SLELMIAEREFR LE-AN—EZHAF LR N EBAHROBRTFM

Assessment of initial capital cost for floating offshore wind farms

considering manufacturing and installation technologies
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Abstract

Initial capital cost for floating offshore wind farms is assessed considering manufacture and
installation technologies. Engineering cost models for floating offshore wind farms are proposed and the
cost parameters are evaluated based on the database. The baseline model is built for the floating offshore
wind farm with six wind turbines in Japan. The cost reduction effect by the novel technologies of the flat
panel welding method for the floater, the hybrid mooring line, the floating-to-fixed turbine installation and
mooring line installation using AHTS is quantitively evaluated by using the proposed engineering cost
model. It is found that CAPEX reduces 15 % comparing to the conventional technologies. The sensitivity
study using the engineering cost model is conducted and the scenarios for the initial capital cost reduction

in Japan are discussed.
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Table 1 Input and output parameters of engineering cost model

Input parameter Nom. Unit
Number of turbines Nyr -
Turbine rated power Py MW
Water depth hy, m
Distance from shore (s J— km
Distance from the mooring line and anchor 7 km
loading port to the wind farm DOTEMOAN
Distance from the construction port to the d km
assembly site POTLNT
Distance from the turbine assembly site to the d km
wind farm part.Fs
Minimum breaking load of mooring line MBL kN
Number of mooring lines per floater Nonsowinn -
Mooring line length s ki
Qutput parameter Nom. Eq. Ref.
Capital expenditure CAPEX Eq. (1)
Development and consenting cost  Cpge Eq. (2) 9)
Production and acquisition cost Cpga Eq.(3)
Wind turbine cost Cwr Eq. (3-1) 9)
Floating substructure cost Crs Eq. (3-2)
Floater cost Crloat Eq. (3-2-1) 12)
Mooring cost Cmooring Eq. (3-2-2) 12)
Anchor cost Canchor Eq. (3-2-3) 12)
Power transmission system cost Cprs Eq. (3-3)
Export cable cost Cec Eq. (3-3-1) 9)
Array cable cost Car Eq.(3-3-2) 12)
Onshore cable cost Coc Eq.(3-3-3) 9)
Onshore substation cost Con—subs Eq. (3-3-4) 9)
Installation and comm. cost Crac Eq. (4)
Vessel cost Ciacvesset Eq. (4-1) 9)
Vessel cost for installation step Cvessel’.vesse!.t’ Efl- (4‘| -1 ) 9)
Onshore subs. installation oSt Cigcpesseromsne  EQ. (4-1-2)  9)
Port cost Ciscport Eq. (4-2) 9)
Other cost Ciscothers Eq. (4-3) 9)
Table 2 Model parameters of engineering cost model
Model parameter Nom. Tab/Fig. Ref.
Development cost
Development cost Chsc.rixed Tab. 4 9)
Coppyas Tab.4  9)
Wind turbine cost model
Wind turbine cost per MW ¢, ~Cy s Tab. 5 9)
Substructure cost model
Cost of floater column CFL oo CFL ey prod Tab. 6 12)
Cost of floater taper CFLeisroen CF Ly prog Tab. 6 12)
Cost of outfitting CFL g sroets CFLogprog Tab. 6 12)
Cost of ballast CFLy, Tab. 6 12)
Cost of mooring Cositiaiic Tab. 6 34)
oyaring chains Brooring,chain 1 ab. 6 34)
Cost of anchor Comchi Tab. 6 34)
Power transmission system cost model
Array cable cost per km Cac Tab. 7 12)
Export cable cost per km Cre Tab.7  34)
Onshore cable cost Coc Tab. 7 9)
Onshore substation cost Con-gubs Tab.7  9)
Installation cost model
Vessel fee per day Cusselinstallif Tab. 10 10)
Required installation days T, Tab.8  32)
Sail day for vessel Teaiti Tab. 10 -
Vessel speed Voessel.i Tab. 10 37)
Workability a; Fig. 5 38)
Onshore substation install. cost  €ppsset0n—subs Tab. 11 9)
Port cost Cigcport Tab. 11 9)
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Fig. | CAPEX breakdown structure for floating offshore wind farm
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Table 4 Identified parameters for development cost model

Parameter Value Unit Equation

Cpsc fixed 40,000 (10,000 JPY) ‘
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Table 5 Identified parameters for wind turbine cost model
Parameter Value Uit T
Cusid 1.088 (10,000 JPY/MW?)
Cuwe2 9.966 (10,000 JPYMW)
Cwe 264 (10000 JPY/MW?) Eq. 3-1)
Cuwta 32387 (10,000 JPYMW)
- 13.900 (10,000 PY/MW)

KFHEEY 2 R b O, IFEORERICBT 587
A—Z%, AAROIGENIEIZIS T B A SRR H
AIZABERTWARWZ®, 2016 FEIZRITENT-
SeaBOSSE €7 /L Wa M L7, b Y7= 0 Sk %
M, PEFHBAO@WREM DLV 2019 FOFHfEE L
T L7-. LTIz T, SeaBOSSE EF /L 12
IZEEHR D b7 0 AR X 0 S 2 2 LW CRE
fliL7=. /X5 A D k%720 22 M, SeaBOSSE
BT DOEEZ AW, BREROWE= A Mokt
%37 2—21Y, BAROEMFE~OLeTY 7LV FE
ELE 3™, Toh—0fiEa A MIBIT5/37 A—
4 1% SeaBOSSE &7 /L PofifiZ Fu /=, Table 6 |2
E LT FAEEY A PRTG A= F LD,

Table 6 Identified parameters for substructure cost model
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Parameter Element Unit | Conventional | Equation
CFL steer Steel for parallel col. 77.000
CFLy proa Production for parallel col. 298,000
CFL, et Steel for tapered col. 77.000
CFLopma  |Production fortaperedeol. |(PY/on)| 425,800 (3'5;_ S
CFL foreet Steel for Rig & others 77.000
CFLyprod Production for rig & others 776,700
CFLy, Ballast 17.370
Qooring, chain | Mooring line parameter  (JPY/KN) 9.096 Eq.
Broring chan | Mooring line parameter | (JPY) 3724 (3-2-2)
. Eq.
Qinchior Anchor parameter (JPY/KN) 1112 (323)
BEakfn =2 A FOW, km H7- 0 OEE S —T Lo

A el X HADHMZIZE 7V 7 21T\ 3, [FRIE
L7z, [RIEMIERN OFRKOMD 2 (5HEEE & 72> T
BY, HAOFEESr—7 03X FREWI ERGN5D.
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T DIESE, RES—T NI R O 2EEIUEL D), BN TE L UREDOFE~OE#N G2 5
2. km H7-V OFELES—T LD R be, BELU MW RELOF E(EEAD, JREHERE RO i & REEB
b= ) Ol LEBHTD 3 A MEECaps IFRINDER L UOREEBRZ RRA~OESE) b 72 5 IF R EAEEAD),
K& g s L=k 92 HWTEEL. Table 7 i1 7 LA —7NAEGRAV), EEr— 7 EGERV)D 5o
FIE LEBREZM A T A—SE2FE LD IZRBIEND. Tk ikl X USRS LiEIcBIT 540
TOREMRIETTRE 1 iz OB E A K
Tinstaiis A2« WREMEPEERARMNE%E TR 4

Table 7 Identified parameters for power transmission system

Parameter Element Vlue Unit Equation “meglits 2 o o >
Cic | Exportcablecost | 3,182 | (10000JPYAm) | Eq (33-1) ;Ehm _J‘ZKM"’EH#FHH tcf’if_f’ ] R U &ﬁ{ﬁf"ﬁ' Hf 2 Vriﬁ%

e T oo Teacs Tooommim | B osn|  THHEE Table 81T, BATIKICHIL Tht 320

Coc | Onshorccablecost | 5264 | (10000JPYAm) | Eq (33-3) THET 5. FEOFHII AT RE & RO T TR
e Tomomamsmen| 417 Twomuram| Brosa | HIXEET5 Table 12 2485 L1z, %72, ABECIE

_ JE L7 b Tk & R - #RE % Fig. 4 B K18 Table 9 I

(3) M5t L LHlT, Table 8 OMi T TARCZ OMEH T

e e 0T WY, BT i H&Fﬂﬁmmch)zo,}F%z;

Table 8 Identified parameters for conventional and advanced installation procedures for one turbine

Conventional technology Advanced technology
fnsallaion sep1 e Minstatti [teonci | U | H o Tinseatti [Teones | U | Hs
(Day) |(Day) [(m/s) |(m) (Day) |(Day) |(m/s) |(m)
1. Mooring line and anchor pre-installation (MOAN)
Loading mooring lines & anchors © (Onshore crane for MOAN, | 1.0 05 |I59 |1L5© 1.0 05 po® pov
Move tosite & preparation ©—(@ ~ [crane barge, 33 |10 Jiso |uso PHTS 31 |10 po® po®
Pre-installation of mooring and anchor (5) iupwméxlxz' 0 |05 [i50 |Lso [ordvesed. 10 |05 po® po®
Ciuard vessel, Boat
Holding power test, salvage & reum 5 [Boat 53 05 59 159 5.1 05 RO po
Total Tinstatt,moan 10.6 102
1. Wind turbine assembly (WT)
Turbine assembly on the port (1D Q0 |- - - L L -
Loading (D 10 |05 10 Jlo 10 |05 Qo 1o
WTG trans frporttoassy site D =@ |y o oo 02 (02 flo |10 o1 |01 fio7 o7
Upending float substructure @) KemicFC. 10 |05 [io7 po» PUV: 10 |05 [iom po?
Temporary mooring (2) (Crane barge, 1.0 05 107" pov Tagetxmx 4 10 |05 jlo™ po?
Ballast @ Tugboat-4 40 |05 o po? | 40 |05 Jlom po"
Turbine installation / assembly (2) 20 1.0 1™ jos™ 200 (05 10 (Lo
Mooring release (2) 1.0 05 107 RO 1.0 05 10" po?
Total Timseatiwr 102 101
I11. Floater-WTG installation (Floater)
Towtosite 2@ —@—E) 30 | L - @30 - 3 3
Mooring inslallanm@ AHTS, 1.0 05 10" RO [AnTS, 10 |05 10 po?
Power line connection (©) Tugboat X 2 10|05 10 R0% [Tugboatx2 10 {05 100 poo
Retum G—@—@—2) Q0 |- - - Q0 |- -
Total Tinseau Froar 20 20
IV. Amray cable installation
Array cable installation Typsquy sc (Cable laying vesscl |634 |10 [129 0% |Cable laying vesse l634 [10 [129 po»
V. Export cable installation
Export cable installation Ty, s (Cable laying vesscl 1815 [ 10 [129 B0Y |Cable laying vessel [815 [10 [129 po®
Vol.47, No.4 HARJRA = 5V ¥ — 24 ik
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i L Mooring line pre-installation

»
L

‘ [I. Wind turbine assembly — I11. Floater installation

_ IV. Array cable installation

Y

v

V Fxpurt cable mslallatlon

Fig. 3 Overview of installation procedure for one turbine
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Fig.4 Construction and installation sea area AT LT S
Table 9 Latitude and longitude of each site T 10 Veosel Gpe el ctiarier 168
Site Latitude Longltudc Insta]lationstcp \éSSCI Cyessel install, j Tsai!.j Vvesss!,,i Equation
. - N N J (JPY/Day) (day) (knot)

(D | Shimizu 35.05 138.55 | Floater manufacture " g P :
© | Numazu | 3505 | 13880 | Turbine installation st et T -

@ | Shimoda 3450 | 13895 | Transportation (Crane barge 4184000 10 -

@ | Tateyama 34.80 | 140.15 | Transportation Semi-FC 27870000 10 -

&) | Wind farm 3540 141.00 Wind farm site AHTS 6450000 10 10
® | Kamisu 3595 | 14070 | Installation port [Tugboat 1487,000f 10 5 Eg

Support vessel 1487.000 10 - (@-1-1)
Supportvessel Bage Suppart vessel ICable laying vessel 12510000] 10 ;
Passive Chain o Taiomer Barge 1.000,000| 0 -
Drag anchor Dz axchor \Guard vessel 600,000 0 -
Boat 300000| 0 -
Fig. 5 Overview of holding power test
AHEORE (BTATF v 1) 1, HEDICT, 7 WERIBEI S R 2 L= a v WEERIL, FHiTA

L— 2 HWTREZRN TS, #E%REERED)

Journal of JWEA

90

::'_'.‘ o /O i?ﬂj‘ btl‘FgﬁJ] 32 %’ Fl‘\’ 6 {;/T‘—J J: 'j t;n-l f[lh

2023 4F



B LW T B LA A= RGRREE RO R ERT O B

A i

L. YIalb—varOAhFT—2iE, REBIV
HRIEEO 20 HEORERFT — 2 35 LU Table 8 127
LB TAT v Ficisi 0B A B s
W BRSO R E come oo TGS & A7 280 0 D VEZEFRUR
EHTHD. BRINIT—HFA VI ATF—NEHR I 2
L—i a3 WRFIZKY, SkEGESETLVERWT
L7 . e LT, KESEERR 42 & 2
THIRNZ 2 2B ie T L 7- B oEE b 5T
BRIl N5, B E & REREICOVT,

TERFRICMA T, ®ilkd D elEFERE R L T 5.

Fig. 7 (ZIX 3220 Tk & 72 @3 L UG O A il
ORREMERN M 2R Uiz, SN TR 2o
T8, O TR CT& 5. (RARA 7220 T
ff & Uk GidsEm s <, IRMERESA
W 2.0m T b il CEBIERIL 50%%2 5> T 4.

Workabding (5

o

1 ¥ T_--% T T T
Zosl -
=1 *
aQ r
o ’
e 06 .
o »
& v
2
S 04 -
5
E 02_: Ste® | _|
& S I [ Site (2

J I L.
c'EI 1 2 3 4 5

Significant wave height (m)
Fig. 7 Workability assessed by the discrete event simulation
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Table 11 Identified parameters for cable installation

Parameter Value Unit Equation
Cinstall on—subs 347.85 (10.0001PY/MW) (4' 1 '2}
Cidipors 1.096 (10.000JPY fturbine) (4-2)

TV =T VAR PETAEERSTTIHE L2
A FRT A—F HHWT, BEREHTC & 2 AR AT
i L7=. ABFZETIL, Table 12 IZRTANEEE B
FEEATA AG & Uiz, EEERTIE 10 MW % 5%0E

L7z, oW T, Fig 8 1TRT XK 5 (TS HT
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TV, 6 FREE T 1 XD OBERNNEL R
DI ABENRBEINDTD, 6 KL L= =
FUTVEER O, B8 — 7 L OMEH R X O
THRICBIDEEEN NS 2B THDS. 610
B 7IETEHETRMLTOA0E, MEEDS 2 #sE & 72
DETE S Z B2 Th D, 30 KL EDO KDY
4 ¥ F7 7 — AOBRE T 25813 L 5
FEHNRABETHULENDH D Z LIZHEBE SN,
R—=2RFA L EFNELT, 606 FHAW LiHEiEh
72

Table 12 Input parameter of baseline model

Input parameter Value | Unit
Turbine rated power, Pyy MW
Turbine number, Nw‘r 6 -
Water depth. 200 1 m
Distance from coast, dj,,y 30 Lo
Distance from the mooring line and anchor loading 59 i
port to the wind farm (6 —6)) dyore poan
Distance from the construction port to the assembly 29 km
site (D—(2)) Aporewr
distance from turbine assembly site to the wind 308 ki
farm (@ _®_@ _@)) dnorlf&‘
Number of mooring lines per urbine. Nonooring 3 -
MBL (Minimum Breaking load) 25986 | KN
Mooring line length, Lp0ring.chain 946 m
100 T T T T
2
g 60l TO—o—o—0—0—0—
‘%
= 4o0f y
w
3 20 | 1
g i | o L .
0 2 4 6 8 10

Turbine number

Fig. 8 Relationship between CAPEX and number of FOWT
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Table 13 Identified parameters for flat panel floater

Cost c
Parameter Element (PYron) Equation
CFLy prod Production for parallel col. 229.800 Eq (32-1)
CFLypros | Production for tapered col. 327.900 ki
0O = Mawns 0 = Frosudm B =
B = frducn O ot Mawis
O e M 0O of Fadecon
4 F Ei
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10 - o]
=
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0 '
Conventional Advanoed

Fig.9  Floater cost by conventional and advanced technologies
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Fig. 10 Mooring line and anchor cost by conventional and advanced
technologies
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BREHEMIC L 5 2R MEROEREEZEL, =T
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Table 14 Comparison of installation time considering workability
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Conventional (day) Advanced (day)
Tinstaisoan/ Enoan 252 222
Tinstaiwr/wr 12.8 103
Tiiw!aI(.F(uﬂter'f‘aﬂoater 9.8 98
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Table 15 Comparison of CAPEX between baseline and advanced

Table 16 Sensitivity study of CAPEX

models (10.000JPY kW) (10.000IPY kW)
ltem Baseline | Advanced [m%$m ltem Advanced | 10%reduction 'wﬁgm

DEVEX 23 23 . DEVEX 23 23 .
Turbine 139 139 - Turbine 139 139 -
BOP BOP

Floater 134 114 15 Floater 1.4 102 10

Mooring and anchor | 6.8 43 37 Mooring and anchor | 4.3 39 10

PTS 31 31 B PTS 33 33 -
Installation Installation

Turbine 6.0 31 48 Turbine 3. 28 10

Mooring and anchor | 2.5 2.1 16 Mooring and anchor | 2.1 1.9 10

Floater 11 11 - Floater 11 10 10

PTS 53 53 - PTS 53 53 -

Port 0.1 0.1 B Port 0.1 0.1 -

Others 60 47 2 Others 4.7 44 10
Total 60.6 515 15 “Total 515 490 48
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Fig. 12 CAPEX reduction contributed from manufacturing and
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