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Background )Y Offshore Wind Power Development (1% 4 wolemos i
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National encouragement  Large capacity and scalability Deep-sea floating

« {2030 Carbon peak action » 8~14MW offshore wind « 80% offshore wind resources
plan) , {2024 Energy work turbines have been appiled. are located in >60 m deep water.
guidelines) * 16+ MW have also been « Offshore wind power develop

« Coordinate and optimize the released. Into deep sea with complex
offshore wind layout, e 1 Trillion USD will flow into marine environment, high
promote the construction of the global offshore wind cost, difficulty in power
offshore wind bases. industry before 2035. delivery, and high failure rate.

The offshore wind industry has great potential!



Background »> Key issues —— Economy @3) 414 mnmEmmsE
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Offshore wind power: LCOE

» Levelized Cost of Energy (LCOE) reflects the economic benefits of offshore wind power
« 2024 Offshore Wind Power China’s LCOE = 0.46 CNY/kWh!l> Coal-fired power (0.26 CNY/kWh)
« Along with subsidies decline, deep-sea development, to reduce LCOE is more urgent

A
.\i‘:":i-l
SNt Reduce costs/
l increase revenue!
v
Construction Devices O&M
COSts investment costs Enhance
LCOE fi
Power generation over Increase power Benefits
entire life cycle generation!

O Increase power generation: optimize the layout and reduce wake (micro-siting)
O Reduce costs/increase revenue: Optimizing electrical collector system, hydrogen production

[1] 202423k ERBIRERS(Z) FEELRETHIVR. PEEFRMARZTBLERRTVZERZ(CREIA), PETHLRFENETIWERS(CWEA), 2N EESEX(GWEC) 8



Background )) Key issues —— Reliability
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Devices Failure rate (times/Year) MTTR(Hour)
Gearbox 1.9 244 .91
Pitch 15.3 144.31
dynamo 1.84 100.92
Hydraulic
ystem 1.8 37.94
Yaw system 0.22 41.21
Medium
volta'ge circuit 0.025 240
breaker
Medium
voltage switch 0.025 240
Low voltage
contacto 0.0667 240
Cabin
transformer 0.0131 240
1kmcable 0.015 1440

Failure rate and MTTR of devices in offshore wind farms(1i2]
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Sector chart of downtime ratio of each
subcomponent of offshore wind turbine

Offshore devices are complex and have high failure rates. The O&M of offshore wind farms has a
window period and a long mean time to repair (MTTR), resulting in serious economic losses.

[1] Ossai C I, Boswell B, et al. A Markovian approach for modelling the effects of maintenance on downtime and failure risk of WT components. Renewable energy, 2016, 96: 775-783.

[2] WARNOCK J, MCMILLAN D, PILGRIM J, et al. Failure Rates of Offshore Wind Transmission Systems. Energies, 2019, 12(14): 2682. DOI:10.3390/en12142682.

[3] Zhou, F., Tu, X., & Wang, Q. Research on offshore wind power system based on Internet of Things technology. International Journal of Low-Carbon Technologies, 2022, 17, 645-650.



Research status )) Industry Practices

® Applying mathematical
optimization in offshore
wind farm planning can
bring 10-15 M EUR

economic benefitsll,

® As early as 2019, Vattenfall
accumulated benefits of
150 M EUR in multiple

wind farms!2l,

B2 e e

Tsinghua Shenzhen International Graduate School

Economic benefits of optimal planning

micro-siting
glenncéf:tsign Reduce steel
2.6 M EUR 10 M EUR

Mathematical optimization can produce huge benefits in offshore wind development!

\

Electrical collector
system planning
1.7 M EUR

[1] Fischetti M, Kristoffersen JR, Hjort T, Monaci M, Pisinger D. Vattenfall optimizes offshore wind farm design. INFORMS Journal of Applied Analytics, 2020, 50(1):80-94.

[2] Fischetti M, Fischetti M. Integrated Layout and Cable Routing in Wind Farm Optimal Design. Management Science, 2022: mnsc.2022.4470.



Research status )Y Micro-sitting for wind turbines (WTs)

Parametric
model

Larsen
Model

Frandsen

o

=

s.t.G(x) <0

x = (xg, o Xj o X)) !

c: WT investment cost

cwake: \Wake effect cost

G(x) < 0: Construction-
related constraints

_____________________________

P e e e e e e e e e e e e e e e e e e e e i e e e T e T R

Solutionl?

Mathematical
optimization

Heuristics
algorithm

® Strong optimality
® Curse of dimensionality

® Fast calculation time
® Solution inconsistency
® local optimum ;

e e e e e e e e e e e e e e e e e e e e e E e e e e e e e e e e e e e e e e e e e e e e e E e e e e e e e e e -

~

| [
~ l\

/i\

Grid-based Model

x; € {0,1} indicates
whether grid i is

X

selected to build a WT

(x; = 1is selected)

Mixed Integer
Programming

MIP

2

B2 e e
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Continuous Model

Xy = (), xf)
indicates WT
i Coordinates

Nonlinear
Programming
NLP

X

[1] Hou P, Zhu J, et al. A review of offshore wind farm layout optimization and electrical system design methods. Journal of Modern Power Systems and Clean Energy, 2019, 7(5): 975-986.

[2] Zuo T, Zhang Y, et al. A review of optimization technologies for large-scale wind farm planning. IEEE Trans. on Industrial Infor., 2022, 19(7): 7862-7875.
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Research status )) Electrical collector system (ECS) planning! (1 % 42 sRUN@ b 532
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; . @ There are different optimal ECS topologies for

in Cinv + crel X, h’ h
S ghze;ph (y"8%) different cable failure rate and MTTRI".

s.t.G(x,y"EM) <0 ® Joint planning for ECS topology, selection and

x = (xg, ;o xp)T reliability can obtain huge Economic Benefits.

| :

: . . i string distance = 40 671182 km nng distance = 43 875419 km muiti-loop distance = §5 657209 km
. C'™: ECS construction costs : '

' : 40} 40} . 40}

. C"¢!: Reliability-related costs &l |l =l ool

. x; € {0,1}: Indicates whether to build a B » )

: . 1 10 10 10

. submarine cable i | y '

. y": Operation strategy under the failure T . -0 10

: . : 20+ : 20+ -20

i scenario h |

i \ -30} .30 30

. &": Random parameters such as failure rate R 40 s

' G(x) < 0: Restrictions on submarine cable | 20 0 20 20 0 20 % : .

:‘ . ! Radial Ring Multi loops
\_construction /  Cablelength=40.67km  Cable length=43.87km  Cable length=55.96km

[1] X. G, S. K, BC Pal. Optimal Wind Farm Cabling. IEEE Transactions on Sustainable Energy, 2018,9(3):1126-1136.
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O Current research is mostly focused on economic analysis, but not mathematical optimization.
O Industry practice: Dolphyn, Dogger Bank D, H2Sines.Rdam, H2Maasvlakte, Gigastack, and HT 1.

O Itis important to reduce the costs of Offshore Wind-Powered Hydrogen Production (OWPHP) by
optimization within the current level of technology.

Distance to shore

Inter-array Onshore
Cable & Cable
O nearshore Onshore Gather and Hydrogen Production
‘ Inter-array Offshore Onshore
Cable Cable Cable

Offshore

O medium to far

‘ Inter-array Offshore nsheg@ ) '
Cable s?}:s o Pipeline !
O far and deep-sea °“S“°’°

Offshore Gather and Hydrogen Production

Three configuration modes of OWPHP

[1] S. Ramakrishnan, M. Delpisheh, C. Convery, D. Niblett, M. Vinothkannan, and M. Mamlouk, “Offshore green hydrogen production from wind energy: Critical review and perspective,” 13

Renewable and Sustainable Energy Reviews, vol. 195, p. 114320, May 2024, doi: 10.1016/j.rser.2024.114320.
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Key Challenges: optimize the cost/benefit of offshore wind farm (OWF):

Micro-sitting

Wake effect among WTs

Layout to reduce wake and
Increase power generation

Wake effect
Strong non-convex

" ——

|

g ' = v
2 % o
" 4 \
|

Long MTTR (reliability) More products (economy)
Balancing economy Reduce levelized cost of
and reliability hydrogen (LCOH)
Objective/constraint Dynamic electrolysis
complex characteristics

—

min F(x)
s.t.G(x) <0

Key Scientific Issues: Modeling and solving
Complex Combinatorial Optimization problems

X€ED

15
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Related Research 1 3> Micro-sitting for WTs @) 111:mnemanay

$ The requirements of OWF regular layout, appropriate grid specifications,
and refinement wake effect.

|

Canes— Regular layout of OWF !
@ @ ® ® @ﬁ or . . . . :
© 9 g 20 g @ Necessity: 1) reducing the visual impact of nearshore OWF |
9 g 20 ¢g © and enhancing the aesthetic appeal of OWFs; 2) lowerin !
© 0 099 g @ 0 9 . PP g .
® o o g ® o g ® the construction costs of infrastructure; 3) facilitating O&M !
8 g g g g ® g activities; 4) benefiting search and rescue operations |
! |
W Constraints: 1) Number of WTs per row for 0 or n; 2) The !
|

|

distance between adjacent WTs is the same

! 8x8 Grid 10x10 Grid 20x20 Grid I

: : w-iii A

I r

1 |

1 |

I |

| |

I : Wind Rose

: |

I |
: | Depicting multi wind -
I i I scenes based on wind

! 64 0-1variable 10 0-1variable 400 0-1variable : rose diagram

1 15120 Continuous variables 18000 Continuous variables 72000 Continuous variables!

! 18144 Constraints 21600 Constraints 86400 Constraints
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Related Research 1 ) Micro-sitting for WTs @) M7 22mnamms R

Meshing WT layout, introducing rotating coordinates approach;

¥/ Combining Mathematical Optimization with meta-heuristic algorithms

P e e e T I i il e e e e e e i T e e e e e e e e e e T R e ]

:’/Rotate coordinates for scene decoupling
« Rotate the horizontal grid by different angles ;
to obtain WT layout schemes at different :
angles from the horizontal axis, improving the
\._ diversity of WT layouts

— e e e R e e e e e e e e e T e e e e e e e e e e e e e e e e e e e mm e e e e e mm e e e e e mm e e e e e M e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

Heuristic algorithm to further optimize WT

/ Large-scale MIP-based model for initial solution coordinates in grid

\
| 1
1
|
1
|
I min ]'J o 1 .. 3 el \ , . . Generate a population; each individual in the ‘ !
I Euid:m‘l'i - 3 Bigne — Ui JYij | Pd WT coordinate adjustment population represants a QW layout. :
: $CN AsD JON " ) Ye Caleulate the fitness of each individual, ‘ :
| D = a0 rpr . . L. =] o ie l|1cﬂutpu[pnwcrm'(]w}‘_\,
| st ‘ i Initial layout plan High-quality initial e ~ _ = !
-\:Y.x I\_ . . c VSSOVET, {?\? I}C individual :
: h { 1 L 3 ‘1 dj\ feas'ble SO|Ut|on D.-n.v. ) gcn:-l:‘:i\:lhc \:‘il‘r:':\[!:l'sng. ‘ IT:}IJ:T;:I‘;:;E:? ) :
: wta; =1 VG e [T (& ] x-1 |
: _— - fy I
: &L . m;f 1 E yﬁ,’f \V?" 'i‘ D 0 GA-ISSA hybrid algorithm " |
= 1 X~ 1
| w; =0 Wi je N -+ - ' NE |
1 . i 0 :
! B S {_U, ].} Wie AN i [ End J ':
\ Establishing a large-scale integer programming problem based on WT coordinates are used as decision variables and heuristic I

. parameterized wake model and discrete point selection algorithms are used for layout optimization R4 17

_____________________________________________________________________________________________________________________
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Related Research 1 3> Two-stage micro-sitting for WTs 4 4.2 oG 5i b

» Two-stage optimization model for micro-sitting

1. Solve grid-based model by mathematical programming « Schematic diagram

1 | |- |
I I | 1
| | 1 |
: ! ! Al x=1 x;j =0 I
: max Z Z Py ?j,j) Total power generation ; | Stage 1: ' L1 !
N jel Deci iab
: neEN jE ecision variables : : + + :
1 J—
; s.t. z xj =M Total number of WTs ! ! X X !
1 JEI 1 1 1
: P]n < Prate’jx]' Viel : : + :
: WT output constraints ! ! i
I P*<PWw" Viel
; j j 2 ! ! A A !
1 . 1 I |
! . z xi(vr . —vn ) vier| Sum of squared | |
l J maxs Lyt ( maxg. ol ) / wakes from | l 0 :
' ey multiple WTs | ' !
I
1 vinj,j = v;}lax,j(l - Winjxj) : : Stage 2. 7 o Alxg) :
| | I |
I . : . Minimum safety I I
+x; <1 Vj,i€l:dist 1) < Doy . .
: B ) istance(, ) < Dmin distance constraint | | ;
| Xi, Xj € {0,1} | | |
e e - _-___ ' I
. 2.Further optimization of WT coordinates : : :
: : : JJj(}’j,p)’j,z) :
| max z z P (vjv!) I ! I
, = . . I I
| nen jem  Decision variables: y = (y;4,y;,) | I :
I S . I ! I
: st Oyie) €ACS) Minimum safety ! |
i (i1 —¥i1) + (viz —¥;2)” < DZin Vi,j € M| distance constraint | I o oo
L

B. Lu, X. Shen*, et al , “ Offshore Wind Farm Micro-siting based on Two-Phase Hybrid Optimization ”, in Applied Energy, 2025.
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Related Research 1 3> Two-stage micro-sitting for WTs 4 4.2 oG 5i b

> Two-stage optimization model for micro-sitting

« Case studies « Results comparison of manual and proposed method
0 I 0-3m/s .
g Typical layout for manual scheme Results of the two-stage optimization
=:j:j: 5800 5800 'v
60 |mEE7-8ms 6220 v v v A4 20 I v A4
Sy v v v v v M
I o-10ms 4640 464 V |y
I 10-11m/s v v v OY v v
W — v ¥
A4 v v v \ 4 mol' v
(32°37'N , 122°40°F) 2900 v v v 2900 —¥ A4 4 v
0.03 2320 v v v v A 4
240 0.04 120 v v v v 2320 W v
0.05 - 1740 1740 A 4 W
210 %0 Shangr:?é}iimlm 1160 A4 y y y 11601 W A 4 v v
180 580 v v v 580 AAd
. ) o Ly v v v v M MEEM
J|angsu ZOOMW OWF mICI‘O-SIttIng 0 580 1160 1740 2320 2900 3480 4060 4640 5220 S8 0o 580 1160 1740 2320 2900 3480 4060 '4640 5220 5800
Results Comparison After Iayout optimization:
Power « Average power generation increases 8.7%
Scheme Wake Model eneration Wake loss(% .
9 (MW) %) « Annual power generation increases 8.8x107kWh
Manual Gauss-Jensen 116.5 17.7 « Annual revenue increases 35 million CNY (assume 0.4
Péoe‘iﬁf)%d Gauss-Jensen 126.6 0.2 CNY/kWh of offshore wind power)

B. Lu, X. Shen*, et al , “ Offshore Wind Farm Micro-siting based on Two-Phase Hybrid Optimization ”, in Applied Energy, 2025.
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» Micro-sitting model for WTs considering regular Iayout

5 [ 1
I |
. * Number of WTs in each row and the spacing between WTs I '+ Phase 2 Continuous model i
: EaCh row 1 1] 1 | 1 I \ 1 | 1 1 1 | | 1 | : 1 I
NN N RN RN RN RN S I
L wyeren|
i Each row . ] I .
: WTS _ 5 /i\ ,l\ /i\ /i\ /i\ /i\ “i~ ,i\ /i\ “is : : €N L€l :
: ~ [ i ) ; _q : : S.t.(xi,l,xl-,z) € A(x;) Vi € I_ :
| 0 0 o A~ A= | : (xil,pxil,z) € A(xl) Viel :
I Each row T T ——T T T T T N I 2 ..
| WTs=4 il ] ] |4 S L AL G ma) (e ) <D VijEL |
: R T T Y LiRotation [u=xacosdoxpsing vier
. NGl o o O o i ol O B | 1 Constraint - %2 = X1 sin¢ +xi,z cost viel |
| |
1 2 1
| T pn n Power curve X vt =vg| 1- Z Xi (er;) Vijel !
i+ Phase 1 MILP Model ma P*(x;,v]Y) o 5 |l i€l/j !
' e plecewise 11 L Cer :
! O3 L linearization L {xj,l =xi;+(k—-1)x Vij€el Vke][l,y] :
k _ 1 PR ¥
! zn{}l=1\ﬁel vieL . - Xjpz =Xz YijEIL VkE[Ly] :
: S-¢~in =N leL : E Regular.layout ™~ E
S '
| xj+x; <1 Vj,i €1:d(j,1) < Dpin 277{,11 Vst S V[ S 277{,11 Vhi Vi€l | L constraints ] ~ I
: lEL lEL : : | :
n_—pnlq1— Z wl | Vi,j €l ~ . |
i V; Vo < el xlwu> L] pr < P(Z Ny Vmy) Vi€l : | i
1 R _J |
I P < Prgrex; Vi€l Regular e N : ! ;
: layout Xp < ij Vi,jel L I
| constraints  jel; o :
U J e e e e e e e - T L e e e o - 20

Zehai Huang, X. Shen*, etc., Two-Phase Micro-siting for Offshore Wind Farms with Regular Layout, submitted to IEEE Trans. on Sustainable Energy, R1
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» Micro-sitting model for WTs considering regular layout

_____________________________________________ ]
:  Actual Cases :  Phase 1 result
! |
7 212000
: : —=—  Power (kW) —+— Wake Loss (%) | 18
: - | 2100001 Max: 17:53% Max: 209296 89kW
1 us P | &
1 p 0-2 mis R | ~ | [ ]7 é
i == S | B 208000
— e L b5 -
: = wmetiy | £ 206000 16 8
! = e z
! : =Pt o E
1 2224 w's | L
! ° ° | 1n - 0
' Actual wind rose Jiangsu Dafeng H4 OWF 2020000 o Mini 20240248 kw- - Mind 472
I-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_: 0 10 20 30 40 50 60 70 80 90 100110120130 140150 160 170
1« Optimization results | Rotation angle (°)
! wol e '+ Phase 2 result comparison
. R L RN .
: (LR wal Do e e : Power
l O Y P 2 o B sl « oo 1 I Scheme Wake Model generation Wake loss(%)
| = “\ ° ° ¢ £ 4600 ! ° e 3 1 kW
1 3680 R ° . = ° 3680 ‘\b ° . ) ‘\‘ |
IR N Existing Cosine 207142.2 15.60
! S A ] | approach : :
1 ° ° . ok | e —8— T* 1
: 920 0 520 1840 2760 3680 ;(t(er:? 5520 6440 7360 8280 9200 g0 @O @ m;?;)vﬁ"“ @ o 9P o : I:a)rp()pp'_g;iﬂ COSi ne 21 6385.7 1 1 -83
] Phase 1 layout (left) and phase 2 layout (right) !

Zehai Huang, X. Shen*, etc., Two-Phase Micro-siting for Offshore Wind Farms with Regular Layout, submitted to IEEE Trans. on Sustainable Energy, R1 21
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Related Research 2 ) ECS planning ) ¥ 42 RYNEbRT 7 R

How to consider complex objectives/constraints such as reliability for
optimizing large-scale OWF ECS?

Improved CVRP-based ECS planning Accelerated solving algorithm of ECS planning
. 2 P Runin = 3,V = 2,degree(Sub) = 4
rglnz(u)eL CijXij +1 Z(L])EL rl]P -
. CVRP model <
s.t modae 5‘(:\

Cable crossing avoid
constraints
Power grid planning model

k-degree centrality tree model ECS planning results |
)’#e=1 Group 8 |/2 Group 1
. . SERIT . Projection cut set Ssupen
ECS planning with reliability constraints model nether improvements Initial feasible solution search
mln CCClp Zl jELIJ B d l + (UE E N D 52 i : . Cnnl;ngmy o _-_;-__%\_";‘E;T: ,/ \ ‘Hﬂz g “m::.h:;} \D""T“(h)wk — Installed cable
. . | 'f,h’(.i'":',w-- ¢ N \\ N, \\ ’/\/ < \\ {F/\/ /\ {Ff\/ ,/\\ ----- Link cable
s.t. Operational constraints "t | A NN AN LA ST
. . I St?d'!ust} _é_ e )’__/___ ., __/___ j / Conting s
Network reconfiguration model | mmimien) | N, N /AR
Reliability assessment model ializaion Heration
Reliability requirement constraints  pogt fajlure network Customized Progressive Contingency Incorporation (CPCI)
reconstruction modeling “decomposition-coordination” parallel computing

Consider cable selection, switch configuration, post-fault reconfiguration, etc.
/to formulate and solve MIP models of ECS planning.

22
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O Key challenges: How to consider complex constraints, economic and reliability to optimize ECS?
O For ring topology, a Capacitated Vehicle Routing Problem (CVRP) model is proposed, with Multiple
Traveling Salesman Problem (mTSP) to tighten the lower bound and speeds solution.

CVRP model
CVRP and ring ECS planning are highly similar

Results of CVRP naturally meet the "N-1" criterion

Proposed method Google OR-Tools Heuristics

Power network expansion planning model
Incorporating constraints such as DC power balance Optimal planning method for ring ECS
Using approximate methods to value the network loss > Conform to"N-1"Principle, reducing failure losses

» No crossing cable (outperforms Google OR-Tools)
k-degree centrality tree (k-DCT) model > Total cost reduced by 26%, with a total lifecycle of 145 M
. o CNY (initial investment of 30 M CNY)
The k-DCT model is used to solve the mTSP, providing a

. o » Solution is highly optimal (outperforms Google OR-Tools)
lower bound for CVRP and not affecting the feasibility

Shen X, Wu Q, Zhang H, et al. Optimal planning for electrical collector system of offshore wind farm with double-sided ring topology. IEEE Transactions on Sustainable Energy, 2023.

(Patent and PCT) 23
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Related Research 2 »» Radial ECS planning ¢ TNIEES Rl EL LTS

O Key challenges: How to consider complex constraints, economic and reliability to optimize ECS?
O For radial topology, a MIQP is proposed (with MILP as warm starts) considering network loss.

) M|
min F™7 (x', y) xt € {0,13nxk, . 4
s. t. HOW(xl, _'y) >0 - . ow|. b f * ropose WA Y B R LA R
n=1\V : Number of WTs . . RBRTF 2023 4 11 ABHETCM AT RAs BRI
l method['l[2] pptimize
x E D k T f bl p FRE EREEEREHESHBIRIARTR, A
. e Ol capnles #5_E AL B (R AL s A BRI G R
GOW — (EOW’ VOW) yp the tOtaI Iength and R RRIHASRATHE, FFUiEsE.: &8
kTSN E SO NGk AW, 7 HO4E B 2R B AR R4
- type of cables Pl
Results for ECS topology and cable type selection e
© N @ 3 T “ ° ® s © ® ° 7 i o Fijt. GRARGARIGHEIME, ARALEENE
* In tWO OWFSI a tOtaI EREMF RIS THESH . FEMEXRTFAR
“ “ “ ¥ ° © ° ° @ ° i ¢ .« el . TR, DEE. TR, WM. Rk, FE%
J initial investment of i M ol Mg B
i ¢ ? ° \ ° © © ° > i B R R TR
7 | \ 25 M CNY was saved,
D S | B / and a thanks letter
G B L . was received from re g =
design institute o1

3X95 3 X185 3X300 3X500

Original plan(Artificial Proposed method!"1i2! Received a letter of thanks from the design institute

experience+Heuristics software)

[1]1X Shen*, S. Li and H. Li, "Large-scale Offshore Wind Farm Electrical Collector System Planning: an MILP Approach,” in IEEE 5th Conf. on EI"*2, Taiyuan, China, 2021, pp. 1248-1253.

[2] Wenhao Gao, X Shen*, et al., Optimization planning of offshore wind electrical collector system based on large-scale mixed integer programming, submitted to AEPS, R2. 24
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O Key challenge: How to optimize reliability-based ECS without predefined topology (radial/ring)?
d A two-stage stochastic programming model is presented and solved by customized progressive
contingency incorporation algorithm.

Mathematical Model Customized PCI algorithm

+ Objective function

Algorithm 2 Customized PCI algorithm
Initialization:
I T = v, 0 = wn; -
2: Apply BD strategy to solve (&,3""") = arg minPy , to € < ep;
Tyt !

min [CINV]—l' ‘CO&M’ +‘ CrEL

Cable investment cost Wind curtailment cost due to contingencies

C = Crap 2oi i diil:: |C = BC, I =C (1+T')t—1UZ f”E 5Oy P w Tswmi+Tppn)’
INV| — “cab 4ijjeW, Yijtij O&M| — INV REL |~ “ele r(1+r)t rseWcU{NO} wEN ke\pr kf Tsw+Trp

|

|

|

|

|

|

|

|

|

1 3: T ={vilvi € TUwo, & = 1}, Tws = &, Ind = 0;
I Iteration:

| 4 while Ind == 0 do

;s T=TufT; )
| 6 Apply BD strategy to solve (Z,4"“) = argminP; , to
| @,y

|

|

|

|

|

|

|

|

|

|

|

|

|

|

|

o o T — m — s s — e m e e e e e —  — s s e s e e — s s s s s s s s S sSSssssmsse |
1

Parameters & Sets: | Decision Variables:

! 1
i Ceap : per-unit cost of cable r/t : discount ratio/lifetime of the project i i L ca.l?l.e i‘nvestment variable, 1 when i ¢ < €y with warm-start pOi.I‘lt Tuws:
! dij  :length of cable ij w/0 : index/set for wind speed scenarios . cable ij is installed ! T T = {U£|"Uf, cY, ;= l} Uwvy, Tws = I}
| -~ -~ -~
| B : ratio of O&M cost to investment cost §¢ : probability of @ o s . . . } 8: if T==7TnT then
I ) '+ my°: fault impact variable, 1 when wind ) Iv BD 1 Uk L -
| Cete :unit price of offshore wind energy ¢« : magnitude of i | turbine k is affected in the scenario rs | % Apply strategy to solve (E ' Y ) = ai%glinp'?,ﬂ
i U : number of hours per year ke/WWT :index/set for wind turbines L i to optimality with warm-start point T.s; "
| s /W¢: index/set for cables P, : power generated by wind turbine k| | -n}fs: fault continuation variable, 1 when 10: T = {‘U;‘l'u?; cY,x] = ].} U vn;
i . . . . 1+ wind turbine k still cannot send power after . if T == T* -i-\ th
1 NO  :index for normal operation state Tsw/ Trp : time required to isolate/repair the fault | 1 . onfiguration in the scenario s ‘ I1: 1 == N en
| . . | | 12: Ind=1;
1 €™ - probability of syst rs 1 ! ’
| {7 probability of system seenariors I | . cse
14: T=TUT", zus =z7;
:- Constraints: DC Power flow constraints, Device capacity constraints, Fault impact identification; s. end if
| l6: end if
I

constraints, Post-fault network reconfiguration constraints, Non-crossing constraint : h
17: end while

Xiaochi Ding, X. Shen*, et al, “Reliability-Based Planning of Cable Layout for Offshore Wind Farm Electrical Collector System Considering Post-Fault Network Reconfiguration”,in
IEEE Trans. on Sustainable Energy, 2024.
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Case Study-30 WTs Case

Investment and

-To validate the effectiveness of the proposed method' Maintenance Cost Reliability Cost TaniCot
I M$ 93 9.73 2435 5
'the 30-WT OWF is utilized as the first benchmark. AN 7 e _
| . B B INV
. . . . . . ! 14.62
\Case 1: ECS planning with radial structural limitation; ! " | Cons
: . . . 1 | 8 | i REL
\Case 2: ECS planning without predefined structural 10 614 95 10
lye ey 4o 98 1205
! I Im |tat|0n; : 0 0.05 Network
I 1 1 N . . . ! ‘ Case 1 Case?2 Case)?; Casel Case2 C ase% ’ Case | Case?2 Case> Redundancy
.Case 3: ECS planning with ring structural limitation. | |
28/ — 28/ f:’\' - 28 Illl / h 24
27 = n & 7 ' = \
s |
/26/ \21 \22/ o - 18 - p ) \22\ \1?,.———"" 18 . 264___ . 2' // 1?’_’;{,18
f/’m/ \\ 16 _n \ m/ \\ K /212 ?:R“‘“x \\f(_m/ _n
19 5\ - o 5\ 1 B 1 .
yd \\\ / . / \\\ v \ﬁ \ //\\ &
" \ 10 o L 14 \ 10 . __— 10 o
/ \ \4/ \ / 4.// / \ \4/
B __— 5 ; 8 5 _— ?‘f 8 .
v L \2 e g Ve
i »-" " \_1 P
(a) Case 1: Radial planning approach (b) Case 2: Proposed planning approach (c) Case 3: Ring planning approach

Xiaochi Ding, X. Shen*, et al, “Reliability-Based Planning of Cable Layout for Offshore Wind Farm Electrical Collector System Considering Post-Fault Network Reconfiguration”,in

26

IEEE Trans. on Sustainable Energy, 2024.
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Case Study-91 WTs Case (RaceBank OWF)

Case 4: ECS planning with two-phase CWS algorithm;i TABLE I

RACE BANK OWF ECS PLANNING RESULTS

i
i Case 5: Proposed ECS planning without offshore ! T T
' substation coordination; E Crv (MS$) 42.86 3027 38.82
i Case 6: Proposed ECS planning with offshore I gﬁf{(ﬁg Eﬂl-iﬂf lﬁflﬁ 1;;]14
: SUbStation COordinatiOn. E Total cost (M$) 64.02 61.44 60.77
D e e e e e e e e e e e e e e e e e e e e = I

L e L

2 2 /
8 L \ 16 —255__30
3\\\ 1\7 2/0 3\4 1‘7 z/D 3\4 . \

17 26—
4 9 ]l \ 31\3 —9 \ 3 — ]l 31
\ \m 1 27 v \ \10 e 27 9. 10- —1§ 27 o
5“ }1 1?‘\# 91{\—-—\531 \ /46\ . 5\ } — 19'\"‘ gi\—-—\i \46_._____53 5\'—: 11 }979£ —-zzi/ 46\-.____‘53
(] 60— 6 60— 6 ""——-._60____
N \m 28 \3 40 "'7/)4 \1 ai 73“"--570 " \”ﬁ 2D\ ?is fh‘%‘m\ "'3“‘=§4 \1 66\ ?3 70 " 1! zu\ 28/1 35“‘"’“\ M—sa . 66\ 70 8
j3—21 34 I 7 7a T = g 13—21 34 41 \ 7 T4 T = i3—21 34 41 7 74 T
T 5\ \ 4 _ / sf s /o ow TJ/ 90/ T 5 \‘1 2/‘18 /5/ 6/ s slag! 99/ o o }'2 /48“‘“-5{ 6/ s / 815.._36/ 90/
o /55‘% }3 L o \2 89/ \3:/ . 3/ ol /6“*~ lz A 32‘——3‘{’{ 6 49?6“‘* 53/6 o~ 8——gb
X / I P S VS A N wf ¥ ) P
38 51-______\5 \6/0--.%—,7___“‘_‘ \:-,3 \ 3 i o a/ /51 v — /
84 & \ /53 \ | 84 3 ® \ /5 84
P / 1_-‘; 8 2 ‘29/“ \ T—n__ 5/ 2 ng/m \ / 173 5/
T =--_..79/3 S _ 79) v 79/5
(a) Case 4: Sweep + CWS planning (b) Case 5: Proposed ECS planning without (c) Case 6: Proposed ECS planning with
OSS coordination OSS coordination

Xiaochi Ding, X. Shen*, et al, “Reliability-Based Planning of Cable Layout for Offshore Wind Farm Electrical Collector System Considering Post-Fault Network Reconfiguration”,in

IEEE Trans. on Sustainable Energy, 2024. 27
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Related Research 3 3 OWPHP planning

/“J reduced through optimization means at the current level of technology?

O Hydrogen Production: A series of platforms are

Turbine

A Platform
i/ P2H Sys. .. . .
) / g positioned in the sea to harness wind energy and
| +.— Comp. Sta.
4 _ convert it to electricity, which is then transformed
: Dist. Sta.

1 into hydrogen through P2H system.
m O Hydrogen Transmission: The hydrogen is
AAAAAA J transported through collection pipelines to the
compression station for short-term storage. Then, it
Is transmitted ashore via transmission pipelines.

Coll. Pipe
Trans. Pipe

Platform

Coll Pipe, ey . Pipe, ey O H.ydl.'ogt.en Usage: U!oon reaching the onshore
distribution station, it can be further processed,

Offshore
OWPHP schematic diagram compressed, and prepared for various applications.

By optimizing different processes of OWPHP, such as hydrogen production,
/'conveying, and usage, LCOH can be reduced.

How can the cost of hydrogen production from offshore wind power be further

28
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O Two stage stochastic optimization model for hydrogen production process

B First-stage optimization model B Second-stage optimization model
- Objective: LCOH .+ Objective: AHP

win  LOOH EAC(QM™M, AHP)Equivalent annual cost (EAC)
P2H (yv* v* P2H*\ _ P2H ( 7P2H
. . . production (AHP) ¢ €N

Platform location/devices capacity

AHP = B{HPH(X, Y, QP » AHP and EAC « Constraints _

calculation « Operation current
EAC = EAC(Q"") + BAC, (Q™") + EAC, (Q™) .
BACyy = 3 (REMGEZIQPH | pWI T pwi | methods st @ < PP <y @M, Whe K vie N| o constraint
INV T A CINV @i A CINVIMAX
iEN > EAC includes PP < QP yE e K Vie N . System capacity
EACoy = Y (e @7 + e Paax) ki = %0 ’
EAC \x = cppax(cyAHP — ACy,,) O&M. tax and PiWT > PjPQH _ PiCON + PiDES + PéELE) Vie N

_IZPQH — f(EPQH)’ Vi eN

= investment, | constraint

« Constraints other costs PO _ 3 (P 4 Py 5 i N . Basic model:
stoy(z, —a, P +(y, —y,)? =5D, Vije N | Platform PPES — DBy e N v" WT output model
Ty €% S By ViEN distance PP = NCUFI™, Vie N v Seawater dynamic
iy < U < Yyaxo Vi EN -  OWF boundary Ui =E+UP + U electrolysis model
0< Q™ < Rjix, VieN - Devices capacityi B = W Vi€ N

[1] Y. Du, X. Shen*, et al. Joint Optimization of Layout and Electrolyzer Capacity for Decentralized Offshore Wind-Powered Hydrogen Production. In IEEE TII, 2025.

[2] Y. Du, X. Shen*, et al. Capacity Optimization Configuration of Distributed Offshore Wind Power to Hydrogen Considering Micro-siting, AEPS, 2024.
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O Two stage stochastic optimization model for hydrogen production process

O Case studies: O Platform layouts
Jointly optimized LCOH : 6.33 €/kg

v Reduced by 19.67% compared to the engineering scheme (case 1);
v Reduced by 15.82%/3.21% compared to separately optimization (case 2/3);

v Set 4 cases

v Wind speed distribution: 36 wind

v' The initial layout of the platform | The electrolyzer capacity and AHP meet the principle of “larger values at

the edge and smaller values inside “ due to different wake effect.

direction scenarios, 10° interval i Case Decision Variables Simulation Results
(E)\L) | Layout Devices Capacity Current  Annualized Cost (M€)  AHP (t) LCOH(€/kg)
NW NE i 1 X X \ 47.90 6,075.79 7.88
(3159 ““‘iﬁ (459 : 2 v X v 48.76 6,484.37 7.52
0“ ] "\ 3 x y y 39.52 6,042.03 6.54
I '
N \\\W// A 4 y y y 40.42 6,384.48 6.33
W /.!g; /é_é! E : Rectangular layout BLDDM layout o k
T —— —— | B 2000 2000
(2709 ‘%%W ! 2000 & 2 % % °c °
\\{lll‘n"/" i g 5 1000 P ® 5 1000 ® [ ) .
'.\'ﬂ : 1000F & E ot — @ @
sy \ﬂ s | . 5 8 ol I
(2259 S % (1357 | % 1000 2000 % 10002000 I I
(1809 i Xoaxis (mz X-axis fm) Electrolyzer Capacity (MW) AHP (1)
| Average wind speed for different layout Optimized electrolyzer capacity and AHP

adopts rectangular layout

[1] Y. Du, X. Shen*, et al. Joint Optimization of Layout and Electrolyzer Capacity for Decentralized Offshore Wind-Powered Hydrogen Production. IEEE TII, 2025.

[2] Y. Du, X. Shen*, et al. Capacity Optimization Configuration of Distributed Offshore Wind Power to Hydrogen Considering Micro-siting, AEPS, 2024.
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O Co-optimization model for pipeline and hydrogen gathering station

O Objective Function: i O Two-phase optimization approach:
' v The first phase utilizes a grid-based MILP

. TPL(,.GS ,GS GPL(,.GS ,GS
xGSméglf ¢ (m | y)+C (5[5 ?y_ ,SM) model to co-optimize the gathering station
Y i Transmission Gathering pipeline | ti d the pipeline’s t |
l pipeline (TPL) cost (GPL) cost Ocation and the pIpeline's topology.

v" The second phase employs the sequential
quadratic programming (SQP) algorithm to
refine the location of the gathering station.

Investment decision variables of candidate GPL (binary variables)
Coordinates of gathering station nodes (continuous variables)

(M| COn stra i nts First Phase: Grid-based Layout Co-planning

HEHD OTPL {:L’GS : yGS') 4 CG’PL {:L’GS ?yGS' : gér‘f}

Gathering station location range constraints Spanning tree constraints ’
st (a%°,y%) = (%, 47°).(2) - (15)

295 X, 455 €Y, (2%5,4%) e X xY D 6= Yo | Z B,;=1 VjeV™”
(id}el li.jyeL;
B.;=0 VieV¥ {ijel B,;+8;=8&; V{i,j} e L

Vk e K

GS 2 GS 2 MIN . DP
sqrif(z7” — z;)" + (y™° — ;)] < DV, VjeV (265" 465 g,
Coordinates of gathering station \’_‘/ Decision variables of candidate GPL

Second Phase: Gathering Station Location

Hydrogen flow balance constraints Engineering constraints
F ke F . Vaiel - o Z @.j — 7 Refinement
| ij < Q,j ij {3, 5} € fi,j + §m7p <1, Wi, j} x{m,p} = @,{i, j},{m,p} € L filelgs min  CTFL (265 469 + OGPL(xGS?yGS?EE J}
Fy—H = B, YievPr <N, VjevP? - st(i 1) > DMAX ;i ¢ PP = . . e
{% ’ {%@ § {M}Zd Gy s ;=0 Vaisiij) 2 D7 ns € st &, = 6,696 = @%@ - (15)

[1] Y. Du, X. Shen*, et al. A mathematical programming approach to export pathway planning of distributed hydrogen production in offshore wind farm. IJOHE, 81, pp.753-764, 2024.

[2] Y. Dy, X. Shen*, et al. Pipeline Network Layout Planning for Decentralized Offshore Wind-Hydrogen System: A Two-Phase Optimization Approach. IEEE PES General Meeting, 2025. 31
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O Co-optimization model for pipeline and hydrogen gathering station

(a) First-phase optimization
omm

o Comparison of performance in different cases 15 | ST et
O Case 1: Separate optimization for 2 I ot oo s
gathering station location and pipeline  [e:=| IR KSies 2] _ffat:f:?iife':”;ﬁ”
. | length/km | length/km M$ v Caag i; P
ology. el
ypology 37.49 54.78 8.86 % <ol
O Case 2: First-phase optimization. 40.83 5110 156 0 L
O Case 3: Two-phase optimization. 38.73 50.32 / | |
ol \\
o o o om0 o 1t // \ |
O In Case 1, the gathering station is positioned at the center of the site, Y R W EET fQ L
overlooking the benefits of joint optimization. Consequently, the cost is higher /" ) sscont s opimizaton A

compared to Case 2 and 3, with an increase of 8.86% over Case 3.

O Placing the gathering station at the site edge (in Cases 2 and 3) increases the
length of the GPLs, but it also reduces the length of the more expensive TPLs.
When these factors are combined, the overall cost is lower.

y-axis (km)

O In Case 2, the cost is higher than in Case 3 due to the inherent error introduced
by the gridding, resulting in a 1.55% increase, which proves the two-phase
method is better than the first-phase approach.

55 60 65 70 75 80 85 90
Total cost (M$)

[1] Y. Du, X. Shen*, et al. A mathematical programming approach to export pathway planning of distributed hydrogen production in offshore wind farm. IJOHE, 81, pp.753-764, 2024.

[2] Y. Du, X. Shen*, et al. Pipeline Network Layout Planning for Decentralized Offshore Wind-Hydrogen System: A Two-Phase Optimization Approach. IEEE PES General Meeting, 2025.
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1. Considering wake effects and regular layout requirements, conduct micro-sitting for
OWF WTs could reduce the LCOE.

2. Considering reliability requirements and transmission power balance, proposed ECS
planning method could reduce the LCOE.

3. By optimizing different processes of OWPHP, such as hydrogen production, transmission,
and usage, LCOH can be reduced.

Complex
Combinatorial ‘

Optimization

\/

OWPHP
planning

Offshore
wind power
optimization

Key scientific issues: Model and solve complex combinatorial optimization problems

34



Future Outlook——Towards floating, deep sea (@) MF L2 REo

O The cost of deep-sea fixed infrastructure is growing exponentially.
O New development trends*:Floating+Dynamic submarine cable+Power to X.

Micro-sitting ECS planning OWPHP planning
P ~ wam —
I\ =" TaZan
draft Tm : ‘ 4 :
Simulate the displacement of a Dynamic submarine cables have = Explore processing of OWPHP to
floating WT under six degrees swinging and redundancy, obtain hydrogen derivatives, and
of freedom, and consider the making the potential reliability achieve deep decarbonization of ol
. . . : : latf th h OW .
special near-field/far-field wake. iIssues are prominent. and gas platforms through OWPHP

*Liu Xiaoyan, et al. Current status of floating wind power technology and prospects for China's deep sea wind power development. China Offshore Oil and Gas, 2024, 36(02): 233-242.
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