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+430 WTG T&I EXPERIENCE

2020: 21x Hitachi 5. 2MW (1090MW)
2019: 32% Senvion B.2MW [199MW)
2019: 23x 9.5 MHIV 9.5MW (219MW)
2017: 10x SGRE 4.0MW [40MW)
2017: 5x MHIV 8.4MW (42MW)
2017: 78x MHIV 3.45MW (269MW)
2016: 30« MHIV 3.3MW {165MW)
2015: B0x SGRE 3.6MW (2BEMW)
2013: 15x SGRE 3.6MW (S4MW]
2012: 16x MHIV 3.0MW (48MW)
2012: 101x SGRE 3.6MW (IEIMW)

+20 OSS T&I EXPERIENCE

2018: 1x Norther OWF 2013: 1x BEKR1 OWF

2017: 1x Rentel OWF 2013: 1x Northwind OWF
2017: 1x Nordergrunde OWF 2013: 1x WoDS OWF

2017: 1x Rampion OWF 2012: 1x Thornton 2 OWF
2016: 1x Bligh Bank 2 OWF 2011: 1x Lincs OWF

2016: 1x Morthsee One OWF 2011: 2% London Array OWF
2015: 2% Gemini OWF 2011: 1x Walrney 2 OWF
2015: 1x Luchterduinen OWF 2010: 1x Ormonde OWF
2014: 1x Nordsee Ost OWF 2010: 1x Walney 1 OWF
2014: 1x Butendiek OWF 2009: 1x Rodsand B OWF

2014: 1x Arumbank West OWF  2008: 1x Gunfleet Sands OWF
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Nobelwind offshore
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AR & 165MW g i) Electrabel
Parkwind(41.08%)
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0 Ekﬁﬁ 220mm’ B FE 507 It <7 45
MR PR | Sp S IS F BB
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2 2:8Nobe lwindJEIGHY 5 L S BRI EHSCADAER 250t - AL LAY AL AR e fn & H
(Zeebrugge) °

MODULAR OFFSHORE GRID
Planned layout of subsea cables

Mermald and offshore high-voltage substations

------ Planned subsea cables (Elia) 5 4] Northwester 2
* Belwind
Nobelwind

Seastar
Northwind

—————— Planned subsea cables direct currant
(Elia & National Grid)

Planned subsen cables by windfarm operalors

Existing subsea cables

= = = = Onshore link
Rentel

BED @ Elas high-voltage substation

o C-Power
N @ High-voltage Direct Current converter station 3 MNorther
Exmm @ ' Existing onshore high-voltage substation ’{

IR e Existing onshore high-voltage substation
mmEn @ OSY MOG Offshore Switch Yard
B cstng wind farm
Wind farm under construction

IPlanned wind farm

_________ Projat Nemao i
........ towards Great Britain
___________ |
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.'. E5
s %
\
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o
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N e
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N
“% ®
\ 4
\‘:ﬁé Nieuwpoort
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(BRIAE : eliaE4Y)

Parkwind 2\ E]ASCADABS 1251t - i B B0 == 88 & ik (onshore high-voltage station
/ the Booster Trasformer Station) °
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Taillevent B JDNEFHEE > Jack-up Vessel @ fEE40K » 0] @ FF 27 88/ KIBEE 40k
AEHELAE J16000M > & FFIR 223600 750K » EFFDP2ENREENL 247 ° T mE 2 mEsEE
2 Fy 100005 - 2 R DA Ko 27850 A Ji ) 2 B DA /KT REbig 7 BEABRGEE -
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15000 7 FRAERE T » AR m Z FE S » MBI S AT & @ TRRCE R - I RIBEA[E]
Z FAEIR 0 (45T DNg e EE AR SR ST EE -

TAILLEVENT

YESSEL

AL CORAMODATION

BLEDING NFCHMATION

Jan Pieter De NuldA:=JEsR Taillevent fREIHYEIE
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REEETEE N TG % » JTan De NulZEFZZeHE 7 — &5 8k J_U]Workshop HNAHE
PR EE - g2 ETE R - SRR T SENERGT - BRY I@Z‘ T~ {ESE
sTEZHE - A %F’aﬁ)j’ﬁﬁfﬁ&nﬂlgtﬁm gh e H%?ﬁ%}%T#EFEF?)\J‘Q—EQ&AZE#FEW%&%%
PNt G ELElE

BEEEEEAUAFIRE

SRR B SN EIREBREAY - flfEVole au vent
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Wo rkshophHEf €

Workshop Topic:

(—)EERRSZET R

Bl RS BN 2 T SR (R R E]N - (ESEEE — B KA RERR S i > € mUAE R VR
BB ARRFI R SR8 2 T HEERNRETHGRHER - EMEREEEEREE
HE AR EEZEE - DUERZEREFRSHEMAE ~ Sat 2 AR -

— AR AR M S B\ R VB A (F Ry e K T RE Z BRI S4 HElE] » AX =B R 24 HulE
AR Z EBE - B BESR R R I EER MR RS RIS - R
B Bk F RSB TR 2 ERIE H RN R - B HFRL RA FK R B E
PR T RS Z ] RE AL A R0 stk - BRI B RS

B2 RS0 -

Rt AR ARG TS > FERI LR R R LA - B 5%
BENRAZEE IR - /KRB R EEE - 8RB EG ST H P RER AR S
ZAKRERIAS & -

FEA I B e SRR B A o B [ B =R R RN [EI/KZE B B R - EE =2
YRR Y A& Sy B E IR (Gravity) ~ BEMER (Monopile) ~ ZHIE R (Tripod) ~ B
(Jacket) ~ =HlE=X(Tripile) R EAEAHE N (Suction Bucket) AL » %=
(Floating)ZHE H it L) -
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Mono pile Tripod Jacket Gravity Base
B8 B LT

B R (R _E s B R R PR S 2 BRI - IR BRI RN AT 2 [ 2 R
JERITETA © Fral R T RUE RIS - JEElia ] RFESE ~ MRt 88 Kt s |
2R ~ Db S BLERE A ATRE -

I
i
&
il

Foundation— lacket solution— Primary Stecl Lsezign

* Concept defirdton (e of desgn, 574 -
linggiedl, WG losah, chusbisfing, installarass]
= Natursl Freguemcy Analysis

= Llimate Limit Staste
=85
= Fabigue AnEysn: in concepl ceugn i
bazed o gaperiancs, Consersative [
approach I
= Pile lyout determination (dametsr,
trucknesy, mngth) - Pile driveskdlny

26



4

(' "
4
R +* | zt:‘- I.' I
. i e el
. > \"(&'\E‘k’" ; a.

Global scour@Is & mILL R 1ocal scour/sEhiEm

(=) EERIET TR
SHEP GBS WTHE F SRS - B TS ANIER LR - RIS -
Bk o BEUE « R0 AR BB AR« DU TR
B RBE S 2 -

—HLIZK > JTan De Nul BEEZ A F iz 2 B4 (4OCOWT ~ NIRAS ~ Keystone Engineering
) HEFTK NIRRT E LR B - /K MR T S B 8 2 2 ANEP s T A Bl Bh 5E Rk
Jan De Nulfy TAEBIRELEETAEIEA LR EMK T ARG TIEZ & FEs » DUET]
B 7 i bEsat o Jan De NulBY TAZEIGE I A H i 2 S0 a A% - HEORE
FUSFT S B TRION B B B T 5 /KA -

AN RS I B8 TRAE Nonopile BE Jacket type HYZEEELILNTENE -
AN -

Nul

DESIGN PHASES

Seam [Seaam | mades Sasam Sasam
| o PO | [ [ ey || (o
s o v vt e R | o || SR || £ | |2
|{ e e [
el oandaion | Inaoreed laed o csrviiagerirs m; ﬂ ______
oNTM) F AL Ak
1 A ";:'1;1 -Ilij."’.l!. gy
Foundation Firsai support B =il
¥ denign (FO) dengn fjﬁrﬁ lix1 [Ul 11l
apechic mave Lo ¥ . ] (KL IMLIFD
T EET e . : a E)
L — ”‘?
i Gwsign (WTM) ‘

N ER G R B A AR T R I

27



(=) ERLE:
g~ SRR RERIY » HIERL > T E AR R SIRATRE AR Z B N R LA
PhEaRsZIE - BEAL > FIRIRBURF IR B S SRR (R IR e T S AT -

PRS2 BEHETTRT - R AT G SR AR 2 T HE 1T PO FR T THE (PLGR) © fRF Pl — 28
TERLEHETTAESE - BHBPLOR » AITECRIEZIEIF R A G RTEI 2 e [H a8
S B A P B TR - FRSLER FRFET TN (PLOR) AR 2 R TR0 S RUBE
DURT & SR it 2 T o)t SR S B PR 84 1T

PLGR J77A5R%EH:

VIR IR LU S R g B e 2 T BT > [BINS ] BRIERUE R 2 18 -
PR A B g SR SRR B 2 TS (F140: Rennie + Gifford + Spear
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= Bathymetric MBES surwey [0.2m bin size)
* Geophysical survey:
= Side scan sonar 555

= Sub hattam profiler 589
= hagnetometer (KOs, ((05) cables)
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— HIEBEUESER (% o nTHEBCRFBURE RS (cangway s ) (E B 5188 > DISIN A BfF¥£%2 2 - It
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Implemantation of Health & Safety on an offshora Boarding an offshore slruclure
project

* Offshore training reguirements = Use of a CT and boat landing
* Boarding an offshore structure

* Offshone emergencies * Use of offshore “gangways”
[Traming reguined)

Jan De NulfEEIEIES P8 RIEET ~ 24 ~ HAEREEZT - SERUEB R IR -
WIEE ~ G R EERED AR E TR © Hh4h > Jan De Nul EEIFTA 1E2EIIRT & ISORTES
FrA RS & AR T S R 2 e AR -

ISO 9001:2008 Certificate
OHSAS 18001:2012 Certificate
SCC**2004 /04

ISO 14001 :2004

IEAN » 35 ARSI ARL G R R A ST - RARRIZ VAR SR B B R 5 R
% - MBI > RYIVER AT SRR EYE > BASUETT RIEN R
TR 3PMs « A SR AR EEArgoss A S FTHREEY RIBFRIE(TERLFRIT -
A6 FiMoj o Mari timeffoMe rma i AR LR 5k a1 e T B 2 DR R AT BB IE R -

FEHESEE - AEAFR R REH - BRE2/DI0FENHEER - HEtREZ AR ERES
P2 E TR RS RIR E o b Ror » TR AR B R A T H B » SERBHVSRER o i A2 L
SR RARE R Z IR T R — DA T -

(A )TE£ T f25181/55%5T (OPERATIONAL ENGINEERING)

e P B A R S LA TR T T A S = KFE:
1. EE#RACEETE] DECK LAYOUT PLAN

FEEHAVATT:

A, WIRZEHEELERH/IESE

B. FrAEEEYIE mEFEREN

C. BREEG

D. ffpfEcs&E
EL “Vole au vent” ZfEZEFMRACER RHPI - 7207 RyK TEBEIGIER ZBCE > 577
Ry FR 2 BCE -
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D]\ 420 pe Nu

STABILITY

Maximum permissible crane heeling moment in case of use of counterballast as a
function of draught and VCG, as per document NB130-150-004-1-ACO Rev.A

100,000
95000 [ HT HH ~—wwgesm
90,000 =y T T T i T —m—draught 5.7 m
85,000 —#—draught 5.1 m
_ 80,000
£ 75000
E 70,000
%‘ 65,000
g 60000
H
55,000
£
3 50000
H
e 45000
i !
2 40000
E 35,000
£ 30000
E 2
é 25,000 Wax
20,000 ! ! ) ANTI HEELING TANKS | Volume | Step31 | Step 32 | Step 33 | Step 34 | Step 35 | Step 36 | Step 37 | Step 38
m3]
15,000 T T T20(%) 866.2 23 23 23 259 23 11.3 11.3 0
10,000 H 1 i L } T21(%) 861.33 23 e 94 702 23 793 | 793 34
i | | | Total Ballast Water Volume [m3] | 1464 | 1464 | 0.0 00 0.0 00 0.0 0.0
g Total Ballast Water weight [ton] | 1501 | 150.1 00 00 00 00 00 00
Net Ballast / Deballaslin
14 145 15 155 16 165 17 175 18 185 19 195 20 2 Volume mgg] -700.4 00 -150.1 0.0 00 0o 00 0.0

vee Tl

ARzERICESE

SEAFASTENING

BIEEE

AR RISTIIRETE  2Vole au vent FIFK T HEHELE T (EM)
B AR () 24 IR R K TOREHE T (I R K TSRS

KBRS RS R T

® FEMEEZYS M)

o EEMmEMEREGHERNE REIR)
o EASUKTEREMRETR

® TITIHEIRGER RS
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BARRIERE

RERFEE(ELIL)
BRI K BB BN e B AR
ROV(E /K T NEE ) 240
AR

Bt E (BN T IERR)
B OB AR S5 T /ERLAANE 5 Vole au vent 0] BEhEAEEL (B E ) 44H OMWEI4 -

SRS B B PSR T — IS e 2 TR TP B T 28 - PR gy | e
RERBEN—VRMEE > SEif - 5 SRR RE - EimlEE - ERIER -
Tels e N BEAE o BEREEELUTMfasHE AR A B 258
A. BAHFEMVole au vent
B. KT EREE R
C. KRR i )35 ks F s e [ S PR e
D. HAEEEIEHUGEEE - mASGLE) 23 5 LTSS
E. %R Willem de Vlamingh™ (CLV/TSV) - BoA SN - BB A4 oK
T EE (WROV) > DUEFTER M 2S5 i iy K 5 B R -
. %M Willem de Vlamingh' (CLV/TSV) » BCAEARIZE ~ IEES=028KIZHROV
PT-1" > AR EEE SR -
L KBk EEEL [ERAE (B EHERE AN B KEfastr) » Dl Bh bR BL L
JIE ARG ESE S (2 -
RIFREIRITIRN - L aitR A B sk g es M TR T HHEEAEEN B » 2R S baiE 5 A -
e CERE A - ARBRREEE RTEFTREARE > THEIN i B JH R E o A7t
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2. MBEEEET LIFTING ENGINEERING
A, MBI BESETE
B. Mt
C. HZ=ph
D. HiEHEE

DUERE R Bl > 8548 S AHRBRAR R 4H ST B AR T4 4% » 4H 2R DU A A B 6y
a2 TAFAL b - B4R ol R A 48 e B R[] B ZR p 0K ol 2211 ]
TET MR - FEAREE B F R P PR Bt 2 e A TR THE T -
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LIFTING ENGINEERING
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LIFTING ENGINEERING ___

Fh mies

TEMFER LG ZE L B - L IRAT A AR e
ANFERITIRRS - TCEEAE AR AT o AL AR RE B & 2 HE T > DURGHE TRl b
LGB o WVHRAE ~ BURECE TR I E E RIS R > B E A R
HICHERE -
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FRIREE -

EMERLAGNIREERTRE

3. ZEEMEF53 T TACKING ANALYSIS

ZEERHETI T L EE S
A PRI EE A
B. M /st 3 g oA
C. 3% - ffa 7 T oA
D. etk oy

HPREVEHRCE A [F P Y TR AR - RS NR 23 A FERVIML LU > Bl
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e FRE - K lebahR AR TIRH IS o FELGEHE TR e (B R) BTk
(FTHEIIHT) -

35



Jan De Nul

Leg Load (MN)

JACKING ENGINEERING LD w e aw wm B
"—..r‘“_ Medium
| MR Ty e
: |
2 Il
; ] / :
. / F X
. ,/ E Pense SAND
i 7 :
. / :
£, THV :
E .
§ 10 !l 0 Tﬁ%
2 :k CLA
. - u
i
. A . 1
4 i ‘! 14
15 \L._ 15
16 \ 16
7)(,”: T | | | meoum
18
: ,.,_fl., B

e —— )
Jack-upZ AETH B+ EE

Lﬁiiﬁﬁ%%ﬁ%ﬁ%ﬁﬁﬁﬁﬁ BFERE, ~ ROR ~ R EE AT 2
iR IR E A e Bt R b R Re B AR U SIS AE R R e R R

Aiﬁ%%ﬁiﬁéﬁm BEANP R B Bl R R R A R B TP S N TR

JEB T R 2 T Eﬂﬁﬂ@‘Aﬁ“i?”ﬁﬁﬁﬂflﬁﬁﬁ/@\%t%i » AJRE IR

THEORETI A e sz A B I U e SRR E A BRE S - (PSR EEE

&R IADIRERINEL -

LL “Vole au vent’ ZR&R » SHHEA[FIHYHFEIBLLLRAETHIRST AT LU S T -

DELIT

— P PSF 0 — M DRAL {al — (i GF
HULL PRELOADING

TOWERTNG ) OUT OF e — s
F 50k LEGS TOUCH WATER ™ 0 5 , 2
£ DOWHN g 5
o, - g =
o ™ 3 S
2 i “ = -
- - | =0 L] T g
& ok e = / S} sor o
z == i 7 = =
s g ol B 2
»® 3 '} L - : 3
- - ..r’_/ o~ il m a
d .. H “'“Jr WMV 5 m
2 - . z

P ./:" S o " 2

23k 0600 06:10 26: 20 B6:30 e a7:e 20 @

36



(70 BIR
JDN/\—H%L{EISO 9001 : 201 S/EVG B HE 2 {32 -
A (Framevork) © BRI it  $0(T ~ B - B - FRARBCEATRHIRDHD
B

| Mandate and commitment (6.2) l

¢

Design of framework for managing risk (6.3)

Understanding the organisation and its context (6.3.1)
Establishement risk management policy (6.3.2)
Accountability (6.3.3)

Integration into organizational processes (6.3.4)

Resources (6.3.5)

Establishement internal communication and reporting mechanisms (6.3.6)
Establishement external communication and reporting mechanisms (6.3.7)

Implementing risk management (6.4)

Continuous improvement of the framework (6.6) Implementing the framework for managing risk (6.4.1)

Implementing the risk management process (6.4.2)

P}

Monitoring and review of the framework (6.5)

E 2 overview

2. ifE (Process) ¢

AVERA CFURER » B F > IE > AR > EXCNMERRREVITE AR 0 TR
it %ﬁfﬁ@ﬁ? °

B. & : BB L/ EFELE - BELZ e - BREAEZAE - ICT(E
FHEEVERES) - IR TFE -

C. FokEIfHSE « ) " s, B2 " s |, > RV TAERE  JBRIVER T
B R L PR EIEOK -

D. J37 BN B HEas > B oA > B S > E s R B - g e R
B~ FE - EE - e

E. %‘iﬁﬁﬁ CEPEEN > BREUURAERE S - ERGEIEEL E AR o R E AT, 0 QHSSER

TalE 0 siEkEREIEE > eI E
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PROCESS : Risk Management

Purpose: Procass Duner Interested parties: Related docsmentation:
Procacs ta implamant acti b addras ks 111 Top Managemant JON.0P.03.04 Risk Managar
121 Emiployees / Crew 108,5P.0B.01 Haard Management

appriL o the QHSSE r.hnuuengnl Systern and
evaluate the elfeciveness of thess s 13 Subcaneracior £ Supplier Inverstary List Risks Aratysis
Objestives: Rick Manager 141 Principal Job Hazard Analysis / Safe Work Bract
Ta ensure that the QHSSE Management system can 151 Autharities (Gowemmental Agencies dealing with Tender Stucy

szve tts Intended resuit health & safety and enwrcnmental matters) Tender Risk Assessment
Ta arhance dasirabla attacts Frocass Modal
Ta prevent, of reducd, undesied aiacts Risks and apportunities: e T i e T Project GRHSSE Implamantation Flan
Ta achieve improvements, 5 and Oppertnlties nat dantified du nng randar PrOpar bandar stidy and tencer mk aigasEmAnt Rigk and Impact legiter
Reference to 50 $001:2015, 150 14001:2015 lopees § Crew net aware of Risks and Minutes of Cacrdination Meeting
Clause 6.1 et Opporiunities refated b charges nat identified
Referanca 1o OHSAS 180012007, 1M, SPS, SSC(VEA*] | fmplogees  Crew not competent far risk identification. [ People & Knowledge Mana;

jon if neeced

Contral of the prowss : Acticrs baben nat effective Evaluation af actions taken & carrective o
Management Reviews

nternsl Audits

Micnitarin; I  makuat
Performance Indicators:

JDN 29: % of coverage of planned actiities by HAZID
mesetings / Risk Assessment Worksheps

JDN 01 182 Frequency rate af accidants

DN D1 384: Severly rate of accigents

Needs and Expectations:

11] Igentification af Risks and OppeeLAitis
12] Safe and secure work =
13) Chesr communication aboul sxpectations.

4] Goae reputation

15 Campliance with statutary and regulatory raquirements

e

arment

Mathadobopy:

Estabashing tha cantast

Outpat Relatad Processes:
=N controtMeasurements =N Tandaring
Con atian

] che " " i V| IAcaptes) Provess Madel ] Project Execution
Nevw  antrs Batonreas Adupaed perforthurce )

Related Processes: Input:
Oppomnitias for nprovamant [ New Pracess
Incident Ma

JL

Management Reviews Acttians for not achieving cansultation indicators and targets Knowlecgs Management
Monitarin 3 performar Hisk Managerment Acords
analyslz and salustiar, New Tencer / Project Project QHSSE Implementation

Hew Acthitios
Mot eftactive actions

Sisk fraatmant

Management a Ch

Tenderi intefligence from
Project Execution entemal parties Meeting o L
Fost Delivery Activities = Pre-arival note's
- - Result:
ources: Significant rigks are contrellad
Compatant Employass { Craw with QHSSE awareness
PROCESS Knawl 3 Tar 3 remsonable practical
nawledge
Jan De Nul | iourrooone ICT {Suftware Tor evaluation of A
—LEDTE | nevision oo Security Manual
P
Approved by: Rslatod Processes:
Name: Pacpls Managamant
Signature: Date: Knawlecge Management
Name:
Signature: Date: Fage /3

3.f2F (Procedure) /#AEAEf

A HrETEIEZR > o7 RS - WIDNAEE S A EAEEE RN E - 1
TE e R EBHUSAZE

B. AR el ¢ SHETEE - RE - E[ERISERS - BRS¢ VA
ERFT ~ AT - EEE%BF'EJ ~ WAFSERET ~ OrbaEltFT ~ QHSSEERFT ~ Rk
P9~ TR AEERS S - TR R » TR A E b B DA 9T
FRERS

C. BRSBTS AR ANES » DUE I E e SRS -
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. .,
( Submission of Tender ‘l { Database PR

! . [
| Documents to JON | (Potential) |
e =y | Clients & Projects | |

v ' Risk Assessments |/

AM + DID ’ F '
Risk Assessment

— — T Capacity available within JDN

v

D

Tender documents »

Deecision
1) “Go ahead” or 2" Cancellation”

/}\\
Decision 2 Letter of Excuses
g n S

S o

L S
Communication and 1

consultalon :
Legal Department MTPD + AN Teﬁrf:lr I?|sk n
WSis
e Coordination of Tender study —

Suréey Departmant [ e
Financial Department = Budgetting '1:

Insurance Departrment Planning & Pricing Confirmation
QHS5E Departrment Assessment Tend!rstuﬂ 1
Technical Department -— ==
Lacal Agent v

MTED + AM

* & = ® =2 o8 ®

!

Drafting of Tender L

¥
(]

Assessment of Tender
v

NOK, N
Decision >

~, /_’_,-’
Y o
| BD
‘ Assessiment of Tender
X,

NOK
“Decision ™
iR
S ﬂ'r.'
¥ I

BD
Signed Tender
Assessment of Tender —
] v ]
- . ™,
( Subrmission of Signed
I'\ Tender to Customer /,I

— e

O [EEHTH -
1. PESTLE :
PESTEL /3 AR AR RIREE 73 > B th ESEEIRREN AN LA - NMERES I
EOERER o T HeeSwakn — UV S EERERN & - Bl a2 RN E
17772 HEg—EFEHER—ERZE > Ty BORKHRE -

(1) BU&RZ (Political)

(2) &ERZE (Economic)

(3) HERZE (Social)

(4) FfiloRZ (Technological)

(5) EFEHEZE (Legal)

(6) EEEE/HMEFNZE (Environmental /External)
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FORM
@ Jon Do Ml JON.GF 03.30
RESK MANAGEMENT - PESTLE BREAKDOWN REVISION £
Factors 1
FO_0L [Gevernment ssabiiity / confiicts o o o
PO.0Z |Employment and aperational laws 1 o o
PO.03 |Government leadership 0. o o
FO.04 Trade restrictions or reform 3_ 1 Iﬂ
PO.05 Tax regulations 0 0 ] of
PO.06 Corruption leveks [ [ [1] o
PO.O7 |Bureaucracy Issues 0 0 ] of
PO_08 | stability of neighbours [1] [1] [ of
PO.09 Local contemt 0. o o of
PO.10 Corparate Strategy 0 0 ] of
PO.11 |shareholders 0. 0 o of
PO.12 Aroups, lobbying 0! o o of
PO_13 FOreign pressure [1] [] [ of
El__khﬂ.s |
|ec.on Inflation rate [i] [i] o of
|ec.oz Taxes and duties ] ] D of
|EC.08 Financing / credit f Securities o o o of
|EC.04 Working practices 0 0 ] of
|EC.05 |Exchange rate [ [ o o
[EC.08 Cast of living and wages 0 0 o of
|EC.o7 Lacal skills and unemplayment 0 0 ] of
|Ec.os Trade regulations J taritfs 0] o o) of
[ec.os Fluctuati 0, 0 o of
[Ec.an Interest rates 0. 0 o of
[E=1] |Ex ic trends 0! o o of
[Ecaz Local economics 0 0 ]
[Ec.az Procurement 3
EC.14 Payment 0 0 0
Factors |
50.01 Cultural and social conventions ] 1] o of
50.02 Incentives and subsidy 0 0 ] of
50.03 |Ethical Issues 0 0 o of
50,04 |Magar world events 0 o o of
50.05 Health 0 0 0 of
50.06 Warking attitude of peaple o o o of
50.07 Trends 0 [ 0] of
s0.08 Histary o o o of
50.09 |Education 0. 0 o of
50.10 | Attitude towards QHESE 0 o o of
|
TEDL |Rate of change 0] 0 [ o
TEDZ |outsourcing / in house o) o o ol
TE.D3 |Research and devel 1 o of
TE.D4 Production eHlickency 5] 3 of
TE.DS Communication and support o o) ol
TE.DE |Bottienecks / Breakdowns 7 5 of
TE.D7 [Patent 0. o of
T na e —— nl nl n nl

2. E\pmiEEEFR(Risk Matrix) :
FH 0 4T 4HBE 3% -
(1) ErEEEENTAFEE | 1285 [HFHA > AFRMRE] - RS REE
e R HR(ANBBT - BEPE - EEEASETEREL - AFFES
F) e
(2) SEAETREME 2 T8 FEHE « ARE [EUFREBAEMRE ] > THEIGEESFRE
ZHJREM -
BB [ 1 2 SEATTREMEAZE - VB AHZE » 0451 AZE SEF2SHEAE SR - FEINA VBRI
TNEFEFERE (8 - DAL ERAYEFSFRE RO - BIA13E(15) ~ 5C(15) ~ 4D(16) -
4E(20) ~ 5D(20) ~ S5E(25) -
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FORM
Jan De Nul IDN.QF.03.30
RISK MAMAGEMENT - Project Specific Risk Matrix REVISION 00
Col nces Level of Likelihood of Occurrence
_g 'E' A B C D E
23
& E . Happens
? = Incidert has N Happens
= S Mever heard . | severaltimes .
E = . Heardofin | occuredin per pearina several times
o . A )
? E‘ E - E E inchastry the industry similar cimilar per yea.l ina
o & g u B E COmpany location
'E = = E o E 2 company
(= w
R £ - -1 &
) Mo or slight Mo ar slight
Ha or slight effect damage
1 health effect ! <750 <1500 Slight impact
injury [FAC) ’
< 5L il <0.3day
Minor injury Minoreffect | Minor damage
2 MTC) ar Limited
reverzible < 7.5001 < 15,0001 impact
health effect < 130L oil < 1day
Msjor injury || o slised effect Serious
3 ILTI) ar damage Large impact
imeversible < 3750001 < 70,0001 (regional]
health effect | 29,5001 ail < Tday
Permanent Major effect | Major damage o
4 Dis ability or 1 Majorimpact
=30l o £1500,0001 | <3.000,0000 | [natonal)
to 3 fatalities
< 15,0001 oil < 30 day
PMassi oot Estensive )
. Mtiple azzive effect damage I\:"Iassu.-e
fatalities » 15000001 | »3.000.0001 impact
(internationall
> 15,0001 oil > 30 day

3. JEEB#%E (Risk Register) *
.5k /2 75 3B PESTLER b 43 s 7S RBEIN T - S B E s slitéer 2 2478 ~ RN ~ &2
2 . EilE - BFEEFT - BYRESHNET LR ~ EEiREE -

FORM
Jan De Nul JDN.OF.02.30
S < Y — i .
RISK MANAGEMENT - Risk Register REVISION 00
Risk Identification
Risk 0o | g
Risk ID Risk or Oppartunity Title Rizk or Oppo rtunity Cause Effect Scope Department | Liakility
Lategory AP Status
Political Factors
PO.02 IEmpIo'pmem and ional laws
| P0.02.01 [Local emglaytment reguirement No Informazion on requinement for local emplayment [weed ta Fire tocal perscanes | [ | [
Po.03 |G leadershij
T
Po.m.01|su P— Curren povermimesn e ok uElcly supportEve |3 N,m Incentives are expe for(hr:mkl | | |
Po.04 | Trade restrictions or reform
TNeceszity for US vewelz;
Crewe vt e s vt v s of o |1 5y  ouncions wi b e nd
PO.04.01 |ionas Act e ot a it I ines Art could be woided. FND instalistion|  Tender EnaLD
ruling = nok granted, 2 erent oparational setup CEP rulings allow this. Qualification made on CBP
wauld be required ling
P04 02 |Passenger Serice act If passengers are tranporbed between bwo ports, it has to be 3005 fine per “passenger” (superintondents, rew, Project Tamclar
done by 3 US flagged vessel susrveyors, dient reps are not passengers)
PO.0S Tax regulations
PO.05.01 [Tases on impon Transpart of equipenent is subject to Import tax [Taes are to be paid, but are qualifed [ Frojecs | Tender | |
PO Local content
plans to build 3 USA built Installation Vessal It el b hard 1o b comipatite an the LS market tf
PO09.01)USA buslt jack up According to rumers, this will nat happen scan such a vessel would be buitt ‘ | ‘
Economic Factors
EC.02 Taxes and duties
Tanes shoud be paid
G d Stal Double ta n it licabl d
EC.02.01 | cwernment and State taxes ouble taxation treaty nat applicable to states cumrenthy quaisied | | | |
EC.03 Financing [ credit / Securities
EC.03.01 |Redosmance band Project Insurance inactive
EC.03.02 |warmasyband Project Irsurance inactive
EC.03.03 | Addvarse-payment bond Project Insurance Inactive
EC.03.04 |Parent company guarases Project Insurance inactive
EC.04 king practices
N Exara resources necessary
EC04.01 Condract= ":‘;m"“ Imanwdedge an UEA working Bractioes | actiites planned on US temtorial waters o IS
USA warking practices ————— scil
EC.05 Exch rate
EC.05.01 |curency exchange rate Currency nat fised in contract stk di i oy ickiiatioes | | | |
Has been put in
EC.09 Fluctuations
Fued has been prices separately and cowered by qualificatian
EC.09.01 [Fuel price fluctuations that asks for recabeulation of fuel price upon contract Less pecéit on cheaper fuel.
signature
EC.09.02 | Dollar Puctuations (Only fuslprice iz linked to dollar. A8 prices in Eur Less prodit on chaaper fual.
EC.14 [Payment
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4. ZEH-FE77E(Monte Carlo Analysis) :
SH-REEJT A - WRBSETHEE T L - BRGNS EHE L B
HERERBIE - 0] DI REETTVA R EBEE —S 0 st L PaEE
SR ERRG T EER TTENEME o BEA R AEGZEATRITE AN
AHEEEMR) » KL ROVEETE - DIWANEE RNZ SRR E » EAERY
rRFE 2 FsMonte CarlofEsrfr -

DUT I A - 3E4YHEE 4 (LD) 169, 3238k 7T ~ B A69 , 0008k T ~ JEFH{EO. 33%
ZHERMEF20% ;A S0P A REJH 7 (B LIS E < (LD) 770, 316E1 T ~ JE bz Ak
A1,403,000807C ~ EBR{E6. 78% -

FORM
Jan De Nul JDN.QF.03.30
— CROUF
- RISK MANAGEMENT - MONTE CARLO ANALYSIS REVISION 00
USA - CVOW (2020) Average projectrisk cost: 1,484,239 €

) Average projectrisk % of total cost: 7.2%
Client: DONG Energy - Scope value: 29,321,000 €

Exceedance probability of average risk: 52%
20

10,000,000
8,000,000 - 40.00%
5,000,000 | 30.00%
4,000,000 - 20.00%
2,000,000 + 10.00%

0 - t 0.00%
-2,000,000 | -10.00%
-4,000,000 -20.00%
0.1% 10% 20% 30% a0% 50% 50% 70% BO% 90% 99.9%
LD 51,738 362,164 169,323 331,121 589,809 770,316 713,980 1,166,449 1,241,703 1955683 2,193,676
e Risk Cost -1,887,000 -460,000 639,000 578000 993000 1,403,000 1,740,000 2,192,000 2,685000 3,546,000 8,174,000
=—4=% of riskvalue  -9.12% -2.22% 0.33% 2.79% 4.80% 6.78% 8.41% 10.59% 12.97% 17.13% 39.50%

Revision Date: 22 December 2017

SEMREEAT R AT DRI (E S I Z AR Be LABLEL  (Random) FEAEREREIESE T - EEIS
BeEie - nl{S B T 2R o S i n] DU 2R Al S TR B RF R Y 52 i H
HEATREME -

NE R A SRR TS ¢ AR R 58 L T REE S TSR R ARE B T -

S EERTE [teration/y 10002 » HHY 58 T THASWHIMEZE & {E200749 H3H5E T, » 50%
AHEREIE20074E10 3 16 H52 T » 95%AVHER & 2007412 H 10H 52T »
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il DotioutonSropn_ W L e S a8 w s as S A B =

File Edit View Format Tools Help
=% ¥ Engineering, Procurement, Construction sample L
[Search | A180 - Construction : Finish Date Fraish Hate:af
[5) <entireplan> - — 100% 14 Jan 08 A180 - Construction
# A010 -Project Start ; | 95% 10 Dec 07
# A011-Project Completion =
90% 28 Nov 07
[ ¥ A020 - Pre-Bid & Bid LU
I AD30 - Characterisation o iy Simulation: Latin Hypercube
{3 A040 - Pre design & optioneering 80% 15 Nov 07 .
| B ADS0 - Feasibility & Design " terations: 1000
(- 7™ A060 - Engineering r b7
I A070 - Front End Eng Design | 70% 05 Nov 07
| 4080 - Scheme pager Convergence at mean
[ 85% 310007 &
M AD30 - Board approvals s Mean Plan Finish Date: =|
| 3 A100 - Design development r =
W A11D - Contract process B & Converged in 200 iterations
= - o
| O A120 -SEfEty case :e | 00 16 0ct o7 t (variation < 1% over 100 iterations)
W A130 - External approvals 2 [Mean Total Plan Cost:
A140 - Procurement | 45% 100ct07 F st gz ko
8 A150 - Implementation L s0% 08 0cto7 E Converged in 200 iterations
| W A160 - Site mobilisation = =
W A170 - Procure 3rd party contractors L asw o20ct07 O (variation < 1% over 100 iterations)
(R ] 7180 - Construction] b 30% 27 Sepo7
3 A180 - Reduce hazards
| 25% 24 Sep 07 isti
I W A200 - Clean strip out < Statistics
I A210 - Contaminated strip out [ 20% 19 Sep 07 Minimum: 06 Aug 07
I A220 - Decontaminate structures I 1% 17 sepor :
| I A230 - Building demolition Maximum: 14 Jan 08
[ P A290 - Post Implementation [Tt sen il Mean 18 Oct 07
I 4240 - Post Implementation finishes I 5% 035ep07 7
i B A250 - Final report, histaric records and daims I Std Deviation: 3045
| # A310 - Damages Start . g e s Bar Width: week
¥ 4320 - Damages ug oy, i)
Distribution (start of interval)
& ik 5 et e i
Tasks,| Resources Finish Date ! Start Date | Duration . Float Cost/ NPV, IRR

SEIEERITC
Jan De NuldBE[JRECEM EIAEHRS  SHEEH T TIERTE A BRI E B[

SR TREITREBEEREAR - MERARNAREO i AR TREAS > T
EALAOER A BB A B ZHA LTI AERTER - HIRIISER S « REEANEG
o BRIk ~ GWOSSER TR 20 231k » BrfRIEerE -

B 2 BB S

AR {EES
1. TFEEERIEEE TR R R A 2
Er5
T HESOPZEMEELE R E
2. NB¥FEI% A BT EEE
IR EB A E A
e R
3. VEHBIREEEDR | FFAEM
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BRI G EIREA B R EEERSEEE - (FH COESEHEEINUERET -
EBREAFRASGE I MEZEME - B EEESREIRESUE A FIAVHTERET » 208k
It > AR ZE A Z ST LR MBS R b s L FEEE -

RRATETem 2 AARARTIRE > Jan De Nul B NAEHAME1FTR -

B JDN= ZPhilip ~ Peter RAHRBAR T A B & &
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REE TR ARALIR 19694 » H iR H 37 TR PZE ik B P 9 e [ o3 TR B B AE P IEE fF M i
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K ~ FERREETERAR - —MREE R R A5 - REE TRUL3201,000m" » BT A %2450
A
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RESBFEMEF - (L2208 F AR Q4R EERR
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e 'REIDAEERIERS , ~ THALEET R, - TPDCABVIMEZREE ) ~ T T
B ) F o FEILRA L RE SR B e R TR B n BNt - BN ETT AR MEcF S &R
#oYRC > PR o e T AR bR, Z HEE

TRl FR BE - T ~ (EERHEESENTARFIDER S - HARE S EZ8ER - 5
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™ | | | L | I | L/ N | .|}
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!= h 1 4 L | | i —a | | | || HE m IE =l | 1]

"REIDAEERIEAA ) - AR Al (F R R, - i

Fral " PDCAMSVIMEZ4E > BAEEES b BETHIEIFRINIEE & 8 IR A T Bk
RHESE BRI H S E AL R o LT HEITATBRYR A H30BEIER S (ERIprTF - 81
"RFIDAEEREZRL ) &56 > JI(FER IS RIFEHE &y i REA FRE A - SHBIH
s R ETT RSB RN 2 iaaT
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1~ 29 H I BYERTRE TR

H T B E AR EE T A T 2 Ry lee B2 OMWE(f¥nacel ler 843 » HATIER TAL
EIEE R T B SE — IE T A TS  2MWE M nace ] 1e AR EESR 2 DU » THETS (107)4F
TR A SRR - U SERIR 2 SR RE e DU e B —JRTRS 21 5 EB¥nacel le Z A2 7 -

ST TR IEATHE TS . MV 2 A P
& AR 38 SR AT PR -

HRPAR H SCHYRSEE - SREE TRt BR A B - B H I A 550t B2 EAEEE K - UG
SeR.Znacel le A ELREHETTACR - BiiE B Emir i e B H -
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Nacel l eZEfLE T

H SRR AN — 8 B A T TR - REBER T BARMEG TR
RN A TSR A A RIS 22208 RIS - BN T %
L 2 K - [N B TP LS00 - AR A RS ISR
B2 FH -

RGN T ST R TEASE S T (main frame) ~ #m#k (hub) ~ TEATEHI L4R
(pitch control system) ~ EEEFEHI £ 45 (yaw control system) ~ FHili oIk « S8
%~ BEAE - HAECHIZS - HIESNEE > 492~3 A 5ER—Gnacel le 2 4H%E - FEABAEHY
HEZMAMREHHILAFBTEE  HEXREZHFARRINEE - WINER RIEZEE 7
INEZIMEE - FkEER B ReE T E R -
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Service Crane

Crane Rail
Naclle 5|
REH

LR
i {0 d

ES

g2

Yaw System

‘Yaw Bearing

Yaw Motor
Yaw Brake

Pitch System

Pitch contral Box

Pitch Bearing
Pitch Motor

Hub Housing

l AZDAHUD Nacelle £ & &7

NacellefE L& e pits ~ SR N s ~ S IAbiaER K il gl 2 R e - By
s EMERIETHE -

EFEETHE Znacel le

SR T PN B e VB A A SR o = ISR 0 AL B AN A B S e
JEV S SRR - DI_E201 54 HARROISOE R ERE - sk HE 201 T - R )3 &
AT E RS - TRASE20204E R €A 200044 B E 4 N B 2 720K SR EnE
HANBZER -
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DRIEE H 1252201 64 R R s U A el ek ool > LL2 . OMWEE A sl inace | 1e DA HET T UK
AT AR EA RS IGR AR RBEIEESE - B TSR - thaller T
O MEARTIHIZECHET » TR IERE A M A BB -

FEAR TS R PRI ~ 1R TT Ry BB IR 2878 (PCS)
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7N ~ SEHEGT TIRCGEST H 17 RS

[ 53 T H AL SRR R )38 s T2 i s PP I A == Frefeit - £ b e Him
T e ACEHET T H O U SR e .

R e H IR R S SRRy S et - S/ 4H H L BERTALRY B 127 A2 T (i
BURVERE - HILEWEZ B RIS T 2 B R (B5RG - tAaimt =M
G UL R HERSER G 3= E A7 e SV s i ) A B =B i

)t YA

EGUEBRE BB LA =
1. ERIEERE BRI B R AR iy H B A S A
ZE > BRI ORI 2 4 o H B R A e D U
BRSSP E AR VR N R - HETETE N BRI SR R pliA -

Wind direction

2. BYaw error ¢ piEEAEEGIANZER BIREZE - 15 E A EEEET
BRI FEM: > TRV Yaw error[EIRMUFRBERR G -

3. HREUR - REUEREER R IR S EATER - AHEE B ENER

Wind Blade wake
turbulence
—_
 —
énemometer
(]
 —
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NI PR e

L. AR e P22 A1) B AP R D il R T VA 22 i SR

2. BN EER] SRS AR A T AT R T FH e S R ek D 1
7:;Eé o

3. JEFEHARE ARG R A S R

ks Nacelle Frame ‘

Mfslg i e
'Ehme n Illf Bearing

Brake 4
|

Wind Caliper

Brake Disk

Downwind
Tower

Rotor Yaw Torcue

R R R RS T T Y - SR E Rt R A L iR AR
HiEZ A5

WFesE RE U F R Z AR M E B A &S SRAHAT - SE T 574G - HAES EE
HRp 1) ffms 22 (EL 2 S EHE/NR TOE

Measurement result(10 minutes statistical data)

IE 10 ....... messssmaaaaas pressssaaans massssammmass y

] i i i i

k] - | | |

T

E I o ] I I

& i i i |

2 1] — Beenrseeas Preeessaness Aeeneenens '.

@ | I | |

b i i ) |

g TOrTTTTty Urb'%'qo M

m | I | |

} I Io O I I

R 1] S R . S R—— :

Bl i o % 0- i i

g | o | |

i1} I I I I

Analysis results g 19 Ammmmeens S Armemmmeeees ‘,

Time history of wind speed and yaw misalignment W \ . . :

o ¥ 0 o O Measurement(13-15hour) |

£l 2 0! 0 Measurement(13.5-14 5hour) |!

fu E | O Simulation(13.5-14.5hour) |}

E ' E _25 I L I |

0 100 200 3.00 4?0 5?0 600 700 800 9?0 35 40 45 5[]
_m.”a.sg\.rgjmlm 10minutes Averaged Wind Speedm/s]

' i i ' ' ' i i I
o 1000 200 300 400 500 600 700 8OO 900

HeR ST ¢ HER SR R R i R BTREERN R (T
HEAAT > ST TR AT 5E -
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Comparison of predicted and measurement

Time history of blade flapwise bending moment 10 min. statistical blade bending moment

Measurement

Tpmmqmmmmmmpmmm e mmmmam,
08
06~

MNormalized MYS
Blade1[-]

]
02___1:______:r______- ______i —#— Measurement. Max

i | —o— Measurement Mean
i | =8 Measurement Min.
A Simulation Max.

©Q  Simulation Mean
O Simulation Min.

Blade1[-]
10 minutes Statistics of Normalized MYS[-]

Normalized MYS

40 42 a4 48
Time[s] 10 minutes Averaged Wind Speed[m.s]

%%%H%%%ﬁ%ﬁ%ﬁ%ﬁﬁ%éET%%%H”@E%( SRR L L ACTEEGHEN
SAYEREERE/NGYD) - T AT IR D N Bl E

Yaw misalignment Blade. flapm.se bending .moment
(10 min. average) 10 min. maximum normalized by loads

of active yaw control
o el IRy
__; O Mean value

1
L] it S S e
' ' v

S R R S
A P S A N
06 i i i i i i i i [ i
R [

Blade Flapwise Bending Moment
Normalized by the Load of Active Yaw Gontrol[-]

10min Averaged Yaw Misalignment[deg]

04
R
b e et S A

* Each Seed & Each Blade| |
A O Typical value [
8 0 R S S S

-05 -04 -03 -02 -01 O 01 02 03 04 05 -05 04 -03 02 -0.1 0 01 0Z 03 04 05
Long-period Change Rate of Wind Direction [deg/s] Long-period Change Rate of Wind Direction [deg/s]

RS HR1E > AANEAB R HILREM T T EE R RAEERE © B XUE (Tower
Shadow Effect )R 55 DI BB ERER 2 72 -

EREE R 55 R 72 FI TR LB R T B i ey » St sl

~

[ S B - BT M AR BN Z i > B TR S TR
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Velority I
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AR ERERZE Y - HILS I HISKEIA TR RIS G B — b 5e iR - SRR
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SRR S SR SRR B TR 3SR S =7 B B R E o il
FUEBEHREE > BiE T EREHE  HSEHE > MEUKEEYmERE - (LER - )
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&r L BUJSREMEE = 7 Bana 0 S R BRa K SR 2RI > A

1. BB  (Type Certificate)

JE\ 5% FE AR LN I H 2 S RedmBaiii e g o R AT S B A BREg -

The process of type certification for wind turbines is defined in international standards
(IEC 61400-22). This process flow is summarized in Fig. 1

mlﬁ{f( I-PHEEE Hm‘i‘ﬂ Application & Submission of Documents ;{ﬂ- I I 1 ;§|If

IEC 61400-22 ift N
TR, R | Design Basis Evaluation | FAHEREREA

e [ e W—

L=l T
[ Design Evaluation & Approval of Test Program ] u}kuiu} {iti Kl

_—-.._

FE L S "‘:,,";‘.?:;1:‘." ‘ Type Testing '!%‘%‘!ﬂl'l.i&

1

Final Evaluation |tk (i

[

AR GO, L LR



2. BEEEEE ( Project Certificate)

SR bR T RS R R SR S SRR 2R - BRI T

A ok A V1S
sR Site conditions evaluation
Type certificate l
. N w R
| Design basis evaluation
I
I 1L
: .
| Integrated load analysis
T T T T & |
| v 4 g
: BA) /W R R LIERRR G
| Wind turbine/RNA Support structure
! design evaluation design evaluation
I
! v v
1 B /T B AL Bt W EX 2 2 3 E13
! Wind turbine/RNA Support structure
: manuf. surveillance manuf. surveillance
I [
: v
1 ENMAERENW
} ————————————— - Transportation and
: install. surveillance
| v
! REERF
e e e e e —_ —» Commissioning
surveillance
LS L2 31 i I iE
Mandatory module Final evaluation
FEEREEE

Project certificate
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W HTw5.2-127/136
#=| Proto Turbine §

SEFRZEIREM AR SR
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Power output(kW)

HTWS . 2- 1278HTWS . 2- 13622 RITERS » HIWS . 2- 12 TR &= A9 BGR R - fiHIWS . 2-136
AR AR B A B RIS TR - BHIWS . 2- 12T & = B B A 508 T H A
JEAH S R S L HI B FHHTWS . 2- 136

5.2MW wind turbine specification

U
L) Eld g L) () B 0 OLE

1 | Rated power 5,200k W 5,200k W
2 | Rotor diameter 136m 127m
3 | Blade length 66.5m 62m
4 | Average wind speed 1.5m/s 10m/s
5 Ultimate wind speed 55m/s 57m/s 10 minutes average
Vref (77m/s) (80m/s) (3 seconds average)
, Fatigue Il I IEC Class
I ulll Ultimate S T* *JIS Class T
7 | Turbulence intensity A A
Cut in wind speed 3.5m/s 4m/s
Cut out wind speed 25m/s 25m/s
HTWS.2-127E2HTWS . 2- 136578 ELEc =
6,000
5,000
HTW5.2-136
4,000 HTW5.2-127
Cut out wind
speed; 25m/'g
3,000
2,000 sne:j{:: /s) Comparison
6.0 117%
000 8.0 11%
10.0 112%
12.0 107%
o
0.0 50 10.0 200 250

Wind spesd(m/s) "~ °
HTWS5.2-12783HTWS . 2- 1363 4R ELE

ERS (107) L H KR ReEE HAS RN R 2 - (7 TR A sh 8 25 e R
FR5 . MWRBIRHY 22 - TIRSCAEFRORIF I B 23858 B B SOR 2 S e R R - I
LL201 7 TR R ZF AR IR R B R G S 1] - W] VR 2244 . 8m /s ~ 1057 888 -P 5 R
229 1m/s > PFRAIHER AR 2 (T IR H 8@ - A A g iz > JRIEEE -
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WindSpeed |m/s|

Direction |deg)

s00 Maximum wind
speed(m/s)
20.0 MM —:h::u.— -|..

ke

- il

1 23th 12 O’ clock Oct.

. 5MW Proto turbine

Tl 22th 18 0’ clock Oct
Pl 21t 18 o'clock Oct
Y

"

201 748 BURE LB S . QMW AU B T 4

10/23 6:40
Maximum instant wind speed 44.8m/s
Maximum 10 minutes average wind speed 29.1m/s

Average wind . . .
speed (m/s) Maximum instant wind speed
... ... is45m/s. Nacelle direction
was meeting wind direction
. by yaw control not free yaw
/"/ at no grid loss condition.

Wind

direction(deg) — e
Yaw — = = Wind Direction(ihour Ave.)
/ angle(deg)
mEsan==ces
' BT 1
22th Oct. 23th Oct.

B R 44 . 8m/ s ~ 105883 EE29. Im/s
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[1]

BEREEA T E R EEAR i A AT E > 258N B I 5 3% pPa rkwind 23 ] 5
ARESTMER - B2 /5B EEKERITIDNA HEL H AR KI4T 6 B SR
HIrocE] > A8 ] DN 2 Sefian 2 4G - 522 Bl Bt — B = IR ER A SR Y
Bg 5 5 MHAREREBBZ R HIRZE ~ 3B0H ~ By TR BT AR 2
o B N ELRE B R I D S B i SRR S L 20MW T Y SR A L TEE S Y - RS T
BERZHEE R ErEEH -

* AR MBS FERIDNE I BANE HAIZIESTZ BRI )%EE =

— RS TAE ) (AT MGRERR - EE2ENorkshopb eI S5t -
i —PIRAR L BLIRE SIS - TDNAFIER S HR B B — 17 e TR S ABh S &
ot 2N EIRIEESRPhi ip ~ BEFFEAEREIRE I Peter De Pooter ~ ATAEHEEE
Jan KOPFFREFHEUAHIN - BARITHER A TR TR AEEIGES - g B7ER
Ttz A SRR LA S e e L 2 T DIARIEE S e -
IEREESR TEERBEE » JEktS (107) 11 H RS RS 24k a1
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1 Introduction

In the past 10 years from 2003 to 2013, the global installed
wind power capacity has increased from 40GW to 320GW [1].
As a wind turbine’s power output is proportional to the rotor disk
area, the growth in wind power has been accompanied by an
increase in blade length; indeed since 1985, there has been a sev-
enfold increase in wind turbine diameters [2]. A major challenge
for the development of large upwind wind turbines is that the
blades must be stiff enough to avoid a blade—tower collision. As
cost reduction drives wind turbine blades toward lighter, more
flexible designs [3], the avoidance of blade—tower collisions limits
the possible weight reductions of blades on upwind turbines. For
downwind turbines, in which the rotor is positioned downstream
of the tower, with careful design, the possibility of tower strike is
minimal. In complex terrain, field tests have shown 5-20% per-
formance improvement when the turbine was operated in a down-
wind configuration compared to an upwind configuration [4.5].
Experiments on a free yawing downwind turbine and on a wind
turbine that can be operated in either an upwind or downwind con-
figuration show that the downwind turbine has superior yaw sta-
bility characteristics due to the restoring yaw moment from the
rotor thrust [6-9]. Moreover, a recent experimental work [10]
reported beneficial control characteristics of a 1.5m-diameter
downwind turbine with low-stiffness blades. Considering that
there is limited access to large offshore wind farms, this stability
characteristic may be particularly advantageous. Nevertheless,
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bine are assessed using unsteady, three-dimensional (3D ) computational fluid dynamics.
For the same operating conditions, the downwind turbine has a 3% higher output power
and a similar mean flapwise root bending moment. However, in comparison to the
upwind turbine, the downwind turbine has a 3% higher thrust and a factor 3 larger peak-
(o-preak unsteady loading. These featres arise due (o fugher flow incidences on dhe Dlade,
higher axial velocities ahead of the rotor, and higher loading on the inboard span of the
blade when the downwind turbine is compared to the upwind turbine. Overall, it is con-
cluded thar the downwind turbine configuration may be better suited for the design of
multimegawatt offshore wind turbines. [DOI: 10.1115/1.4030314]

Keywords: downwind turbine, unsteady loading

despite these benefits of the downwind turbine, the impacts of the
tower wake on the blade have been a concern since early develop-
ments of downwind turbines. The aeroacoustic fluctuations that
are at the blade passing frequency are one impact that has been
characterized as annoying to the nearest neighbors of the 2 MW
MOD-1 [11] and 3 MW Maglarp [12] developmental downwind
turbines. A second impact relates to the cyclic loads. The cyclic
blade bending moments on the 100kW MOD-0 [6] and subscale
model [13] have been experimentally measured to be larger on the
downwind configuration compared to the upwind configuration.
Blade element momentum, vortex lattice, and Reynolds Averaged
Navier-Stokes predictions of the downwind turbine in the NREL
Phase II experiment have been compared [14,15]. While the com-
parison showed the capability of these predictive methods to high-
light the impact of the tower wake on the cyclic loads of a
downwind turbine, the turbine was not of a modern design.
Furthermore, no comparison of downwind versus upwind configu-
rations was made. Recent computational works [16.17] on down-
wind turbines reported elevated load variations caused by the
blade passage through the tower wake.

In the present work, a systematic comparison of a modern,
multimegawatt turbine in downwind compared to upwind rotor
configurations is conducted. The comparison is made using time-
resolved, full rotor, Reynolds averaged Navier—Stokes simulations
that detail the unsteady flowfields in both wind turbine configura-
tions. This computational work parallels a complementary experi-
mental effort [9,13] that compares also upwind and downwind
operations of modern multimegawatt wind turbines. Thus, the spe-
cific objective of this work is to detail the flow structures that give
rise to the different operational characteristics of downwind and
upwind turbines. The structure of this paper is as follows. In the
next section, the turbine geometry and computational model are
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(a)

Fig. 1

Hemispherez

(b)

Computational setup used in the simulations showing the spherical domain (a) and the

cylindrical domain around the rotor and the hub (b)

Table 1 Summary of mesh used for upwind and downwind
simulations

Nodes number 19 % 100
Spanwise direction node number H00
Chordwise direction (midspan) 40
Prism layer number 20
Prism layer thickness (mm) 41.8
Prism layer initial height (mm) 0.02
Average y+ on blade 23

Fig.2 Unstructured full-domain Delaunay-type volume mesh

described. Then, results are presented and discussed in detail, in
particular clarifying the flow similarities and differences in the
flow structures, and their impacts on loads and performance. The
paper then concludes with a concise summary of the key findings.

2 Computational Setup

The simulations are performed using the commercial Reynolds
averaged Navier-Stokes solver ansys crx 14.5 [18]. For all simu-
lations, the shear stress transport k — e turbulence model [19] with

041004-2 / Vol. 137, AUGUST 2015
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Fig.3 Prism layers around the wind turbine blade at midspan

Table2 S y of grid refi it study for downwind and
upwind turbine configurations. The thrust and torque are nor-
malized relative to the fine mesh results.

Mesh data Coarse Medium Fine
Nodes number 9% 100 19 % 10° 25 x 10%
Downwind
Blade thrust (%) 103 100 100
Blade torque (%) 109 100 100
Upwind
Blade thrust (%) 106 100 100
Blade torque (%) 106 100 100
1.031

1.02
1.01
1

0.99

o
[&]
E 098
o
2

0.97

0.96
0.95

0.94

0.93 s L s . ]
0 0.2 0.4 0.6 08 1
Rotation

Fig.4 Normalized rotor power coefficient over one revolution
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Fig.5 Normalized rotor thrust coefficient over one revolution
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Fig. 6 Normalized torque over one revolution

Norm. Thrust per Blade
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Rotation

Fig.7 Normalized blade thrust over one revolution

a fully turbulent boundary layer on the blade is used. Converged
steady-state simulations are used as initial conditions for the
unsteady simulations. The unsteady simulations are run for one
rotor rotation with a time step equivalent to 2 deg. The time

Journal of Solar Energy Engineering

Norm. Flapwise Mom. per Blade (Hub Centre)

0'580 0.2 0.4 0.6 0.8 1
Rotation

Fig. 8 Evolution of blade flapwise moment over one rotor revo-
lution for upwind and downwind configurations. The moments
are normalized relative to the mean moment of the downwind
configuration.
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Fig. 9 Normalized blade circumferential force (a) and normal-
ized blade torque over one revolution (b)
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required for convergence with uniform inflow is 60 hr for steady
simulations and 160hr for unsteady simulations on 64 AMD
Opteron computational processing units.

2.1 Turbine Geometry and Computational Domain. The
2 MW downwind turbine has a rotor diameter of 80 m, hub height of
78m, and rotor axis tilt angle ¢ of 8deg. For simulations of the
upwind configuration, the downwind turbine is modified as follows.
The nacelle and blades are rotated 180deg about the tower and
blade pitch axes, respectively. For both downwind and upwind con-
figurations, the rotor rotates counter-clockwise for an observer look-
ing upstream. The approach used for the computational setup has
been previously validated at the ETH Zurich, Zurich, Switzerland
[20] in simulations of the MEXICO rotor experiment. The computa-
tional domain is spherical, with a diameter of seven rotor diameters
(7D). The fluid within the spherical domain is solved in the station-
ary frame of reference. A second subdomain is used to simulate the
rotor rotation: This cylindrical subdomain has its axis aligned with
the rotor shaft and has dimensions of 1.3D in diameter and 0.50 in
length. The spherical and cylindrical domains are separated by a
fluid-fluid interface. A frozen—rotor interface is specified for steady
simulations, while a transient rotor—stator interface with a sliding
mesh is used for unsteady simulations, The spherical domain, which
is solved in the stationary frame of reference, is separated into two
hemispheres, as shown in Fig. 1(a).

For the downwind case, an inlet boundary condition is specified
on the upstream hemisphere 1. and an outlet boundary on the
downstream hemisphere 2; for the upwind case, the contrary is
applied. The inflow velocity is specified as uniform at the inlet in
Cartesian components, while at the outlet static pressure, tempera-
ture and air density are specified as standard atmospheric. A tur-
bulence intensity of 5% is specified at the inlet. From this
turbulence intensity, the turbulence quantities are calculated fol-
lowing expressions in Ref. [18]. The boundary conditions on all
solid surfaces are smooth, no-slip wall.

2.2 Computational Mesh. A combination of structured and
unstructured elements is used in the computational grid. The

Bnr.'wn BUP

(a)

salient characteristics of the grid are summarized in Table 1. The
unstructured tetrahedral volume mesh is generated using the
Delaunay algorithm (Fig. 2). The mesh is refined around the tur-
bine. Prism layers are formed around all surfaces of the wind tur-
bine in order to resolve all surface boundary layers (Fig. 3). The
number and size of the prism layers were chosen to have an
expansion factor of 1.4 in the prism layer and an average y+ on
the blade of 2.3.

The results of the grid refinement study, which are reported in
more detail elsewhere [21], are summarized in Table 2. The thrust
and torque of three mesh refinement levels—coarse, medium and
fine—normalized with respect to the fine mesh results show that
there is no difference in torque and thrust between the medium
and fine meshes for both rotor designs. As the medium size mesh
is computationally less expensive, it is used for the following
simulations,

3 Results and Discussion

3.1 Rotor Power and Thrust Coefficients Over One
Rotation. The power and thrust coefficient of the rotor over one
rotation are shown in Figs. 4 and 5, respectively.

The coefficients are normalized by the respective mean coeffi-
cient for the downwind configuration. The downwind turbine gen-
erates more power and has a higher thrust than the upwind
configuration, and both the mean power and thrust are approxi-
mately approximately 3% larger. Similarly, another work [5]
found 7.6% more annual energy for a downwind turbine configu-
ration compared to an upwind turbine configuration in complex
terrain. However, the evolutions of the power and thrust over one
rotation are different between the two configurations. The evolu-
tions show periodic oscillations at 1/6, 1/2, and 5/6 of rotation,
that is every time a blade passes the tower. However, the upwind
configuration does not exhibit the abrupt loading changes as seen
on the downwind configuration. For the power, the peak-to-peak
oscillations of the upwind configuration are approximately 2% of
the mean power (Fig. 4), whereas for the downwind configuration

(b)

Fig. 10 Vertical (a) and horizontal (b) lines used over the nacelle to measure the axial velocity.

Drawing not to scale.
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the peak-to-peak oscillations are greater, 9% of the mean power.
The same characteristics are seen in the thrust: the oscillations on
the upwind configuration are much smaller than on the downwind
configuration (Fig. 5). In particular, on the upwind configuration
the peak-to-peak oscillations are less than 1% of the mean, while
for the downwind configuration, the oscillations are 4% of the
mean.

3.2 Blade Loadings Over One Rotation. The torque and
thrust on one blade over one rotation are shown in Figs. 6 and 7,
respectively. As above, the torque and thrust are normalized by
the mean torque and thrust of the downwind configuration.

As seen for the rotor power and thrust coefficients there is a
sharp decrease in the torque and thrust per blade, as the blade
passes the tower for the downwind configuration, and a smaller
decrease in the upwind configuration is observed. Overall, there is
a 3% larger mean torque and thrust on the downwind configura-
tion compared to the upwind configuration. The peak-to-peak
oscillations are larger for the downwind configuration: 33% of the
mean for the torque and 19% of the mean for thrust; whereas, for
the upwind configuration the peak-to-peak oscillations are almost
four times and three times smaller, only 9% for the torque and 7%
for the thrust (Figs. 6 and 7). The minimum torque occurs when
the blade is at its bottom-most position (=0.5 rotation). For the
downwind configuration, the minimum torque is 24% smaller
than the mean torque, while for the upwind configuration the
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Fig. 11 Axial velocity profile along line A at 0.15D upstream (a)
and line B at 0.1D upstream (b) comparing downwind and
upwind configuration. The zero is the hub center.
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minimum torque is 5% smaller. The thrust and torque result from
the aerodynamic forces and therefore are a function of the airfoil
aerodynamic characteristics and the flow incidence angle, It is
therefore of interest to examine the flow incidence along the blade
span and over one rotation as is discussed below.

The evolution of the flapwise bending moment per blade over
one rotor revolution is shown in Fig. 8. The difference between
the mean bending moments of the two configurations is less than
3%, which is in good agreement with experimental observations
[6] that there is little influence on the mean bending moment due
to the relative placement, upwind versus downwind, of the rotor.

The maximum flapwise bending moments differ by 3% and
occur, respectively, at rotor positions of 320 deg (==0.89 rotation)
and 70 deg (==0.19 rotation) for the downwind and upwind config-
urations, On the other hand, the minimum flapwise moments dif-
fer by 6% and both occur when the blade is in its bottom-most
position (=0.5 rotation). It is thus evident that there are larger
peak-to-peak variations for the downwind configuration (13% of
mean) compared to the upwind configuration (4% of mean).

As for the flapwise bending moment, the blade circumferential
force over one rotation has larger peak-to-peak variations for the
downwind configuration than for the upwind configuration, as
seen in Fig. 9(a). In particular, the peak-to-peak variations are,
respectively, 39% and 14% of the mean. The circumferential force
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Fig. 12 Axial velocity along line C at 10m height (a) and line D
at 3.5m height (b) comparing downwind and upwind configura-
tions. Flow left to right.
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generates the torque. Therefore, it would be expected that the per-
centage difference in the mean torques between the downwind
and the upwind configurations is the same, However, as seen in
Fig. 9, whereas the percentage difference in the mean circumfer-
ential force per blade between the downwind and upwind design
is 20%, for the torque the difference is only 3%.

This large difference can be explained by the different distances
at which the circumferential force acts relative to the rotational
axis. The torque around the rotational axis is generated by the
product of the force and the normal distance. It is found that the
blade on the downwind configuration is on average loaded 14%
more inboard than the blade on the upwind configuration over one
rotation; that is, the distance at which the circumferential force
acts is 14% closer to the rotor axis for the downwind configuration
compared to the upwind configuration.

3.3 Comparison of Rotor Inflows of Downwind and
Upwind Rotor. In the downwind configuration, the nacelle
deflects the flow with two significant effects on the flow: (i) the
flow is deflected by a pitch angle, which may change the flow
incidence on the blade and (ii) the flow is accelerated. The tower
generates a wake which may have potential impacts on the flow
incidence on the blade. These effects are assessed from profiles of
the velocity at the locations A, B, C, and D that are shown in

Downwind Axial Velocity, 0.1D Upstream
90

(a) 270

Upwind Axial Velocity, 0.1D Upstream

ul/u_, (=)
90 1 lul ft

0.6

(b) 270

Fig. 13 Contour of normalized axial velocity at 0.1D upstream
of the hub for the downwind case (a) and the upwind case (b).
The radial extent of the plot is 1D.
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Fig. 10. Locations A and B are vertical lines at 0.15D and 0.1D
upstream, respectively, from the hub centers of downwind and
upwind configurations, The locations C and D are horizontal lines
10m and 3.5 m above the hub center, respectively.

Figure 11 shows the vertical profiles of the axial velocity at
locations A and B.

In comparison to the upwind configuration, the acceleration of
the flow occurs over the inner blade span (0 < z/D < 0.25). Over
this span, the axial velocities are 4% and 5% higher at locations A
and B, respectively. On the other hand, over the outer blade span
(0.25 < z/D < 0.50) there is less than 1% difference in the axial
velocity between the upwind and the downwind configurations.
The acceleration in the axial velocity that is imparted by the
nacelle in the downwind configuration can be seen.

A higher axial velocity for the downwind configuration is also
observed in the horizontal profiles of axial velocity, Fig, 12, along
locations C and D, which are, respectively, 0.04D and 0.125D
above the hub.

Upstream of the rotor, the axial velocity for the downwind con-
figuration is higher than for the upwind configuration on both lines
C and D. In particular, the velocity upstream of the rotor for the
downwind configuration is on average higher than for the upwind
configuration by 6% and 12% on average at 10 m height and 3.5m
height, respectively. As seen in Fig. 12, upstream of the rotor the
axial velocities in the two horizontal profiles differ by less than
4% for the upwind configuration. On the other hand, for the down-
wind configuration there is a more substantial difference in the
horizontal profiles of velocity. Upstream of the rotor, the veloc-
ities are higher closer to the nacelle. And in particular near the
rotor, —0.1 < a/D < 0.1, the axial velocities along locations D are
higher than the velocities along location C showing the flow
acceleration due to the presence of the nacelle.

The contours of the axial velocity in a plane 0.1D upstream of
the hub, Fig. 13, illustrate well the more accelerated flow in the
case of the downwind configuration.

(b)

085 0.0 05 1.0
Fig. 14 Contour of normalized axial velocity at 30% blade span

below hub height at 180 deg azimuth angle for downwind (a)
and upwind (b)
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The contours are shown over a radial extent of 1D, and the veloc-
ities are normalized relative to the freestream velocity. Although
there is a strong signature of the tower wake in the case of the
downwind configuration overall the upwind configuration has lower
axial velocities compared to the downwind configuration.

The axial velocities in the horizontal plane at 30% blade span
are shown in Fig. 14 for the two configurations. The velocities are
normalized relative to the freestream velocity, and the blade is in
its bottom-most position. Superimposed on the contours are the
in-plane velocity vectors. For the downwind configuration,
Fig. 14(a). the evolution of the tower wake onto the blade’s pres-
sure side is seen to be the main source of flow deviation around
the blade. On the other hand, for the upwind configuration,

Table 3 Mean incidence across blade span for downwind and
upwind configurations at top-most (0 deg azimuthal angle) and
bottom-most blade positions (180 deg azimuthal angle)

Mean incidences across blade span

Azimuth Downwind Upwind Down —Up
angle (deg) rotor (deg) rotor (deg) -_ljp (%)
0 12.1 11.3 +7%

180 10.3 10.8 —5%
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Fig. 14(h). the interaction of the tower’s blockage effect on the
blade’s suction side is the source of flow deviation around the blade.

4 Unsteady Angle of Attack Over One Rotation

The spanwise distribution of incidence on the blade at the top-
most (O deg azimuthal angle) and bottom-most (180 deg azimuthal
angle) positions is shown for both turbine configurations in
Fig. 15. The incidence angle is determined with the averaging
technique used by Johansen and Serensen [22] and initially pro-
posed by Hansen et al. [23]. In this technique. at a given spanwise
position, the CFD computed axial velocity at the rotor plane aver-
aged over one rotation is used together with the rotational speed
and blade twist to obtain the effective incidence as

HRotar(r.y)
o =2 — =) =0 1
o 1rctau( o ) (1)

It can be seen in Fig. 15, that at the topmost position, overall the
incidence angles are larger for the downwind configuration in
comparison to the upwind configuration. The contrary is observed
for the bottom-most position. The mean incidences across the
blade span for the two positions are summarized in Table 3. These
mean incidences confirm the observations in Fig. 15. Specifically,
the mean incidences are, respectively, 7% larger and 5% smaller
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at the top-most and bottom-most positions, respectively, for the
downwind configuration compared to the upwind configuration.

The azimuthal variation of the incidence at two spanwise
positions—30% and 75% blade span—is shown in Fig. 16. For
the downwind configuration, there is a pronounced decrease in the
incidence at the bottom-most position (rotation = 0.5), when the
blade is within the tower’s wake. The peak-to-peak variations in
the flow incidence are 10% and 32%, respectively, for the 30%
and 75% span positions.

On the other hand, for the upwind configuration, there are con-
siderably smaller peak-to-peak variations in the flow incidence of
2% and 15%, respectively. The smaller changes in incidence are a
confirmation that there is a smaller blockage effect of the upwind
turbine compared to the stronger tower effect on the downwind
configuration as was discussed above in relation to Fig, 14, This
large drop in flow incidence for the downwind case at the tower
location explains the decrease generated in blade loadings.

5  Conclusions

Unsteady, three-dimensional, computational fluid dynamic sim-
ulations are conducted to assess the benefits and drawbacks of
downwind compared to upwind wind turbines. The configurations
are based on a commercial, multimegawatt, three-bladed horizon-
tal axis wind turbine. For the same operating conditions, the
results of the simulations show that the downwind configuration
has a 3% higher power output in comparison to the upwind config-
uration. This higher power is a consequence of several factors
including higher flow incidence across the blade span and a higher
axial velocity over the inboard portion of the blade span. These
features arise due to a favorable blockage effect, and subsequent
acceleration of the flow, ahead of the rotor on the downwind con-
figuration. It is also noted that the mean flapwise bending moment
at the blade root is similar for the two configurations. However,
the higher output power of the downwind configuration compared
to the upwind configuration is also accompanied by a 3% higher
thrust and a factor 3 larger peak-to-peak variations of the unsteady
loads. In addition to the aforementioned flow features, these draw-
backs arise due to the 14% higher loading on the blades of the
downwind configuration, and more pronounced changes in flow
incidence during the blades’ rotation. Specifically, there is a 2 deg
and 3 deg change in flow incidence at blade spans of 30% and
75%, respectively, as the blades pass through the tower wake on
the downwind turbine. On the other hand, there are changes in
flow incidences of 0.3deg and 1.0deg, respectively, for the
upwind configuration. As the downwind configuration is better
suited for the use of more flexible blades, the assessment of this
work provides a framework for the design of multimegawatt
downwind turbines for the rapidly growing offshore wind market.
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Nomenclature

A = rotor disk area (m?)
Cp = power coelficient
Cy = thrust coefficient

D = rotor diameter (m)

r = blade spanwise location (m)

u = axial velocity component in the x-direction (m/s)
1y = reference free-stream velocity (m/s)

1l
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VRowr = axial velocity at the rotor plane (m/s)
x = flow incidence (deg)
) = blade twist angle (deg)
¢ = rotor tilt angle (deg)
7 = blade azimuth angle (deg)
i) = rotor cone angle (deg)
Q = rotor rotational speed (rad/s)

Acronyms and Abbreviations

BEM = blade element momentum theory
CFD = computational fluid dynamics
nD = position at a distance of # times downstream ol the
turbine rotor diameter
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