Improved computational fluid dynamic...
@ Novel turbine designs optimized for fa...
@ Data sharing / visibility.

@ | think, as written, CFD WILL have the...
@ | think impact can mainly be achieved...
@ WFFC oriented wind farm design (turb....

nv

> KRR, (AF—T2) 79, ETIMEDIRTZ

W

WFFC% EHICSHES
EifiEEZ5N501E

> TS, BUAKESONE, BERTOUWESE

D

WIND FARM
FLOW CONTROL

IEA Wind Task 44
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WFFC Survey Results: Reviews & Discussion
TP—LRNIGEIEICET 27— hNEE: LE 21— 550

‘Which area of WFFC research do you think needs the most attention? 1: High-fidelity (HF) modeling of transient effects 2: Wake models for fatigue load

hierarchy 4: Robust control algori for uncertain

5: Uncertainty g

Mt esst) BENZ BN BN 4 S (most)
bl

15
10
5

0

3: Control i and

ion (UQ) 6: Def....) 8: Integration with other renewable energy sources and storage 9: Control-oriented (CO) wake modeling

i i

HF modsling Controls Robusiness U

WFFCTREIB T UEN G DT

> THEREOER(L

> FRBQRGTEMIS TS SPIIVIA
> BHHEICHTEIVIM2DETIVE

Objectve inbegration Other RE inlegration CO modeling




WIND FARM
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IEA Wind Task 44

WFFC Survey Results: Reviews & Discussion
TP —LRNGEHEICET 27— hNER L E1— 5

How significant do you consider the potential of floating offshore wind farms to leverage WFFC
strategies?
44 responses

@ Not significant - WFFC has little 1o no
added value for floating ofahore wind,

@ Slightly significant = Some potential, but
not a major factor.

@ Moderately significant — Could offer
benefils, but challenges remain

@ Very significant - WFFC could play a
hey role in optimizing floating wind,

@ Highly significant ~ Essantlal for making
Roating offshore wind more viable and. ..

Rank these technologies from most (1) to least (6) theoretical potential to reduce the LCOE (or increase the net value) of wind farms 1: Wake steering 2-

Derating 3: Active wake mixing 4: Maximum Power Point Tracking 5: Active power control &: Lidar assisted control

B grest) EENZ BN B4 BRSNS east)

I TR

Activs wake mizng Acter power conrol
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WFFCEER T S 72DIFHRIA1 /R TP—L4
DENFEEBEEZ T

> ¥PL ENPREEICEREERITVD

LCOEZ (KR T 3 7= 6 ICIBZRA I C BB ARl

» DIAORTFPILYD
POT1TITAI2IYIR
» D49 —3ARHIE

Lidar assisted contiol

LCOE& [, Levelized Cost Of Electricity (Y%t R ERM) DBE T, FKEH
DEERN OB, EEE CTEEDRESA I ILLRKICHN B IR E,
BESNIREECTHEFICE T

WIND FARM
FLOW CONTROL

IEA Wind Task 44

WFFC Survey Results: Reviews & Discussion
TP —LRNGEHEICET 27— hNEE L E1— 5

How far advanced would you say the development of wind farm flaw contral (WFFC) technalogies is? (1 = purely scademic, 5=
implemented on a large scala)

T EN: N EN: EEG

SEIN TN

Actve wake maing Active power comtml iar masinind control

How likely do you think it is that each of these technalogies will be implemented on wind farms within 10-20 years? 1 = Highly Unlikely
(wery little chance of adoption) 5 = Cloge 1o Certain (Widespread implementation |s very likely.)

) gnkkety) BN B3 BN S vy oty
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IEA Wind TCP Task44 |& rue oo,

WFFC Survey Results: Reviews & Discussion
DP7—LRNGEIEICET 7y —NAE L E 21— &5

What is holding this technology back from being implemented on a larger scale? 1: OEM concerns regarding loads
/ damage / lifetime of the turbine. 2: Uncertainty of use,...ion challenges 4: Current Technology Readiness Level (TRL)

B Current TRL

Wake steering Derating Active wake mixing MPPT Active power contral  Lidar assisted control

» DIAO2RATPIIIE, THERMEOTHE - RERHFR KRS B9 2 0EMST
» POTATIIA2IvOR(E, BEFR VRS IZEY D0EMIH - TR AR
> 45 —XIBHIEITRE

IEA Wind TCP Task44 |& oo, 7

Plan Task 44 Phase 2

Task44 7 T—X2MDEHE
> JI—X1DETIZE, 2025F7AH 52025F 12AICERI N
» 21—2X2I&, 2025511 BDIEA Wind ExCoaZ CHIETITND
> 21—2R2F, 202651 AN SRIATE (3-45FHt#)

Phase 1 extended to HIEES 4 0] 15 Phase 2 planned to

December 2025 praposetiante by start January 2025
(orig. July) (3—4 years)

Wind ExCo meeting
in November 2025




E14[8 IEA Wind 3+ —

20259 H24H

IEA Wind TCP Task46
Erosion of Wind Turbine Blades
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Task46 (Phase 1)l &

@INn—a ik

SR CHEEEY 57 L—FRIEICRFEEDN

BRI HRICHEET HREYELEEANIC
FOTTL—F M HDRFRENETS
PER, FLTHOEREARELLPEREH
i;ﬁf\d)Fﬁiﬁﬁzﬁ'C')Z’Jh\EETk

Hi B8 : https://iea—wind.org/task46/

OIO— 3 NEE
INT—H—T~DEE
E A Ay M R N
"RBRPEHRDIRE
FHEOATFUORDARXE
h 4
"EEFRME~DEE

@ THUE

-HAM]: 2021448 ~2025438

-OA: DTUVTT(2023/5%F T)

-BH: I0—Y3 EROEREEED. T

A—2a>F D=0 T—32yheET

IWY—ILERFEL. ATeELRRY R WS T

DEGETEEE. AERFEEHRRET S,

"=\ lr—

WP1: THRIAVL
Charlotte Bay Hasager(OA,DTU)

WP2: TA— a3 ERELGLHT[EREF
Sara Pryor(Cornell Univ.)

WP3: TO—L a3V ERAEARL—ay
David Maniaci(SNL)

WP4: TA— 3> M ith i ER
Nicolai Frost-Jensen Johansen(DTU)

WP5: TA—23> D hZEEMFBFH
Fernando Sanchez Lépez(CEU)
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S E R
Country- Contracting Party - Active Organizations
The Federal Public Service of Engie-
Economy, SMEs, Self-Employed and
Belgium+ Energy-
Canada- Natural Resources Canada~ WEICan

DTU (OA), Hempel, @rsted A/S,
PowerCurve, Siemens Gamesa
Denmark- Renewable Energy:

Danish Energy Agency-

Finland Business Finland vIT

Federal Ministry for Economic Affairs Fraunhofer IWES, Covestro, Emil

and Energy+ Frei (Freilacke), Nordex Energy SE,
Germany+ RWE, DNV, Mankiewicz, Henkel-
Sust ble Energy Authority of Ireland-| South East Technology University
University of Galway, University of
Ireland+- Limerick-
New Energy and Industrial Technology | AIST, Asahi Rubber Inc., Osaka
Japan: Development Organization- University, Tokyo Gas Co.<

Netherlands- Metheriands Enterprise Agency- TU Delft, TNO#

Morwegian Water Resources and Equinor, University of Bergen,

Norway+ Energy Directorate+ Statkraft
CIEMAT- CENER, Aerox, CEU Cardenal
Hermera University, Nordex Energy
Spain- Spain-

Offshore Renewable Energy Catapult: ORE Catapult, University of Bristol,
Lancaster University, Imperial

United Kingdom College London, llosta, Vestas

U. S. Department of Energy+ Cornell University, Sandia National

United States- Laboratories, 3M

Ve RIES

2021/3/15, 9/15, 2022/2/2, 9/22
2023/9/21, 2024/4/18, 9/18, 2025/3/10

TP —

2022/5/31, 2023/12/4, 2024/12/5

CERRE

EERA JP Wind FALCON Workshop,2021

EERA DeepWind 20220offshore wind R&I conference,2022
3rd Erosion Symposium, 2022

ECCM European Conference on Composite Materials,2022
AIAA SciTech Forum,2023

4th Erosion Symposium, 2023

WESC Mini—symposium, 2023

12th Asia—Pacific Forum on Renewable Energy, 2023

5th Erosion Symposium, 2024

The Science of Making Torque from Wind, 2024

Sandia Blade Workshop, Albuquerque, 2024

6th Erosion Symposium, 2025

Wind Europe, Copenhagen, 2025

WESC Mini—symposium, 2025

A o
n b 7" — |\ https://iea—wind.org/task46/t46-results/
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@S EHE:
Engie, WEICan, DTU, Orsted A/S,
VTT, AIST, Osaka Univ.,
Fraunhofer IWES, TU Delft, TNO,
ENECO, Univ. of Bergen, CHU,
ORE Catapult, Cornell Univ.
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https://usercontent.one/wp/iea~wind.org/wp—content/uploads/2022/08/IEA Wind Task 46 WP2 Deliverable1 5Nov2021 approved.pdf
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@®WP2.1+WP2.2 Pryor, S.C., Barthelmie, R.J., Cadance, J., Dyer, K., Hasager, C., Herring,
R., Kral, S.T., Prieto, R., Reuder, J., Rodgers, M., Veraat, M. (2022). Atmospheric drivers of
wind turbine blade leading edge erosion: Hydrometeors.
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https://iea-wind.org/wp—content/uploads/2023/04/D2-3-Ancillary—variables—data.pdf
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@® WP2.3+WP2.4+WP2.5 Pryor, S.C., Barthelmie, R.J., Campobasse, S., Dellwik, E.,
Hannesdéttir, A., Hasager, C., Kral, S.T., Reuder, J., Rodgers, M., Veraat, M. (2023).
Atmospheric drivers of wind turbine blade leading edge erosion: Ancillary variables.
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Variable

HRHEFOEEMICETIEWPADET I T HER

Importance (# of positive | Described variable | Narrative Location Site Seasonal Seasonal Mean Total SW
responses from the 3 WPs) label used Difference: Month | Difference: Month DTR radiation (Jm*
Wind speed | Essential to closing velocity | Weibull  distribution here with highest Tmax | with highes! Tmin per year)
b v vk w and atlclose minus month with | minus month with
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amﬁ https://usercontent.one/wp/iea-wind.org/wp-content/uploads/2025/03/1EA Wind Task 46 WP2.6-RoadmapErosionAtlases.pdf
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@ WP2.6 Pryor, S.C., Barthelmie, R.J., Hannesdottir, A. (2025). A roadmap for producing
wind turbine blade coating leading edge erosion atlases: Preliminary results.
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@®WP2.7 Dellwik,E. Pryor,S.C., Hasager,C.B., Hannesdottir,A., Barthelmie,R.J., Reuder, J.,
Rodgers,M., Sanderson,R., Norton,H., Tanaka,M., Ushio,T.(2025). Report on measurements
of LEE drivers including metrology development and prospects for establishing ‘super sites’
for instrument testing the status of deployed measurement techniques.
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45&” https://usercontent.one/wp/iea-wind.org/wp—content/uploads/2025/03/IEA Wind Task 46 WP2.8 verification—and-validation—framework.pdf
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@ WP2.8 Pryor, S.C., Barthelmie, R.B., Zhou, X. (2025). A V&V framework for numerical
simulations of LEE drivers: Preliminary results.
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https://usercontent.one/wp/iea-wind.org/wp—content/uploads/2025/03/IEA Wind Task 46 WP3.1 AEP_Loss—1.pdf

@ WP3.1 Maniaci, D.C., Meyer Forsting, A., Barlas, A., Bak, C., Olsen, A.S. (2025) Model
to predict annual energy production loss based on blade erosion class.
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fast progression.
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progression.
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avoid catastrophic failure
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wp—content/uploads/2023/02/IEA-Wind—-Task-46-Erosion—Classification—-System-report.pdf

Erosion Classification System

@ WP3.2 Maniaci, D.C., MacDonald, H., Paquette, J., Clarke, R. (2023) Leading Edge
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@ WP3.3 Castorrini, A., Campobasso, M.S (2025) Approaches for droplet impingement
computation
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@ WP3 .4 Hasager, C. Bech, J.1., Maniaci, D.C. (2025) Potential for erosion safe operation
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@ WP3.5a Maniaci, D.C., Olsen, A.S., Bak, C., Meyer Forsting, A. (2025) Accuracy of LEE
performance loss model based on field observations
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@® WP3.5b Campobasso,M.S., Castorrini,A., Bretos,D., Mendez,B., Maniaci,D.C.,
Theron,J.N., Meyer-Forsting,A.,Sorensen,N.N., Aihara,A., Vimalakanthan,K. (2025)
Validation of the Predictive Capabilities of Computational Aerodynamics Codes to Assess

Eroded Blade Performance:First Aerodynamic Benchmark
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https://usercontent.one/wp/iea-wind.org/wp—content/uploads/2022/12/IEA-WT46-WP4.1-report—Review—on—available—technologies—for-laboratory—erosion—testing.pdf

laboratory erosion testing.

@®WP4.1 Finnegan W., Bech J.1., (Eds.) (2022) Review on available technologies for
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‘wp—content/uploads/2025/03/IEA-Wind_Task46_WP4.2-Erosion—failure—-modes—in-leading-edge—systems.pdf

@ WP4.2 Johansen, N. F.-J. (2023) Erosion failure modes in leading-edge systems.
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@ WP4.3 Simon, J. E. and Johansen, N. F.-J. (2024) Rain erosion test data analysis, damage
accumulation and VN curves.
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@ WP4.4 Johansen, N. F.-J. and Nash, J. (2025) Pre-evaluation of specimen.
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@ WP4.5 Johansen, N.F.-J., Weinhold, A., Tanaka, M. (2025) Test aluminum data analysis,
damage accumulation and VN curves.
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@ WP4.6 Teuwen, J., Johansen, N.F.-J., Bech, J. 1. (2025) Simple laboratory test.

Mechanical characterization of LEP materials.
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@mﬁ https://usercontent.one/wp/iea-wind.org/wp—content/uploads/2025/03/IEA Wind Task 46 WP5.1 Damage—-models—based—on—fundamental-material-properties—1.pdf
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@ WP5.1 Sanchez, F. and Hao, H. (Eds.) (2025) Review and assessment and review of
erosion damage models based on fundamental material properties and DNV-GL-RP0573
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@ WP5.2 Sanchez, F. (Ed.) (2025) Microstructure and macrostructure material analysis for
the erosion damage progression development based on different accelerated rain erosion
testing rigs.
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https://usercontent.one/wp/iea-wind.org/wp—content/uploads/2025/03/IEA Wind Task 46 WP5.3 ModellingFromInspectionData.pdf

@ WP5.3 Sanchez, F. (Ed.) (2025) Use of in-field turbine blades inspection data for the
modelling of the rain erosion damage initiation.
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Work Package Lead organization

Deliverables !

WP 1: Management DTU (DK}

Professor Christian Bak (Co-operating Agent)

Professor Charlotte Bay Hasager (Operating Agent)

D1.1toD1.6

Cornell University (US)
Professor Sara Pryor (WP-lead)
Professor Rebecca Barthelmie (Co-lead)

‘WP 2: Climatic conditions

D2.1toD2.4

WP 3: Wind turbine operation
with erosion

Sandia National Laboratories (US)

Aerodynamics Lead (WP-lead)
CENER (ES)

Hydrodynamics (Co-lead)
University of Lancaster (UK)
Sergio C.

David Maniaci, PhD, Rotor Blade and Wind Plant

Beatriz Mendez, PhD, Head of Aerodynamics and

PhD, Senior Lecturer (Co-lead)

D3.1toD3.8

‘WP 4: Laboratory testing of DTU (DK)
erosion and material blade
integration Engineer (WP-lead)

AIST (JP)

WP2:22% (WS H - B (FEHBE) . 4B (X))

Nicolai Frost-lensen lohansen, PhD, Development

Motofumi Tanaka, PhD, Senior Researcher (Co-lead)

D4.1to D4.8

WP3:404 ()13 - RERIR - E P () | B (BHH)

WP4:504% (%ﬁm-aaq: (EEFRHE) LR (BB K) .

EBERKGEBERN(TITFY)

ED-ER (BAAS/1\—) BH(RERAR))

Country
Belgium
Canada

Denmark

Finland

Germany

Ireland

Contracting Party Participant Organization

Belgian Ministry of Economy Engie

WEICan

DTU, Hempel, @rsted, PowerCurve,
Siemens Gamesa Renewable Energy

vIT

Natural Resources Canada
Danish Energy Agency

Business Finland

Fraunhofer IWES , Emil Frei (Freilacke),
Nordex Energy SE, Mankiewicz, RWE,
Henkel
South East Technological University,
University of Galway, University of
Limerick
AIST, Osaka University, Tokyo Gas Co.
Asahi Rubber Inc., CRIEPI, Industrial
Technology Institute Fukushima
prefectural government, Niigata
University
TU Delft, TNO, Suzlon

Federal Ministry for Economic
Affairs and Energy

Sustainable Energy Authority
of Ireland

New Energy and Industrial
Technology Development
Organization
Netherlands Enterprise Agency
Norwegian Water Resources
and Energy Directorate
Centre for Energy,
Environmental and
Technological Research

University of Bergen, Statkraft

Aerox, CENER, DNV Iberica, Nordex
Energy Spain, Universidad Cardenal
Herrera - CEU
ORE Catapult, University of Bristol,
Lancaster University, Imperial College,
Vestas UK, llosta, Armour Edge

US Department of Energy Cornell ULr:;f)r:g.ﬁSé.:ndla National

Offshore Renewable Energy
Catapult
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4.6-4.8 Erosion from material science perspective e

IEA Wind TCP

The discussion will also include the materials science perspectives necessary to achieve this objective. One of the
objectives of this work package is to accumulate knowledge on the relationship between fatigue properties and
material properties, various factors affecting them, and testing methods for evaluation for various soft materials
through computer-aided engineering (CAE) and experiments, and to share this knowledge widely in the industry in
order to develop materials that will sufficiently endure for the life of wind turbines, or materials and application
methods that minimize uncertainties in life-time prediction.

4.6 PBridging the gap 4.7 Analysis on 4.8 Material failure in
between several failure modes and the real blade erosion
durability testing and mechanisms of
material properties various soft materials

: to integrate into

modelling

BB
- focusing on erosion progress

- understand elementary process
on soft materials

- focusing on erosion initiation
- understand the difference
among testing

from the knowledge of 4.6 & 4.7

Technology Collaboration Programme
byleQ

s EREHT
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-AAMSEEOO—HILE—T 4

Extra optional WP4 meting in Japan Sep 26. (’

IEA Wind TCP

* 14:00-15:30 Site tour at Hibiki offshore wind farm

* 15:30-17:30 Discussion at office near Kokura sta.

* Please contact Moto for more information

Technology Collaboration Programme
byleqa
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Integrated Design on Floating wind Arrays (IDeA)

Atsushi Yamaguchi
yamaguchi.atsushi@g.ashikaga.ac.jp

AUG

ASHIKAGA UNIVERSITY GROUP
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i i

3,688 MW has been
announced through 2026.

T
Y
i

Cumulative Installed Capacity (MW)
1
£i
i §§

EEEEEERE

Musiel et al., (2021)

014 2016 2018 2020 2022 2024 2026
Commercial Operation Date
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WP1 RERGFHDEE

Key parameters for techno-economic design
¢ _"%'ﬁ% #I: of floating wind arrays
N o 52
® :ﬁ@iﬂﬁﬁxﬁ: Met-ocean Seabed Coastal
conditions conditions infrastructure

o MEFEAVIZ

Scenario 1a/b:

= B2 488 :
® i iﬁ,/a Loose/dense Integration
P sand, shallow/ Port
e HtI&-RBREE Mild deep bedrock
| ]
S io 2a/b:
1 %ﬁ.fﬁutu nn..\ Lower - A .a/ Floater

Soft/very firm
clay, shallow/
deep bedrock

Manufacturing
Port

Moderate
|
Upper -
Moderate 3a/b: Soft clay,
— dense sand/
Severe loose sand,
very firm clay

O&M Port

11 sites 6 scenarios 3 ports

IEAWind €37 — 2025
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Real floating offshore wind farm sites
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Fieal fieateg oiuhare wind tarm utes

Wind threshold (m/s) |Wave threshold (m

I < 33 <75
A 33 < 36 75<9
|Upper-Moderate KRV 9 <11
Severe ¥V > 11




HALEDO YA FDIBN 7

O IDEA reference sites

Water depth [m]
[ <=300
[ 300-600
[ 600 - 900

o I 900 - 1200
I > 1200

‘-130 -120 -110 -100 90 -80 -70 -60 -50 40 -30 -20 -10 O 10 20 30 40 50 60 70 8 90 100 110 120 130 140 150

IEAWind £33 — 2025

YA T—2D 5 ’
Latitude | Longitude Water | Distance
[deg] [deg] de Pth from
" J shore [km
35

IT95 Hannibal 37.536 12.12 -353
m Humboldt 40.928 -124.708 -707 43.8
| KROR [VIEEYY 35.344722 129.841389  -188 32

m MoneyPoint 52 519 -10.276 102 23.4
One

Havbredey 58.84328  -5.580929 -91 41.6
Fukushima  37.311 141.251 90 19.4
IYYEN UtsiraNord = 59.411 4.433 273 42.4
Gulf of Maine  42.755 -68.583 -148 138
Geomundo  34.026 127.7 -70 47

SYYal Suddela o aop 3.659 94 30.7
Bretagne |l

IEA Wind £33 — 2025




WP2: ZERNEEFRDEAS

Greatest Interest
Regular rectangular

15 MW

Feature
Layout

Secondary Interest

Triangular, irregular, optimized

~20 MW or a range of sizes (12, 15,
18)

As few as 7-10 turbines

Turbine size

Turbine number Multiple array sizes in the range

of 20-100 turbines

Platform type Steel semisubmersible Spars, TLPs, barges, concrete

construction

Different rope materials, shared
configurations, load reducers, multiple
anchor types, seabed dependence

\V[eTelgTaleMele]giile[¥[=lilela] All basic types (cat-TLP)

Dynamic Cable
Configuration

Intra-array cable

Lazy wave

66 kv and 132 kV

rating
Depth

options
Misc

IEAWind €37 — 2025

Seabed changes and
anchor/mooring implications

Catenary free-hanging, suspended W,

etc.

Shallow, medium, and deep

Substation, cable connections, and
export cable

Scenario Shallow

Intermediate

Deep

Shallow-water
mooring/cabling design
challenges and
innovations

Key features

V1: uniform
Secondary options:
V2: depth gradient with
adapted mooring
designs

V3: spring option

Design variants
(sequential)

Seabed feature constraints
on anchor positions, and
innovations on anchoring

V1: uniform

Secondary options:

V2: complex seabed,
adapted layout and anchor
positions

V3: shared anchor option
V4: cable layout designs

Deep-water constraints on
mooring layout and turbine
spacing, use of W-shaped
cables and deep-water
mooring innovations

V1: uniform

Secondary options:

V2: depth gradient with
adapted layout, moorings,
cables

V3: shared mooring option
V4: TLP option

Metocean Sarlige Nordsja Il
Depth 60 meters (m)
Secondary option:
sloped 40-120 m
Seabed Generic

Utsira Nord

300 m
Secondary option:.
irregular 200—400 m

Generic
Secondary option:
irregular with bedrock/ridges

Humboldt

800 m
Secondary option:
irregular 600—1,000 m

Generic

IEAWind €37 — 2025




Scenario Shallow

Intermediate

Deep

Array layout Rectangular

Rectangular
Secondary option: varied

Rectangular
Secondary option: varied

Platform type Semi Semi or Spar Semi or Spar
Secondary option: TLP Secondary option: TLP
Mooring Semi-taut shallow Catenary chain (+wire?) Taut synthetic
configuration water Secondary option. semi-taut Secondary options: shared
intermediate water taut, TLP
Mooring layout  Regular Regular Regular
Secondary option: varied
Anchors Drag embedment Drag embedment Suction pile
Secondary option: Secondary option: shared Secondary option: drag
suction pile suction pile embedment
Cable Lazy wave Lazy wave Fully suspended
configuration
Cabling layout  Regular Regular or irregular if Regular

seabed constraints

IEAWind £3F—

« NREL 5MW, DTU
10MW 72 E LD H
DAHIIZF| AR EE
HREBEETILAHS
H. IEA 15MW
(Task37) RLEF1Z
HERELLTEZD,

Parameter

Value

Power rating (MW)

Turbine class

Specific rating (watts per square meter

[Wim?])

Rotor orientation

15

International Electrotechnical
Commission (IEC) Class 1B

332

Upwind

Cut-in wind speed (meters per second [m/s]) 3

Rated wind speed (m/s)
Cut-out wind speed (m/s)
Design tip-speed ratio
Minimum rotor speed (rpm)
Maximum rotor speed (rpm)
Maximum tip speed (m/s)
Rotor diameter (m)

Hub height (m)

Hub diameter (m)

Hub overhang (m)

Rotor precone angle (deg)
Blade prebend (m)

Blade mass (tonnes [t])
Drivetrain

Shaft tilt angle (deg)

10.59
25

7.56
95
240
150
7.94
11.35
-4

4

65
Direct drive
6
1,017

IEA Wind 37— 2025 Rotor-nacelle assembly mass (t)
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A 1.500m .
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l SL%:m Farload 2
1250m
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0.50 —=—f=— 135.7 155.0
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Project

Mooring
Arrangement

Mooring Line
Configuration

Expected Reasoning

FloatGen

Provence
Grand
Large

DemoSATH

New
England
Aqua
Ventus |

nylon hawsers
and 3 semi-taut
mooring lines

6 mooring lines
made of
synthetic fiber

(nylon)

TLP with 3
double tension
legs (6 tendons
total)

Single-point
turret mooring
with 6 semi-taut
rope-chain
mooring lines

3 lines
considering
catenary, semi-
taut, and taut
configurations

hawsers tether the platform
to the single-point, 3 semi-
taut mooring lines connect to
suction pile anchors

Nylon mooring lines with
chain segments at the
anchor and fairlead

Three bundles of two
mooring legs each. Tension
legs are majority wire rope
with short top and bottom
chain sections for
connection/installation,
attached to gravity-suction
anchors

Single-point mooring from
turret rigidly attached to
platform, 6 semi-taut
mooring lines with rope and
chain, drag embedment
anchors

Catenary chain, semi-taut
rope-chain, or taut rope
configuration (with minimal if
any chain at seabed), drag
embedment anchors

turbine to weathervane with the wind
and allows a single point of
mooring/cable disconnection for
marine operations

Nylon absorbs wave-induced
platform motions, has adequate
fatigue performance, and does not
corrode. Chain length was minimized
to minimize the mooring radius. Use
of chain near the seabed avoids rope
chafing degradation at the seabed.

TLP platform requires stiff high-
tension mooring lines, as provided by
wire rope.

Suction-gravity anchors are suited for
TLP because weight provides steady
vertical capacity and suction can
provide strong capacity against
dynamic loads.

Concrete platform is directional and
designed to face into the waves, so a
single-point mooring allows
weathervaning and simplifies
installation

Three options offer trade-offs
between minimizing seabed impact
and logistical simplicity

wpP2: &
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Configuration
Type

Ancillaries

General Comments

Catenary
(freely
hanging)

Lazy wave

Tethered wave
(reverse pliant
wave)

IEAWind £33 — 2025

Bend stiffener
(at hang-off),
cable protection
at touchdown
point (TDP)

Buoyancy
modules, bend
stiffeners, cable
protection (at
TDP)

Tether, clamp,
buoyancy
modules, bend
stiffeners, hold-
down/hold-back
anchors

Does not decouple the motions of the
FOWT from the TDP (critical for damage)
Use in deep water would require
distributed buoyancy to avoid excessive
tensions due to weight

A common configuration; currents could
cause excess TDP motion (critical for
damage)

A common configuration; the tether limits
TDP motion, making it more suitable for
areas where currents or shallow water
would otherwise lead to large TDP motion

Cable vertically connected to a subsea
base through a bend stiffener;
difficult to install

Buoyancy
modules,
subsea base,

bend stiffeners

Steep-wave

v b Lazy S Buoy with Like lazy wave but uses a tethered subsea
8 anchor and buoy instead of buoyancy modules
tether system,
clamp, bend
stiffener (at
hang-off)
7. Chinese Buoyancy Often used to connect hoses to oil and gas
et h lantern modules, bend  offloading buoys; not practical for power
stiffener, cables
subsea base
Suspended Buoyancy Used for offloading hoses in oil and gas
configuration modules or applications; coupling analysis effects

subsea buoys,
bend stiffeners
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1 Operational strategies
2 Managing the ice throw
risk

Wind turbine and blade
heating performance

(CXT I BEARRITR
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Offshore wind

5 Icing events complexity

6 Uncertainty

T Climatic wind tunnel
validations
8 Dissemination

Deliverable

1 - Review of operational strategies of wind turbines
in cold climates

1- Comparative study of the handling of ice throw risk
in wind farm licensing and operation

1-IcelLoss 3.0

2 - |EA Ice Class 2.0

3 - Framework for field validation of blade heating
systems performance

1 - State-of-the-art of offshore icing assessment

1 - Review of current knowledge
2 - Future research needs

1 - Review of uncertainty in cold climate wind projects

1- Technical report on measurement technique
recommendations and impact of surface roughness

1 - Industry awareness

2 - Collaboration with other tasks

3 — Cold climate market size study (2025-2030)
4 - Recommended practices

Due date

Q3/2026

Q1/2028

Q1/2027

Q1/2028

Q1/2028

Q2/2028

Q1/2028

1- Continuous
2- Continuous
3- Q1/2026

4- Q4/2028
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Load Cells
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Novel Floating Designs

Innovation has brought new, unique
floating wind designs — need to ensure we
can accurately model them and continue
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As we continue to grow turbine size to
decrease cost, support structure has become
more flexible — need to enable and validate

FERD 1Y RI7— AD5TE

Floating Wind Farm Design

Wind systems don’t operate in isolation —
need to ensure we can accurately predict
loads throughout a wind farm, especially for

innovation flexibility in our tools unique floating wake conditions

Add Wind Grand Challenge® - Addresses Wind Grand Challenge* - structural Addresses Wind Grand Challenge* - improved

hydrod, ics of enlarged wind turbi) dynamics of enlarged wind turbines understanding of plant flow physics
KBIE\EZEDTFE I HETE AEREZEOBEHNIFEICIE V1Y RI7—-LOFNEIERE
— Phasel — Phase2 — Phase3
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Phase1 $58
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Phase1 ¥51&i{4& H (Viscous Loading) JMU

»Phasel D#IE

Bi: SFAINE ERDI-EOTIYNTA—L (FOWT) ORERAEEOETI>JHEER L2B1EY .
POEH PREEORBE (mid-fidelity) 7YY= ZE(TREL, —BBOIRKOVTIBIEECFDEENE,
HARE: 202418 ~2025%3RH

Table 1. Overall project timelines for OC7 Phase .

2024 2025
»PhaselAs31-) e Tesks c 2
BT BY— IR DS HREL, WHOREHER R
« EREDMEA#I4D (Phase 1a. 1b, 1c, CFD) Phase Ic: FOCAL Campaign IV
- WINEEBOBRICEOEMNBEMERATIERE, — 12 Develop sussested modeling and tuning
BRI NKIER SR R LEBAREEL . 847 practices (oint publication plonned)
FHEOFERRAD . CFD Part1: Paniaen loacs under forced

CFD Part Il: Yortex-induced mation
(Tentative)

Japan Marine United Corporation | Offshore & Engineering Sector 6




WP1.1 Phase1a Component-Level Test Campaign

»Phasela fi#trsefF
WRFE: EEBE (TIYTEDeepCwindEROAME + A2t —T L —N)

Bi9:
RER:

Japan Marine United Corporation
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Frame
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Column

Starboard
Column
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Load S8
Cell

Upstream

p———
Wave Direction

Column
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@
Config. PN Config. JK Config. QR
SC- s¢ SC

Offshore & Engineering Sector

HMHERIENRE D OREREIE (Low-frequency hydrodynamic excitation) ((5X2822
A RFOKAEREER (D>R—FR> NEAT)

List of load cases to be simulated.

Load

Case Model Configuration ‘Wave Condition

LC1.1  C {1 = Upper Column at UC position) J1 (Hg=7m, T, = 1198)
LC1.2 C (1= Upper Column at UC position) J2 (Hg=5m, T, = 119s)
LC21 D (1 = Upper Column and Heave Plate 1 at UC position) ~ J1(H; =7 m, T, = 11.9s)
LC22 D (1= Upper Column and Heave Plate 1 at UC position)  J2 (Hs =5m, T, = 11.9 5)
LC 3.1  E (1 = Upper Column and Heave Plate 2 at UC position) J1 (Hs=7m, T, =1195s)
LC3.2 E (1= Upper Column and Heave Plate 2 at UC position) J2 (H;=5m, T, = 1195s)
LC4.1  F(1x Upper Column and Heave Plate 1 at UC position) ~ J1(Hs=7m, T, = 11.95)
LC4.2 F(1x Upper Column and Heave Plate 1 at UC position) ~ J2 (Hs =5m, T, = 11.9 s)
LC51 G (1 = Upper Column and Heave Plate 2 at UC position) J1(Hs=7m, T, =1195s)
LC52 G (1 = Upper Column and Heave Plate 2 at UC position) J2 (Hs=5m, T, =1195s)
LC 6.1 K (3 x Upper Column and Heave Plate 2) J1(Hs=7m, T, =1195)
LC 6.2 K (3 x Upper Column and Heave Plate 2) J2(H;=5m,T,=1195)
LC7.1 P (3 xUpper Column and Heave Plate 1) J1 (Hg=7m, T, = 1195)
LC7.2 P (3xUpper Column and Heave Plate 1) J2 (Hg=5m, T, =1195)
LC 8.1  Q(3 x Upper Column and Heave Plate 1) J1(Hs=7m, T, =1195)
LC 8.2 Q{3 x Upper Column and Heave Plate 1) J2(Hs=5m, T, =1195s)

I WP1.1 Phase1a Component-Level Test Campaign

»Phasela it RM

D Spect Significant Wave Spectral Peak Peak Shape Factor,  Duration
Pectium - eight, Hy [m] Period, T,, [s] ¥ - Is]
J1 JONSWAP 69 119 33 11.030

[N s

PSD of Total F,

1o |

10— L
[

Japan Marine United Corporation
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Models that agree with the experiment in total low- and wave-trequency
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LC6.1 LC6.2 Lc71

NREL2
NTNU2
TUB
ucc

s

Wirre-Feryy. Stmealard] Divintion

Lcr2 Lcs.1

Lcs.2




I WP1.1 Phase1b WINDMOOR Campaign JMU

» Phaselb f#iTs&F

WEiF4E: INO WINDMOOR (FIiF + = AFICEBENIZAERA Y — > O IHTIK)
Bi: BREM (K= B CLIREHEROZEZRE
S25&: SINTEF OceanZ#tOWINDMOORZEERT -4 (i + i) [——

Irregular-wave (JONSWAP] load cases for model tuning.

- 5 Degree of y
Load Case  H, [m] Ty I8l Yl Wave Die. [deg]  Duration [s] ] Quantity Description
A ‘ 51 i 7.0 %0 ] THo freedom
52 619 2.0 450 o THD e Mean drift in surge
- 53 1o 12 490 ) THD Surge dor Standard deviation ef surge resenance motion
K 54 M 12 1.00 o TAD P Standard deviation of wave-frequency surge motion
55 6.19 9.0 4.90 90 TED P Standard deviation of heave resonance metion
| I Heave N .
gl '} load cases for B Standard deviation of wave-frequency heave motion
load M,[m] T,[s] y[] WaveDir Duration Motes Bitch P Standard deviation of pitch resonance mation
itcl

e Ideg] (] . } . .
[X] 374 50 149 o0 T8O Py Standard deviation of wave-frequency pitch motion

LC 5.2 with alternative wave

1 6.2 619 50 490 0 TBD
realiza
63 1.0 1 290 o TBO LC 5.3 with alternathee wave
realigation
64 619 11 121 0 8D
65 14897 14 4% 0 TBD
66 B 12 13 W0 TED
With a constant body-fised
Figure i
o skl sy u..........h....m._...........,u_::':"'" Thesesboniredla 67 619 1 121 o 8D theust of 1.5710° N at the

tower 1ap

»Phaselb f#r#ER

Percentages of successful predication, defined as within +/-15% of experiment.
Surge Heave Pitch . - "
AARBE AT KA ERD LEERAER
Psa Psr Psw Pnr Prw Ppr [ — ) N -
’ i .« BUEAM : Surge-HeavelkEIERENIE
Model calibration LC5X 586% 87.1% 95.7% 77.1% 98.6% 68.6% 857% A o o -
« RVEESE © SurgeEERER. EvFE—IEiE

Model validation LC6X 645% 774% 946% 73.1% 946% 613% 67.7%

All cases - 62.0% 81.6% 95.1% 74.8% 96.3% 64.4% 75.5%

Japan Marine United Corporation | Offshore & Engineering Sector

I WP1.1 Phase1c FOCAL Campaign IV JMU

P Phaselc fi#Hrsft

TEIFE: VolturnUS-S (FIAE + YFEIROY—> 05 TE4E) kN
B&9: Ia- Ib_C bntl;mﬁ(ﬁﬁ'@l’&jﬁb@j?'f/MﬁuE A t Torque
®B:  FOCALIOSTINOEERS -5 e Nnor |

Pitch mofor E’ " S
= Rotor motor/

Table 30. Irregular-wave (JONSWAP) load cases for blind validation. encoder i
encoder
Load Case H, [m] T, ls] ¥ Duration [s]
31 i B.98 1.80 9,294 6 -
Wind/wave
32 81 12.8 275 4,754.4 Ve
direction

mete

»Phaselc fi#th#ESR
Outer Center

-Iﬁ’fi@cdw’&rﬁﬁb\l’:4?ﬁﬂfﬁ‘a’ﬁb"tt§6‘aﬂ’9ct<5urgeEEﬁHEJlﬁé’iﬁiﬁ column — column
« FBNOTHAUIIL TR FEBOFANREET VB TE3 TN DS R .

/

LC32

107 ey

T'uned mass

damper = Mooring

connection

10

Pontoon

legs

1t

B

o [ | s Ad)
D 002 004 006 008 0.1 012 0.4 016 018 0.2
Frequency [Hz]

“Surge motion std. ' Mean drift
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I WP1.2 Develop suggested modeling and tuning practices JMU

»Phasela~1cOLbEAREE %32 T

o EBARIIOFER. {KEKHeave Force. {&ERKPitch MomOH#EEFEE (CEEE

o R IPIETIVERAVSIHES. Suction-side-only drag model H HEEFBE DB _EICER)
o ZANWTE (BUYE) 2HVREBESRARETHD.

« NRELNHLzVelocity Filteringlc&D. #EFEEN B _EIZAIEEEN DS,

Suction-side-only drag model

Fp, ==C A|v, ,max(vy,, 0 Split drag force into two parts with v=d=4
D ax 2 DaxP | r,n| ( Tt ) P g F. — an g a:)F a = 0 drag based on filtered velocity only
D _l DDl | Dfl a = 1 drag based on unfiltered velocity only

Based on the unfiltered velocity, 1.,  Based on the high-pass-filtered velocity, ¥,

1 1 - -
Fpo = 2 CppA|vpyn | max(vyy, 0) Fpr = ECDpAlvrnl max (T, 0) | 3 :E

11ttt

Normal Flow

tt

Japan Marine United Corporation | Offshore & Engineering Sector 1

I WP1.3 CFD Pontoon Loads under Forced Oscillation JMU

»WP1.3 CFD fi#Hscf¥
«  CFDZAVVASERAREDSEETTU I ZBU T, PHEEETILOFEER L2E1EY.

R ~ : - . . 2.5D simulati
o BTN Y-, =071 — b FIBIS(CVEF S BRI E ORI R R simulations TR hcn, b
+ Keulegan-Carpenter (KC) #ICEDICRANZEBOZE(ERAE,
1 VolturnUs-$ WINDMOOR VolturnUS-$ o
> WP1.3 fRHER - l-" s

o 2.5D321L—33UBVT, KCEECAEDIERDERREN T2,

° I,z —3,7 + ARV L \yarg = VY b N Investigate isolated pontoon loads Investigate forced oscillations, free decay, fixed
3 D/\.ll/_ /3/0)‘%:'%\ /-h/‘J /(DCdb I¥{$®qﬂ9&(“ﬁj<((‘jntj{fé<m5 with 2.5D forced oscillation structure and floating structure in regular waves
ﬁﬁﬁb‘ﬁﬁ%@éﬂfco simulations without free surface. with outputting detailed loads on sub-

components.
VolturnUS-S pontoon heave T=20s G ['l
p = 00 077 154 23 307
1509 12 T y ' ' '
1254 CENER 10
i CENER?2 6 ’ L
10.0 i . pll . Y
Ce 75 s Ce Cu y —
® MARIN 6 -
SINTEF
5.0 I ouct 2
2.5 3;;0 4
0
0.0 ! ' - . — 0.0 0.2 0.4 0.6 0.8 1.0
0 2 4 0.00 0.25 ()"’(). 0.75 1.00 Normalized distance r/L [-]
KC [ AR r/L [ N —IFAPR RN g
2.5D : HeavelcdsCd 3D : Pitch(C&3Cd 3D : Heavelc&3Cd
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Phase2 #t#

Japan Marine United Corporation | Offshore & Engineering Sector

Phase2 WP2.1 Substructure Flexibility

~~
>WP2.1 RIS
BiY: TRATUFE LR ADIESYIAOEIML AL OFETEZAREE - 574
B8 BEDOC3~OCETIIBEMZRMALL TIROTLEA, OC7 Phase IITEFERMME (S81E) 2ERE
MEP4E: IEA 1SMWAEEE + VolturnUS-SEIHTRITSyhIA -4 (1:7025—-)L)
= H FOCALZTO> 1/ bDEERT—4
HWET-XA—8
o MR we e S
;u mfm“"-‘l_tﬁ"\ Sl water Frescobedsway  Slabic resporse
“ m[mm'\ p— Mo [rp——
T~ None Moo
e e vt Hooe e
ower ase/ L - oow. e Fatral
zm ::md l” ::':"'__ wes
v THEERE o e umE
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Phase2 WP2.2 Global to Local Load Mapping JMU
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Focus Area DLC ID Description

Mass/Interia Check [1.1 Mass/Inertia Check
Static Load Checks |2.1 Static Hub Load Check
2.2 Static Gravity Load Check
2.3 Static Freely Floating Check
Coupled Analysis/ILA Structural Analysis 2.4 Static Freely Floating Check
Frequency Analysis [3.1 Natrual Frequency Analysis - unconstrained - Floater anly
- Rep ion of aerg Fydro-elasti - of wave p Analysis of stress levels in FE model for 32 MNatrual-Frequeney-Analysis—eenstrained—Heateronly
ﬂéfﬁunmﬁmﬁb@ to compute + Corract physics (e.g. tank loads, ““‘1"‘.}“.3,,..5 analysis (yield, buckling) 33 Natrual Frequency Analysis - unconstrained - Floater and WTG
global mation response: 2% proer wave [aads, drag loade) + FLS analysis (fatigue hotspats) = fi _
SR v ol A AR FAST, 3.4 Natrual Frequency Analysis - constrained - Floater and WTG

OrcaFlex, Bladed, HAWC, Deeplines, etc,) + Industry has developed variety of mathads to 3.5 Natrual Frequency Analysis - floating in water
E gl effart of veri i i «cope with local load mapping challenges
‘over the years (e.g. OC projects)

3.6 Natrual Frequency Analysis - floating in water
- ::""’;;u’::"}‘:;;:i':"u:‘“““ 3.7 Free Decay Surge
3.8 Free Decay Heave
Ansys 3.9 Free Decay Pitch
RNA loads 4.1 Time Varying RNA Load
Regular Waves 5l Regular Waves - Constrained
5.2 Regular Waves - Freely Floating
Irregular Waves 6.1 Irregular Waves - Waves Only - Constrained
6.2 Irregular Waves - Waves Only - Freely Floating

Irregular Waves - Waves + RNA Load - Freely Floating
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# Wind Em':rg\lI Model Evaluation
Pratocol Docs » Model Evaluation Protocol © Edit on GitHub

We M E P Model Evaluation Protocol

r—

WEMEP addresses quality assurance of models being used for research and to drive wind energy
applications. This is achieved through a framework to conduct formal verification and validation
{VEV) that ultimately determines how model credibility is built upon. The protocol is based

EMioctel Sreshcating Preiinical SANDIA's V&V Framework [HMMN15] which, itselft, is based on well-established procedures
Introduction developed by various organizations including the Department of Energy, National Aeronautics and
Objectives Space Administration, the American Institute of Aeronautics and Astronautics, and the American

Society of Mechanical Engineers. Background articles include [OT0Z], [OTHO4] and [OBO6&]. The

Terminalogy . e . : . .
framework's primary focus is to provide guidance on the development and execution of tightly

Building-Block Approach integrated madeling/experimental programs based on well-established V&V practices for the purpose of

The Model Evaluation Process model assessment.

Intended Uise:

: ; . : ; St
+ \ialidstion-Directed P o Based on the AIAA puide for V&V of computational fluid dynamics (CFD) [A1A9E]:

Planning
Verification is the process of determining that the model implementation accurately represents the
i Integrated Experiment. Modgl : i = i 9 B — ,
Planning and Execution developer’s conceptual description of the model and the solution of the model, Here accuracy is
measured with respect to benchmark solutions of simplified model problems

7 Verification
# Validation Lot s o 5 . "
Validation is the process of determining the degree to which the madel is an accurate
1 Uncestainty Quantification representation of the real world from the perspective of the intended uses of the model. Here
Documenting accuracy is measured with respect to experimental data.
i Data Management \ : . - . o
The AlAA guide states that verification and validation are processes or ongoing activities without a
References P PSR R S PP T T Pl ) L 1] TP (S Lt St P ) L LI PP | e

£% https://wemep.readthedocs.io/en/latest/index.html
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ARM: Atmospheric Radiation Measurement
SGP: Southern Great Plains
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‘ . @ 1stClass cup anemometer
ole’ @ 1st Class wind vanes
) Hygro-Thermo Sensors
b -‘ @ Pressure sensor
i . @ Ultrasonic anemometer (Metek Multi-path)
-0
b ' = @® H20/CO2 Gas analyzer
| o
e -o =4
1 Sampling rate — 20Hz
/ /‘b‘ Statistics — 10min mean values
@ ©
- Mounting platform auf 73m (e.g. for Lidar)
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L
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Research Alliance
Wind Energy I

Met-Mast-Array
I 4 - ~100 /150 /100
; s ¢ ==y - Variable booms
OPUS 1 REAF
- Enercon E115 EP3 E4

- 4,26 MW

- 92mHH

- M5mRD

- Enercon E115 EP3 E4
- 4,26 MW

- 92mHH

- 115mRD

|[EC+-Mast

iy ¥, \ e '\\
a - IEC compliant — | Supported by: * Federal Ministry
N -150.m . | . & | for Economic Affairs

‘ ; = \ " ’ ) ] and Climate Action
. 4 ° ylederséchslzcl}tes M‘;nistlenum
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Norman Wildmann. DLR-PA. 17 June 2025
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¢ FAMEE (OPUSL & 2) [CEEINE> Y-
\

OPUS 1 & 2

(total installed sensors OPUS 1: 1225 / OPUS 2: 689)

Sensor type

Foundation (total)
Inclinometer

Electrical strain gauges
Electrical displacement sensors
Fiber optic strain and temperature
Tower (total)

Electrical acceleration sensors
Electrical strain sensors
Electric strain gauges

Electrical temperature sensors
Pressure measuring belt
Nacelle & azimuth (total)
Electrical acceleration sensors
Electrical strain gauges

Power meter

Rotary encoder

Electrical temperature sensors

Current clamp meters

QTY

229

167

42

Sensor type

Generator (total)

Electrical acceleration sensors
Electrical strain gauges

Air gap sensors

Electrical temperature sensors
Grease sensors

Rotor (total)

Electrical acceleration sensors
Electrical strain gauges
Torque measuring shafts
Electrical temperature sensors
Distance sensor

Fiber optic strain sensors
Fiber optic acceleration sensors
DuraAct surface converters
DIC marker system

Lidar (spinner)

1381

Norman Wildmann, DLR-PA, 17 June 2025
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Remote sensing of wind, temperature,
humidity, clouds, rain etc.

= (a) Long-range Windlidar und
Microwaveradiometer

= (b) Short-Range Windlidar

= (c) Long-Range Windlidar on OPUS1

= (d) Spinner-Lidar

* Micro-Rain-Radar (MRR) ¥A/70LA>L—4—

= Dysdrometer M@t

* Ceilometer EEst pan e

* Eddy-Covariance station AMEREEHAIZRT—23> '. &
»

Noise —

= single-microphones

=  Microphone-array

... and more

Marman Wildmann NI D DA 47 lana 2095
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Two possible goals
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B SVWERETTOREICEFTIRANIRILE—DRE. ERAFOERZTFRIL, O
APEMEZECEATRILF—DEFHIRUENDEEZEET D,

- ERMEHRALHRICI - THEONRERDFET, ELTHIRNIRILF—
DRFEESNT D,

© BRRAGRAT—IRILE—IZORMNABEZEAST=ODT—2%RIET 5.

« BRRFBIENEALEREKIZETLHEMEL, AEFAFEOVBEMS, XA EDE
[ZBALHNIZT S,

« BTHRESOMEELE. TOMDERFERTHRARRERERT D,

Power Sector Trends

Value
* Power System Value
* Consumer Value

Deep de-carbonization
« Siting constraints
* Use of hydrogen

Emerging Wind Technologies and Solutions

Economics * Integrated transmission
Generation of Wind External - Larger turbines
Cost effects « Integrated and industrialized supply chains

« LCOE * Supply chain
* Integration costs « Jobs

Performance Metrics

Holistic cost and value metrics

« Metrics for new wind applications (e.g., in
consideration of hydrogen and storage)
* Uncertainty
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WP BHERE HLE
WP1 | “EAFEATO R Bani i S8 - f1E L. BFRRISED. EOLSIZERTEN?
BEFRADAAE 12— (Expert elicitation) # FALNT., BLARKERTOHflT, 551, 5Zéxit | NREL(USA)
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WP2 | “ERI DM %L, B S A A FORNEEICE D LS I EEEZ 52"
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WP3 | “TEEnSIZRAAFKENOIR N, MiEELRICEDLSITHEL 525N 2
HEHZATOALSBIRNI-VT AEMAR~DFATDREEEMTTHEITEY . T
DEDOYRIDNERICRIFTEEIIDVTRHET S, RIZ. LD REMNSHLCOE(ZS | NREL(USA)
ZBEEFERELNT D,
BRI OTUAR—ZROBANDLEIR D FRAETILEEET S,
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SFYAREIZEY . SMEINEELTOAETILEANT, KkREZEEZMNIREAHHE |EA (DNK)
25z 38284 5ET 5,
WP6 | “RiL -4k DTIBICBVNTHTISAFI—VIEEDLSIZRKELELT N2
2030%F , 20504 F THRMAAILS. Y EFRBEVSTIFROMIEL T RIERE. | Jre Eu)
EPDYZ DM SREDESHEFDEEWAFTAETT S, IDIT, ZOHIBTHEYHEN
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WP1: fEDELERADFE (NREL)

o BRRFILTHEHEAICETDHKDELREDICEET 5T, L ER, &iE . i
EIZDOWT, BEFARADETY T IZKYFEIT S,
s EZUVIMNETL., IRE. SRIRTFD,
B STHEIR(IZDOLNT
- YHLERDER (BE. HFEHY. MEL—F . HSE B S5, MRS
[FEB]LH[ZDUNT
o KRBEEGBGMW)MNEFELLIA., /INELVEE (2.5MW) BAEFELLVD
s ELRADEREICFEIHRMEAR(MERE, KK, BEM. PV, BXRFH)
s SRIOCEMOELENDEREDREDODEZTER
m 82&E(CDOT
o BERKICHLELGEM(BEOKRESS, BEE. yO0—NILYTSAF—2D
FEEE, BRIl etc. )
m {{{EIZDLT

o BARBEOMIER LICHELGEM (EHALLORE, T2, B8
MmOt KEHFHAFE)

£%) Wiser, R, Rand, J., Seel, J., Beiter, P., Baker, E., Lantz, E., and Gilman, P. 2021. “Expert elicitation
survey predicts 37% to 49% declines in wind energy costs by 2050.” Nature Energy volume 6, pages 555—
565.
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WP2: i fir & #(Z &SR MER - i {E [ L (UTokyo)

Y. Kikuchi, T. Ishihara, Assessment of capital expenditure for fixed-bottom offshore
wind farms using probabilistic engineering cost model, Applied Energy, 341, 120912,

2023
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FBE AR HELRIAEEZRLAN-RZENXFLF ERNDFEER
REFE, BARNIRIILF—FRFHNE, 2024

AN—EZKET D IVOZTFIYOTETIVERW:
REFEEREFE REFZEICKDIEZR IR IEF ZTE

Table 3 Description of conventional and advanced technologies Table 15 Comparison of CAPEX between baseline and advanced
models (10.000JPY kW)
s | = | Bl | v | RO
: DEVEX 23 23 -
Turbine 139 139 -
BOP
— Floater 134 114 15
Moomngandanchor | 6.8 43 El
PTS 11 31 -
Installation
Turbine 6.0 31 48
Wind 1 : Floating-to-fixed*? Moorng and anchor | 2.3 21 16

Devoy McAuliffe F. et al., Modelling the installation of next generation floating
offshore wind farms, Applied Energy, 2024.

FRKELRAREFTOBEIETIL REOFEEFFDRTE

Inputs
(" Metoceandata |/ Database / Asetselection  /  Peraset  / [Installation
Hourly wind speed & || 0 Asset options 5 Turbine > Cost strategy
significant wave height || o [Installation o Foundation o Transport to o Season
methods o Seabed preparation quayside. o Number per batch

o Durations o Substation *  Distance o Primary and

o Weather restrictions | | o Substation *  Copacity seconduy port

o Yessel options foundation f.‘::‘:m

3 Operational :mh_ /o :xpm( cable 2 /o mstaliation wetiod

er-ams \o Vessel(s) & capacity/

Results

A AN | Total costs
i\ - /" | Total cost breakdown
—3 Anual costs
Total installation time
Installation time per asset

HywindZ LN = 425 HEIAXD M

Installation model Published

results Hywind data
Dry CAPEX' €109 m Incustry expectations 2050 | RN
Anchor installation f4m .
Turbine assembly, towing & hook-up  €8.6m
Cabling £12m Breakdown celtic Sea stody 2035 |
Additional installation costs €52 m unavailable
Project management, construction o sty xpesaions 2
insurance & contingency
Total installation costs €95.6 m €20.00 €30.00 €40.00 €50.00  €60.00 €70.00 €50.00  €90.00  €100.00
Total CAPEX €204.6 m €200 m O WA
! Includes development and asset costs on and offshore. Fig. 7. LCE estimate summary.
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A. loannou et al., Stochastic financial appraisal of offshore wind farms, Renewable
Energy, 2020.

REIOZ=F7YLY =E7-)b B AEEHETONPY

| cAPEX Module | OPEX Module

[ 7% - --—— r 100%
i|  Input data during: * Latest reliability data -~
! - Vesselweathe I\mr‘ls i / 90% —
i| + Dewelopment and Consenting (D&C) * Vessaland persol i 6% 7 =
i| + Production and acquisition (P&A) + Costand auratlanohoga\rs f IE Strike price=100£/MWh el
||+ Instaliation and commissioning (15} 5 Il r80% 2
+ Decommissioningand disposal (D&0) e Strike price=120E/MWh K]
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WP3: X - {fifE- ERDAFHEMNS (DTU)

Wagner F, Malete J, Kitzing L, How do two-way contracts-for-difference affect
futures markets? A novel modelling approach of future market liquidity,
Preprint, Energy Economics, 2025.

ERDEAEMZIZET HHIERETE. MBEAFLOEERRBEFEEICK
Y HEEMSFHEZERRY H15E . CIODDERAZTEIFFIT

Historical physical and
futures trading velumes \

Technology-specific
production forecast

Technological
lifetimes

Historical volumes
(PPA and EEG)

CfD-related
assumptions

Forecasted
production by
marketing strategy

Step3
— Churn rates
under different

scenarios

Futures
market
equilibrium

Theory on elasticities
and optimal hedging

Fr—UL—hERBEFH

Figure 1: Overview of inputs and respective modelling steps.

e T —
£

w— Cf0-independent w Fully merchant s Merchant tail  s==(quilibrium — -Threshold (CR=3)  -weee Historic [CR=5.38)

Figure 7: Volumes are calenlated as laid out in section 20 The minimum and average churn rates are 3.49
and 4.68, respectively. 2027 is assumed to be the last year EEG imstallations come online.  Afterwards,
all additional RE volumes operate solely on market terms.

%) Beiter, P., Guillet, J., Jansen, M. et al. The enduring role of contracts for difference in risk
management and market creation for renewables. Nat Energy 9, 20-26 (2024).
https://doi.org/10.1038/s41560-023-01401-w
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BEDELENDFEEDIARXNDHT (NREL)
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https://iea-wind.org/task53/task-53-data-viewer/
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WP4: IRTEE

BEDELRENDFEEBEDIARXNDHT (NREL)

Wind Guard, Status of onshore wind
energy development in Germany, 2024.

OTender volume B Awarded capacity ® Bid capacity (not awarded)

Tender Year and Round

1.000 MW 2,000 MW 3,000 MW 4000 MW 5,000 MW  6.000 MW
Tender volume und bid capacity

(Wind Guard, 2024)

FAY DT EMINROLARMTHETHS

https://www.windguard.com/publications-wind-energy-statistics.html

Base map © GooBasis-DE / BKG 2022 | Database: MaStR with own
Source: Deutsche WindGuar

Year 2024

4 Cumulative Capacity per km?
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« BALMOREETIZEZHAWT,. KEDQDEANBNDEREELEKZDMIEIZRIZTEZELTM
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- Case lll: 100%%/KFELTEE 12 GW in 2050

- Case |IV: KEDwHBELE N ZEEHE TS —X BE -6 GW in 2035
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Tapoglou E et al., Knowledge gaps in the wind energy technology supply chain,
2025.
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MZEDFEESD (Tapoglou E. et al., 2025)
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Latest News

https://iea-wind.org/task25-63/
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Task Objectives & Expected Results

* Objectives: recommend methodology to assess the impact of
wind (and solar) power on energy systems, and mitigation

* Outcomes: RP16 Ed 3 / articles /fact sheets / bibliography /
benchmarking simple tool / reference systems +
collaboration: IEA Paris, Inter-TCP, G-PST
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= WP1: Planning Topics % /i511E

= Transmission Planning

= Generation capac

ity expansion and security of supply

= Energy System Integration
= WP2: Balancing Topics 516505 (2oZ2En%)
= Balancing the system

= Need for flexibility

and options to provide flexibility

= Smart sector integration
= WP3: Stability Topics ZE[Z (soEER1RE)

= Operation and sta

bility of low-inertia RES power systems

= Design and operational requirements
= Reliability services

= WP4: Market Topics = /15
= Ancillary Service marts to energy markets and capacity market
= New market products, such as flexible ramping products.
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(data source) IEA: Energy Statistics Data Browser
https://www.iea.org/data-and-statistics/data-tools/energy-statistics-data-browser

IEA: World Energy Outlook 2024, Oct. 2024

https://www.iea.org/reports/world-energy-outlook-2024

BRIXILF—T: IXILF—EKEE, 20214108228
https://www.meti.go.jp/press/2021/10/20211022005/20211022005-1.pdf

BRIRILF—T: IXRILF—EXGTE, 2025528188
https://www.enecho.meti.go.jp/committee/council/basic_policy_subcommittee/2024/067/067_005.pdf
UK Government: Clean Power 2030 Action Plan: A new era of clean electricity, 13 December 2024
https://www.enecho.meti.go.jp/category/others/basic_plan/pdf/20250218_01.pdf
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WIND AND SOLAR ENERGY CURTAILMENT

Variable Generatlon
Curtailment of wind and solar sometimes occurs in surplus periods when electricity demand is low or
when network capacity is congested. Curtailing wind and solar is not necessarily a bad thing as it may
enable larger shares of renewables through making them flexible. Although a moderate amount of
curtailed energy can be tolerated, huge amounts of wasted energy from near-zero operating cost
renewable energy sources would be inefficient and unprofitable.

Is wind and solar curtailment
required? High

cost
Flexibility in
If curtailment of wind and solar would be lupply‘?id-
Lowa < 10% of yary gunscstion
:;:‘::::'.".::‘.."" Other flexibility

strictly prohibited in a power system, only
np-nm optlom

limited amounts of wind and solar could be
'-%
m wev
estsgwn st loage
Pl ngvvratioods

everyone needs electricity exactly when the
wind blows and the sun shines, so
sometimes the power generated from wind
and solar is excessive, Zero curtailment

installed and connected to the system. Not
may represent a sub-optimal solution.
nm.»q— tagerareas

Figure 1 illustrates the duration curve
(energy values sorted in descending order) t:-‘;
of net load, or residual load, that Is the

e

difference between total demand and total
output from wind and solar. Surplus
situations occur when the net load tums
negative, meaning wind and solar output
exceeds demand. At higher shares of
renewables, such periods will become more

Low share of wind/PV High share of wind/PV
Figure 2. Methods to Increase flexibity in power systems. (The relative
order of options is iustrative only).

common, and the amount of surplus energy tends to increase
with the installed capacity of wind and solar. Surplus energy
can be caused by local constraints, leading to curtailments at
some parts of the system before system-wide limits. Building
transmission helps export the supply to high-demand areas.

Options to reduce surplus energy are: output reduction of
conventional power plants, export to other areas, demand side
management, and energy storage. If these cpnuns are costly
or have been could pprop: to

manage the surplus energy of wind and solar Large amounts
of curtailment, however, show lack of system flexibility or
ime (sorted in decending order) i appropriate market design.

suplus ©

houry energy

Wind and solar operators can provide upward reserves when
a part of the available energy from wind or solar resource is
curtailed, where the fost energy provides the basis for the
provision of these valuable system services. Curtailment is a
way for wind and solar to provide flexibility (Figure 2).

Figure 1. Conceptual Nustration of surplus energy In
duration curve of net load with large amounts of VRE
(wind + solar).

FhR (L

and of

The level of curtaiment depends on system being
analysed. It also varies depending upon the time of year,
such as by hour, day, week and month. Hence,
comparisons of annual curtailments in different systems
are more insightful than those made based on an arbitrary
period.

Figures 3 and 4 illustrate wind and solar curtailment,
respectively, in selected countries or areas in the form of
C-E maps (comelation maps between energy share of
wind/solar/wind+solar and annual curtaiiment ratio).
Figure 5 illustrates total wind and solar curtailment.
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Figure 3. C-E map of solar in selected countries/areas.
{Source: adapted from Yasuda et al., 2023).
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Wind energy share (%)

Figure 4. C-E map of wind in selected countries/areas. (Source:
adapted from Yasuda ef al., 2023).
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9 —+— Ireland + Nire. 201422

- Spain 2009-22

- Texas, US 2007-22
South Australa 2018-21

VRE curtailment ratio (%)

VRE share (%)

Figure 5. C-E map of VRE (wind + solar) in selected
countnies/areas. (Source: adapted from Yasuda ef al., 2023).

H!)

The three graphs show mal there are several
ere the ratio is large,
despite the small energy share. The sharp decline in
some countries/areas, such as China and Texas, is likely
to be due to the rapid development of transmission lines
following large curtailments, which means that the
curtailment problem could be quickly resolved through
The Irish in Figure 4,
where large wind share is managed in a small
synchronous zone, gives a reference on how curtailments
develop as wind share increases in the future.

Remark on Figures 3-5: Note that curtailment in some of the
countries, such as Australia and US, may Include “economic
dispatch” tha is voluntary market behaviour, which should be
from the curtailment that is forced by
system operators, Note also that evaluating the C-E map by the
total voiume of wind and solar couid be misleading as it may
result In an underestimation/overestimation of the levels of
individual wind/solar curtallment in some countries/areas where
the share of one of the two sources is very large and the other
very small.

Associated publications

« Holttinen, H. et al, (2021). Design and operation of energy
systems with large amounts of variable generation. Final
summary report, IEA WIND TCP Task 25,
hitps://dol.org/10.32040/2242-122X.2021.T396
* Yasuda, Y. et al. (2022). C-E (curtailment — Energy share)
map: An objective and quantitative measure to evaluate
wind and solar curtaliment. Renewable and Sustainable
Energy Reviews, 160 (2022) 112212,
hitps://doi.org/10,1016/ . rser.2022.112212

« Yasuda, Y. et al. (2023). Latest wind and solar curtallment
information: statistics and future estimations in various
countries/areas. 22nd Wind and Solar Energy Workshop.
ht fiea- 1g/task

More information

This Fact Sheet draws from the work of IEA Wind TCP Task
25, a research collaboration among 17 countries. The vision in
the start of this network was to provide information to facilitate
the highest economically feasible wind energy share within
electricity power systems worldwide. IEA Wind TCP Task 25
has since broadened its focus to analyze and further develop
the methadology to assess the impact of wind and solar power
on power and energy systems.

See our website at

See also other fact sheets
Flexbility for Power Systems
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FLEXIBILITY FOR POWER SYSTEMS

Fluxlbllity is !he ability of a power system to manage variability of demand and generation. Flexibility
reserves, which have historically depended on thermal
power plants On top of dhpa(chabla power generators, there are new sources of flexibility
increasingly used, like energy storage, interconnectors and demand side management. The optimal
combination of flexibility is a key issue for grid operation under large amounts of wind and solar.

What is flexibility?

Traditionally, intra-hour, hourly, daily, weekly, seasonal,
and inter-annual variations in demand have been mainly
managed by conventional power plants.

The ability and commitment of a power plant to regulate
its power output has been called regulating power,
balancing power or reserve, and various types of these
products  with different time scales are prepared, so that
they can be activated in seconds, minutes, or hours.

Today, a broader concept of flexibility is increasingly

of wind and solar.

The term “flexibility” is simply defined as “the ability of a
power system to reliably and cost-effectively manage the
variability and uncertainty of demand and supply across
all relevant timescales” (IEA 2018),

Who can provide flexibility?

Flexibility can be provided from many grid elements, by
larger or (aggregated) smaller power plants, storage
systems, and demand side resources, depending on the
time scale (Figure 1).

applied by grid operators to accommodate larger amounts

BALANCING THE POWER SYSTEM

vEARmONTA [ oay

HOURSMNTES

SECONDS AND LESS _ ARAL T1WE

g Fowes i
e I
5 am @

TERAL
‘oen
H

i =0

Fues umame &
= HYORAD T om s ] o
HE %
§8 soun - e
£8 Gnan s mowkss. | @

TLRCTRIC VEWCLE [~}

AR ApPLANGES
p —
8 wousmiAL Loao (]

POWER.2:X 42, GAS. . ®

Figure 1. Flexibility solutians at various time scales. (Source: EDF).
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Figure 2. Flexibiity Assessment Method proposed by IEA
(Source: IEA, 2011).

Flexibility sources can be divided into 4 types (Figure 2):

« Dispatchable plant: Hydropower plant with reservoir,
bio-fuelled combined heat and power plant, gas-fired
power plant, etc. A part of wind and solar can also be
considered dispatchable.

Storage: Hot water storage, pumped hydro storage,
fiywheel, battery energy storage system, efc.
Interconnection: Sharing flexibility resources via
interconnectors will mutually enhance flexibility in both
areas. HVDC (High Voltage Direct Current) links can
also provide flexibility by themselves.

Demand side: Autonomous or remote control of
demand side equipment can provide flexibility.
Industrial processes also have significant potential for
flexibility provision.

Flexibility strongly relates to the concept of sector
coupling. Flexibilty can be provided from the heating
sector (hot-water storage and heat pumps), the transport
sector (electric vehicle charging), and the industrial sector
(new electric loads combined with storage buffers as well
as power-to-X solutions like hydrogen derivatives).

How can the flexibility potential be assessed?

Flexibility Bssessmenl tools have been proposed by
several
simple, easy-to-i understanﬂ and at-a-glance tool is
Flexibility Chart developed by IEA Wind Task 25 (Yasuda
etal., 2023).

The standard Flexibility Chart contains five axes that
represent the proportion of selected flexibility sources
(interconnector, combined heat and power, gas turbine,
pumped hydro storage and reservoir hydro) relative to the
peak demand in the given country or area. As these
statistical data are easily available in many countries, the
tool can be used even by non-experts. A further sixth axis
of battery can be added if reliable statistical data is
available.

Figure 3 shows an example of the Flexibility Chart, where
the potential of flexibility resources in Germany is visually
illustrated. Although it is often thought that Germany can
accommodate  renewables because of  rich

A2,

Solar 67.7%

//

Hydro

[ 1e%g

QY
\ e 2
214%//
Wind 782% N ¢

PHS

Gas Turtine

Peak = 79.48 GW
Germany (2020)

Figure 3. An example of flexiblity chart: German flexibility
resources in 2020. (Source: Yasuda et al., 2023).

interconnection capacity, the Flexibility Chart shows that
combined heat and power capacity can contribute more
flexibility to a high share of VRE.

An example of a more detailed flexibility assessment tool
is IRENA FlexTool (IRENA 2018).

Associated publications

 Holttinen, H. et al. (2021). Design and operation of energy
systems with large amounts of variable generation. Final
summary report, IEA WIND TCP Task 25.
hitps:/idol.orgi10.32040/2242-122X.2021.T396

+ [EA (2018). Status of Power System Transformation 2018.

transformation-2018

+ IEA (2011). Harnessing Variable Renewables.
hitps:/iwww.iea. bl

« IRENA (2018), Power System Flexibility for the Energy
Transition, Part 1: Overview for Policy Makers.
irena. icati Noy/P
exibility-for-the-energy-transition

* Yasuda, Y. et al. (2023) Flexibility chart 2.0: An accessible
visual tool to evaluate fiexibility resources in power
systems, Renewable and Sustainable Energy Reviews, 174
(2023) 113116. https://doi.orgi10.1016/j.rser.2022.113116

More information

This Fact Sheet draws from the work of IEA Wind TCP Task
25, a research collaboration among 17 countries. The vision in
the start of this network was to provide information to faciltate
the highest economically feasible wind energy share within
electricity power systems worldwide. [EA Wind TCP Task 25
has since broadened its focus to analyze and further deveiop
the methodology to assess the impact of wind and solar power
on power and energy systems

See our website at
hitps:ifiea-wind.orgtask25/

See also other fact sheets
Balancing Power Systems with Large Shares of Wind and

Solar Energy
Storage for Power Systems

Elexibility Through Electrification
Impact of Wind and Solar on Transmissicn Upgrade Needs
Wind and Solar Integration Issues
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