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Background Y offshore wind and hydrogen production % .2 smoNBbwah se2E bz

nghua Shenzhen International Graduate School

Climate change incentives Large capacity and scalability Hydrogen production

A 2030 Carbon peak action A 8~14MW offshore wind A Intermittency and volatility of
plan , 2024 Energy work turbines have been applied. wind power affect the safe and
guidelines  etc A 16+ MW have also been stable operation of power grid

A Coordinate and optimize the released. A Hydrogen production
offshore wind layout, A Over 1 Trillion USD will flow becomes the preferred solution
promote the construction of into the global offshore wind for far-offshore wind power
offshore wind bases. industry before 2035. development

The offshore windpowered-hydrogen production has great potential!



Background 2 Development of Offshore Wind Energy (&) A L2 Rnmbis s
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A Significant efforts have been made to drive cost reduction, enhance performance, and
accelerate the large -scale deployment of offshore wind power worldwide

A Y Wk htost-competitiveness ~ of renewables is wr g d | reality d the avoided fossil fuel costs in
2024 reached up to $467 Bn.Y ¢ ¢ Francesco La Camera, Director -General of IRENA
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Solar Photovoltaic (PV) @ Offshore Wind Onshore Wind @ Concentrated solar power (CSP)
LCOE trends of various renewables over the past few years
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Advancement of the Offshore Wind Power in China o

A China added 79.82 GW of new wind power capacity in 2024, marking a 6% annual increase,
including 75.79 GW onshore and 4.04 GW offshore

A The cumulative grid  -connected wind power reached 521 GW, an 18% increase compared to
2023, with 480 GW onshore and 41.27 GW offshore . a7

2012-2022 Offshore Wind Power Capacity and Growth Rate in China
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MRE such as P2X tech. to HVDC/AC, LFAC | Large -scale Island microgrid
Offshore Wind, convert SUI’plUS + gas pipes + energy/ hydroge and Oil&gaS
Wave, Tidal etc MRE into hlgh - shipping etc as | n storage platforms,  with
to generate clean energy -de_r_15|ty energy systems to cCcuS to

power as a fuels1 facilitates . te low -
foundationfor far - { the efficient transm|SS|qn/ SmOOth_ the promo

offshore deep sea | integration and transportation fluctuations of carbon and eco.
development and flexible utilization network MRE usage

utilization

s == Energy Islands will reshape the MRE development €
providing a green, efficient and close -loop solution 7
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Natural energy islands © Off-grid energy islands o
: island :
A Easy to implement Pl A independent system

A Geographical Feasibility as a

A Flexibility and stability issues

energy hub

Changdao Zero -carbon

Grid -connected natural Natural Energy Island, China Off -grid Off -grid artificial energy
energy islands E

/ \ "Deep Sea No.1", China

Bornholm Energy Grid -

Island, Denmark Artificial
connected

Grid -connected energy islands o B 2rtificial Artificial energy islands o
energy islands A 0il and Gas Platform

A Connection with onshore power

A Special operation conditions;
system

A Higher flexibility and stability A Integrated energy system

Huizhou Offshore Oil and
Gas Platform, China 8
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. Black Hydrogen

Produced from coal

Hydrogen

Ship carrying Hydrogen A Methane

A Methanol . Blue Hydrogen
A Ammonia From QOil and Gas but with CCUS

. Green Hydrogen

Produced From renewable energ

Y COSCO SHIPPING YANGPU Yy +535 8,
First Ship using Methanol as fuel in China
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A EU Regulations define 7| u h h owhich affects production system configuration significantly [l
| Pofve’ purchase Opt'D”rsﬁlﬁ |HYd'°9e" p'deCt"°rlpL9”t| 77777777 Permissible scenarios Analysed scenarios [ e e e
| Electrciy Additional constraints

grid T Hydrogen ;7! Direct connection (DC) Renewable
PEM storage — —_ - —_—

ﬁ | electrolyser i T ...)
EPeripheralsi i“—" ! /]\ _' Art. 3 (1) g
! : 1 ! Art. 3 (1)
. l e

Wind ; | >® i | =
i 1 H

A Balance scenario constraints
A power of electrolytic system

T ! || Hydrogen - <= the renewable power

L‘[‘ | E | ' (fp_rpgjfff:or 7| demand DC + Renewable Grid = P .

E 1 : ? —i_"ﬁ i E . ;’ . : \ X\ (k+1)%730 (+1)x730

E Util.l't;;:sca[e i :___S_t_a_c_ig___: E i E T e Lﬁl e Art. 4 (1) f_bg'a ‘(Prlyqp A= — %0+1(Pnnm,w'r X Pwre + Prompy X Ppys) = 0
5 : PN === vk €1{0,1,2,.... 11}
= - |

DC + Renewable Redispatch .
_______________________________________________________________________ Assumption:

1
: i
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
| |
] I .
—<" : oo fons : A Renewable share scenario :
system configuration ’1‘ —-ﬁ . and taxes 1 : 1
y g I : I constraints !
: i
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
| |

A 90% of the total power of the
electrolytic system <= the
potential renewable power.

T T
D Peiysys.e) X 0.9 = 3 (Promwt X Pwre + Prompy X Pev,e) < 0
=1 =1

NnGr een hy dcenarpe n o pc+ppa oY

and |.2r

, Direct connection (DC) ’ri—- __ﬂl*-ﬁ ’[‘i

Grid power with

Impermissible scenario v

renewable>90% DC + PPA + Grid Mix A Carbon Emission Intensity
. Grid power after signing a ﬁi..ﬁ ﬁ ,‘i ,@ ﬁ__ﬁ Calculation/Limitation

renewable power purChase « Chosen for further analysis

x Excluded from further analysis e e e e o e e e e e e e e e e e e e e e

agreement (PPA).

Scenario design based on EU Renewable Energy Directive (RED)

[1] Brandt J, et al. Cost and competitiveness of green hydrogen and the effects of the European Union regulatory frafNatwoekEnergy, 2024.
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A IMO MEPC 80: Cut annual greenhouse gas (GHG) emissions from international shipping by at least
20%, with an ambition to reach  30%, by 2030 compared to 2008 .

A USA: Clean Shipping Act

A EU: EU Emission Trading System ¢ ETS [ FuelEU Maritime Regulation 2

A EU ETSIU: All ships above 5000 GT entering
or leaving European Economic Area (EEA)
ports are required to purchase EU Allowances
(EUAs) to cover emissions while navigating
and berthing within the EEA.

(4]

. 00
t} Intra-Eus
vOyaj
e
‘.\ 50% Incoming voyages

—

A FuelEU Maritime Regulation [2: Set targets to
reduce the GHG emission intensity of ships.
Compared to a 2020 baseline, the required
emission intensity should be reduced by 2% in
2025 and 80% by 2050.

4

pe
L)

[1]Directive (EU) 2023/959 [Regulation (EU) 2023/1805
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A In the first half of 2024, alternative fuel-powered ships accounted for 41% of the new ship orders globally

A Main alternative, the renewable fuels of non-biological origine RFNBO), are green hydrogen

A With carbon policies, shipping companies are willing to pay for the transition to RFNBO

Green Methanol 8 The most economical RFENBOLI,

Using power from offshore wind farm (OWF) for
methanol production and supplying to the shipping
industry has great potential:

V In-situ production and refueling

V EU OWEFs exhibit higher utilization hours and lower
costs compared to most renewable energy sources!?

V Green methanol production can leverage existing

infrastructure through out-of-the-box solutions

Power -to - X schematic diagram
for RFNBO production

[1] Stolz, B., Held, M., Georges, G. et al. Teckeuwnomic analysis of renewable fuels for ships carrying bulk cargo in Europ&ngagy 7, 208212 (2022).

2] Brandt, J., Iversen, T., Eckert, C., et@bst and competitiveness of green hydrogen and the effects of the European Union requlatory framework. Nat. Erief@@ o3
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d Design in -situ production and refueling of green methanol system with multi -energy coupling

d Electricity and carbon capture sources that meet the EU Renewable Energy Directive (RED)

~
d Generate system configuration scenarios with different electricity and carbon sources
Secpeifes <o d Introduce evaluation indicators to assist scenario decision -making
Indicator )
Design
~
d Objective function: Minimize the levelized cost of methanol (LCOM)
Optimal d Decision variables: Rated capacity of devices + 8760 -hour operation variables
Planning )

Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.
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System Configuration @) 1AL R

A Electricity, heat, gas (hydrogen, methanol), carbon multi-energy coupling
A Meet the EU REDI-3l required electricity and carbon sources

Industrial Carbon Methanol
BUS BAR Electric Boiler Heat Storage Capture (ICC) Supply o o )
V Electricity : OWF, electricity grid , battery
energy storage
e A DC/PPA .
V Gas: Methanol synthesis system (MSP),
Offshore Wind Farm alkaline water electrolysis (AWE), hydrogen
(OWF) Storage
compressor and storage
% Cap?ti::gt (gi,;c) CO, Compressor CO, Storage H ) .
V Heat : Waste heat from electrolysis, electric
Electricity Grid DAC <_ Distillation

> boilers, heat storage

= | 2T

"4 I
i [f

V Carbon : Direct air capture € DACC , Industrial

Battery& | carbon capture ¢ ICC),
Interface Methanol Synthesis
- Plant (MSP)
cleciolyess (Awg) | e Compressor He Storage carbon compressor and storage
Electricity Flow CO, Flow — H, Flow =P Heat Flow Methanol Flow

[1]Commission Delegated Regulation (EU) 2023/1185 [2]Commission Delegated Regulation (EU) 2023/1184  eciJa](BEly) 2018/2001
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A Combining different electricity sources and carbon capture technologies yields 4 scenarios

E Electricity of OWF (OWF -EZ is necessary. Electricity Carbon Capture
Source Technology

E Whether to use the electricity from grid
(Grid-EC divide the scenario into  Pure

Scenario and Mix Scenario .
E Technical combinations of 4 scenarios: OWF-E DAC
(DC/PPA)
V Sxuh VI hogOWF{E+ DAC
VSxuh VI hoOWFEHR ICC
VPl { VI hag@OWF-E+Grid-E( +DAC
V Mix Scenario IV : (OWF-E+Grid-EC +ICC

Grid-E ICC

A Evaluation indicators

A Economic indicators LCOM; p Greenb indicators GHG emissions savings (GHG-ES)
A Other indicators: Grid-E annual total volume, annual methanol production o

Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.
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Mathematical Optimization Model () 1142 mimEnaR

A Inputand output characteristic of devices A Models of various energy storage devices
palane EFac + D_aiEFam = D, EF e Wik onsc i =1 B €01
Energy EFOY =\, xEF™ . wh,h kK’ 0<EF .}, <8 X&) XCAP
workng CAP,, >0, ik 0 EFST < 7] xR XCAP,,
scope INCAP  <EFN < &"XCAP ., “hk SoC;\' <SOC  , < SoC™
Ramping  EFani ~ EF i S B e K00 g + (N x EFY — EF”(’)“L’JKT)X Ah
constraint EpIN _ERN < POWN L EEN i bk e M R g ouT

A Obijective function: Minimize LCOM
CAPEX: Capital Expenditure

" (CAPEX  +OPEX ) +EC
Methanol Production

min LCOM = Z OPEX: O&M Expenses

EC: External costs

Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.



e ¥ £ myIEmETIT R

inghua Shenzhen International Graduate School

01 Backgroundd
02 Methodology:;y
03 Results:Analysisis

04 Related/Researchh

18



Production potential of green methanol in EU ports ) 1% £ 2 R AR
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Port of Rotterdam
A-LCOM: 1,040.22 G t?
Port of Antwerp -Bruges AWS: 9.40 m st Port of Bremerhaven
A-LCOM: 1,010.77 U t1 @----------mmmmmmmmmmoomoeoos I e = — e ® A-LCOM: 1,078.62 G t?

. 1 : -1
AWS:9.32 m's AWS:9.73m's % Suitable Ports

Port of Haropa Port of Hamburg Unsuitable Ports
A-LCOM: 1,027.07 U t1 @------==--mmmmmmmmmmmyg P o~~~ e e~~~ — = =~ —= == ===~ ® A-LCOM: 1,099.73 G tt
AWS:9.01 m st AWS: 9.96 m st Average Electricity

Price/ ( 4 % Wh
Port of Gdansk
=== -pEEar - - mmm oo mm oo ® A-LCOM: 967.66 G t 0.30
AWS: 9.41 mst

Port of Barcelona
A-LCOM: 2,121.63 (1t @---=-------~
AWS:5.16 m s?

A ® A-LCOM: 1,060.11 G t?

{_______________________

{ e —— A

%

Port of Valencia Port of Marseille 0.25
A-LCOM: 1,976.09 (1 t1 @------=== 9
AWS: 5.86 m st 4’ AWS:9.31 ms?t

Port of Genova 10.20

Port of Sines i e
A-LCOM: 1,395.37 (4 t! @------- ' i i ‘ N ® A-LCOM: 1,852.41 0t?
AWS: 7.35 m st P i i AWS: 6.82 m st
P n i
. i 10.15
Port of Algeciras b *x Port of Gioia Tauro
A-LCOM: 1,550.28 (i t1 @-----; fid =0 Y G -t e e oo ® A-LCOM: 2,741.78 G t1
AWS: 6.98 m st Pl e AWS: 4.44 m st
ia 10.10
Port of Marsaxlokk Ll < i Port of Piraeus
A-LCOM: 1,697.02 Ut} @=mmmmmmmmmmm e e lmmm o ® A-LCOM: 2,038.67 utt
AWS: 6.88 m s o AWS:5.02m s* 0.05

LCOM for the EU's Top 15 container ports

Not all ports are suitable for producing green methanol (I are)

Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.
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Production potential of green methanol in EU ports 2 A 22 RIBEHALR

a b
LCOMI(t t%) GHG-ES/% LCOM/(U t7) GHG-ES/%
Rotterdam Rotterdam
Antwerp-Bruges Antwerp-Bruges I n 2 O 2 5 "
Hamburg Hamburg )
Bremerhaven Bremerhaven
Haropa Haropa
[CCEN'SN 102604 | Gdansk [ 91096 | A - Z
Marseille Marseille LCOM IS 907 " 63_1 1 9 6 " Smd u / t
Average Average

EGHG-ES ®Facility Construction O&M  mElectricity Consumption mGHG-ES mFacility Construction O&M  mElectricity Consumption

: ; electricity consumption accounts for

LCOM/(a t1) GHG-ES/% LCOM/(U t1) GHG-ES/%

Rotterdam Rotterdam
Antwerp-Bruges Antwerp-Bruges > 6 O O/
Hamburg Hamburg 0 -
Bremerhaven Bremerhaven
Haropa Haropa
Gdansk Gdansk . . -
A The limited power supply of grid can
Average Average

EGHG-ES mFacility Construction O&M mElectricity Consumption EGHG-ES #®Facility Construction O&M ®mElectricity Consumption

smooth wind power thus reducing

AWE AWE AWE AWE
47.35% 53.47% 49.57% 56.31%

» ¥ & b Y e LCOM (I <¢ ,4 <1 )

att g 3 q at?

A Carbon source: ICC is more

M Facility Construction 0&M M Electricity Consumption

NCCT MAWE MMSP MStorage iHest  MCCT MMSP WAWE “Heat Storage  MAWE MHeat MCCT MMSP M Storage economical than DAC ( J <¢ ] < ] )
LCOM and GHG -ES for green methanol in selected 7 ports

Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.




Conventional marine fuel cost forecast &) 445 mnmmmser

6 3000
= CUETS 2,538.26
s 5 2500
E = FuelEU Maritime 2,100.64
S 4 | wmmmmEUETS B = 2000 [ | esmTotal
2 FuelEU Maritime O =
S 23
) 3 [ emmmmTotal Cost %E 1500 1,260.12
UEJ GHG-EI Target é’ N
O 2 w > 1000
T O]
O T ] 5 313.94
<1t 500
T

0 0

2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050
Year L Year :
2025~2050 GHG costs for a large ship sailing within EEA 2025~2050 GHGmwissions costith conventionalfuels

very low sulfur fuel oil (VLSFO)
A GHG emissions costs increase dramatically in the next few years with carbon policies.
A From 2025 to 2040, the cost imposed by FuelEU Maritime is lower than that of the EU ETS;
however, it escalates notably post-2040.
A Overall, there is a sufficient buffer period (2025-2040) for the transition to green maritime transport.

Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.



Comparison between green methanol and VLSFO (&) M%7 mnsmmmsts
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A LCOM of different scenarios is

I (026,04
Pure | much lower than the that of most

pure 1 | 9096

; current green methanol projects
Mix { [P 102601

(1035.66~2200. 79u

I 007 .63

Mix 4 = Minimum
VLSEO+GHG Cost N 41762 Maximum A The emission costs imposed on
Green Methano| [T 1035 66 VLSFO are lower, with equivalent
Green Hydrogen [P 654,89 LCOM of 414.62~63
Green Ammonia — 1300,96 _ _ o _
i i i - A This may incentivize container
0 500 1000 1500 2000 2500

LCOM/(d ) ship operators to comply with
regulations by paying fines rather

The equivalentLCOM of sveral potential solutionan 2025 -

than transitioning to green fuels.

Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.



Comparison between green methanol and VLSFO

& 1600 ® 9696 ! d,\ 150 |
T . - o |
A Sensitivity analysis of key factors 7 R ——
° 0, - = ——
g 94% s £ . N o
ul 212 S 100
Q n k]
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. . ©92% | u £
2 6 T 75 f
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5 s
0 ; ; ; 90% : : : 0 : —_ 50 . . .
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
. . . LCOE of OWF -E/(( MWh-1) LCOE of OWF -E/( MWh'1) LCOE of OWF -E/(G MWh'1) LCOE of OWF -E/(4 MWh-1)
electricity price e f g "
5 1200 1 100% 120 _150
I Ny ©
. = < 140
7800 R90% Q 80 =4
DAC cost L P— ; g §
5 = & = 8 130
9 I @ B
DT 271 VLSFO+GHG Emissions Cost ~ 9400 ==~ ==========~ ©80% & 440 a !
e} T 120
. ) o o)
e Pure Scenario ¢ =
carbon price ), M 0 S
5 ) 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
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i ' k !
Mix Scenario 1600 ! 96% 20 | 150
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5 IX Scenario | AlZOO | ; 15 F < L
T | 894% Q = 130 |
=] @ = o
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800 f o S10 S |
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] o 2
=
0 : : : 90% : : : 0 9 : : :
0 08 16 24 32 0 08 16 24 32 0 08 16 24 32 0 08 16 24 32
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currently green methanol  still . : : :
1600 96% 24 | 140 |
< ©
1200 [ — / 2 18 | <
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S800 F - ® S12 t+ S
o =TT I o B
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400 | __---""" 2 6 T
- ' O] o
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comp _ 0
0 60 120 180 240 0 60 120 180 240 0 60 120 180 240 0 60 120 180 240
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Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.



Forecast of future cost competitiveness

LCOMI/(G t1)

1800
C ——Z1'VLSFO+GHG Emissions Cost ,
/
1600 I o Pure Scenario ¢ o
e Pre Scenario J ] /
1400 j ,I
Mix Scenario | / _____ ;
1200 | Mix Scenario J g

400 1 1 1 1

2025 2030 2035 2040
Year

2045

2025~2050 LCOM changes in different scenarios

(ICC is only allowed to be used until 2041)

2050

i % 4 Ry DR kR
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LCOM will decrease by 50% in 2025~2050

Competitiveness: Green methanol will reach
cost parity with VLSFO in 2030-2035, driven
by two mechanisms:

V EU ETS and Fuel EU Maritime are
expected to increase VLSFO costs by
85.7%-158.9% by 2035

V Technological progress reduces green
methanol LCOM by 10.8%-36.4%

Carbon source: With the rise of carbon
prices and the maturity of DAC, DAC can
replace ICC as a more economical carbon
source before 2030 (¢ <1 ,1 <] )

Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.
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d As carbon policies continue to strengthen, shipping industry is looking for green fuels

d The economic benefits of green hydrogen are gradually emerging due to green premium

\
d Model design: Optimal planning of in  -situ production and refueling of green methanol system
Research d Economic evaluation: Considering the impact of the issued EU ETS and FuelEU regulations, the
cost competitiveness of produced green methanol is evaluated.
Methods J
\
o d By 2030-2035, the cost of producing green methanol from OWF will be lower than that of VLSFO.
aln

Conclusions J

Y. Du, X. Shen* et al. Costompetitive Offshore Winghowered Green Methanol Production For Maritime Transport Decarbonization, in Nature2G2H.
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Related Research ) Key challenges and scientific issues (1 % £ 2 RN RIS
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Key Challenges : Optimiz e the cost/benefit of offshore wind farm (OWF) & Energy Islands

Micro -siting

Wake effect among WTs Long MTTR (reliability More products ( economy )
\ 4
Layout to reduce wake and Balancing economy Reduce levelized cost of
increase power generation and reliability hydrogen ( LCOH)
Wake effect Objective/ constraint Dynamic electrolysis
Strong non -convex complex characteristics
!ll i ﬁ .

Key Scientific Issues ¢ Modeling and solving

188y (o)

T Complex Combinatorial Optimization problems

27
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PP,
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Related Research 1 ) Micro -siting for OWFs A

Meshing WT layout , introducing rotating coordinates;

J
/ Combin ing Mathematical Optimization with meta -heuristic algorithms

4
1

Rotate coordinates for scene decoupling

A Rotate the horizontal grid by different angles

to obtain WT layout schemes at different

angles from the horizontal axis, improving the

- e e e e e ——

+._ diversity of WT layouts

e e e e e e e e e e e e e e e e e mm e e e e mm e e e e e mm e e e e e e e e e e M e e e e mm e e e e mm 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

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

\

\
i i
1 1
: min 1 3 1 3 3 :
: Z ; g Yideo®i T Z 3 (’“id-.m - '“?’-jd) Yij ) Pd WT coordinate adjustment !
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! o . o 4 feasible solution ISSA i 5. !
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.o X~
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\ Establishing a largscale integer programming problem based on WT coordinates are used as decision variables and heuristic ;
R parameterized wake model and discrete point selection algorithms are used for layout optimization S
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U Two -stage optimization model for micro -siting

' A Schematic diagram

BH =1 []=x=0
A A
4 4

1. Solve grid -based model by mathematical programming

Stage 1.

I Ali?J “ U ol § | Total power generation
N N

Decision variableg

0808 U Total number of WTs

N

0 U pw 1O

0 ou Q0

4 4+

wakes from

0 VI \/ (b(t‘) Y ﬁ) | "ox @ Sum of squared

multiple WTs
Oy U F,(p 0 w) P Stage?2 Ya 2] Adxy) A7)
. . i K o~ A A X 1 Minimum safety
D | "G @A QO O&ip A'A . .
P 9 distance constraint

|
1
1
1
|
1
1
1
|
1
1
1
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WT output constraints :
1
|
1
1
1
|
1
1
1
|
1
1
1

2.Further optimization of WT coordinates

| 1
| 1
I 1
I <z 5 !
| | AQ “ 0 :
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| |
| 1
| 1
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U Two -stage optimization model for micro -siting
A Case studies A Results comparison of manual and proposed method
0 I 0-3m/s i .. .
330 30 o Typical layout fomanual scheme  Results of the twoestage optimization
=:‘$m: 5800 5800 ryyr
300 60 |mE7sme v v v v v v vl w
[ 8-9m/s 5220 v v v v v 5220 ¥ v
[ 9-10m/s 4640 464 v ¥
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I 1-12ms 4060 4060 ¥ Y
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Ly v v v v M MEEM
Jiangsu 200MW OWF micro 'Siting 0 580 1160 1740 2320 2900 3480 4060 4640 5220 58 00 580 60 1740 2320 2900 3480 4060 !640 5220 5800
Results comparison After layout optimization:
Power A Average power generation increase s 8.7%
Scheme Wake Model eneration  Wake loss (% . ¥
J (MW) (%) A Annual power generation increase s ; 104 XkWh
Manual Gauss-Jensen 116.5 17.7 A Annual revenue increases 35 million CNY (assume 0.4
P%%ﬁﬁzgd Gauss- Jensen 126.6 20.2 CNY/kWh of offshore wind power)
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Regular layout of OWF

68\9 i N ecessity :
® ® ® g ® ® ® 1) reducing the visual impact of
® @ ® @ ® @ ® nearshore OWF and enhancing the
g ® @ P @ @ Pt aesthetic appeal of OWFs;
® g © @ g ® @ g 2) lowering the construction costs of
® o © @ P ® @ s infrastructure;
® g ® @ g © @ 3) facilitating O&M activities;
© ® ® g ® 4) benefiting search and rescue
®© operations

Constraints :

1) Number of WTs per row for O or n;

2) The distance between adjacent
WTs is the same

OWEFs in Europe (Left )and China Yangjiang (right)
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U Micro -siting model for WTs considering regular layout
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A Actual Cases
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A Phase 1 result

i % 4 Ry DR kR
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212000
—=— Power (kW) —+— Wake Loss (%) | 8
. 5720/
210000 1 Max: 1199% | M 20RO BN
= L1732
2 208000 '??g
- =]
5 -
E 206000 1 16 %
=
204000 {
F15
202000 Min: 202402.48 kW Min: 14§729

0 10 20 30 40 50 60 70 80 90 100110120130 140150 160 170

Rotation angle (°)

A Phase 2 result comparison

Power
Scheme Wake Model generation  Wake loss (%)
(kw)
Existing :
approach Cosine 207142.2 15.60
Proposed Cosine 216385.7 11.83
approach ' '

Zehai Huang , X. Shen* , etc., Two-Phase Micro -siting for Offshore Wind Farms with Regular Layout, submitted to IEEE Trans. on Sustainable Energy, R1 34
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How to balance economy and reliability for optimizing large  -scale OWF
] Electrical Collector System (ECS)?

Improve d CVRP-based ECS planning Accelerated solving algorithm of ECS planning

]

-"" .\"-m Ruin = 3,Y° = 2,degree(Sub) = 4

Projection cut set
model nether

improvements
GrouzDS si ?2\53 Group 4
L “‘-.‘ 59 51 I: 1 43_4535,« -
l8)8 CVRP mOdeI Group 6 /53\ >tﬂ-l \'. dl?‘ - Group 3
. . p/m 1., { I ’,34\ ,2?\ iy .
Cable crossing avoid AN i Inltlgl feasible
C_onstrain'gs --i‘L'-;;ia-\;}za--—l = za:_%- solution search
Power grid planning model o 7ol TN e
k-degree centrality < &
\10/‘: /3
tl‘ee mOdeI Group 8 =2 Group1
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How to balance economy and reliability for optimizing large  -scale OWF
/“ Electrical Collector System (ECS)?

ECSplanning with reliability constraints
fE®6 B, Qa 71 0000

i&8  Operational constraints
Network reconfiguration model
Reliability assessment model
Reliability requirement constraints

Post-failure network
reconstruction modeling

Accelerated solving algorithm of ECS planning

|r - _E:nt;gea_my_ T == — __Iweration | lteration 2 lteration 3 Double check
Set === :':'__" - o A p P " . q — Installed cable
: oecson T AN L /\/\’“’#“\ {f\/\"'f)\ {f“/\";)\ _____ - Customized Progressive
| ependenc) : \ N Nt /X AN / NN / NN Contingency |nC0rpOrati0n
| Stochastic :/_/_ e __/:__ ., L_ __/:__ Contingencies + FSFL h f |
Optimization | | \f\ \f"\ \-""'H‘\/ \__ﬂf\/ , DQ rpsry
| ) \ . rrugl q ganallet cgrbputing
Initialization frar.;ﬁ;m
Consider cable selection, switch configuration, post -fault reconfiguration , etc.

/Jto formulate and solve ~ MIP models of ECS planning.
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C Key challenges: How to consider complex constraints, economic and reliability to o ptimiz e ECS?
C Forring 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

) i 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 U Conform to" N-1"Principle, reducing failure losses

U No crossing cable (outperforms Google OR -Tools (

k-degree centrality tree (k-DCT) model U Total cost reduced by 26%, with a total lifecycle of 145 M

CNY (initial investment of 30 M CNY)
The k-DCT model is used to solve the mTSP, providing a

_ o U Solution is highly optimal ( outperforms  Google OR -Tools (
lower bound for CVRP and not affecting the feasibility
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C Key challenges: How to consider complex constraints, economic and reliability to o ptimiz e ECS?
C For radial topology, a MIQP is proposed (with MILP as warm starts) considering network loss.

{0 7FT oM vomp R
o RN Proposed
T @ \ — T = 2 i A 2 | R T S A B«
BEy Fr(eTw)  wh . |1kwg OF AARM O ol
..N ~ ~_ s A~ methOd Optlmlze FrRME B R R R RSB INARTR, A
_ . Gy U B AEAAT A wLARTERANCARRIALS.
1l T Flh'rhﬂ'I:-'r the total length and RRRREEARARIIII, SUER, Hh
AF TR AN A R L 7t LR AR
- type of cables
Results for ECS topology and cable type selection S s i o 5
° ° e ] 7 e ° 2 ° ° 2 ° 7 a— Fijt. GHARRARIFREHHE, HRALELN
A In tWO OWFS1 a tOtaI EREMFF R T H RS % . FBAHKRTFAR
° - ° N : I ° ¢ ¢ ° ¢ ° I ¢ <l . k. REE. THRIE. M. R, FEE
7 V initial investment of e A RARAT R ATH, AN
i ¢ ? ° \ ° ° ° ° - 1 N B S TR 2 i |
25 M CNY was saved,
D S | B [/ and a thanks letter
o L. L. was received from i g
design institute 204
3X95  3XI185 3 X300 == 3 X500
Original plan  (Artificial Proposed method 11121 Received a letter of thanks from the design institute

experience + Heuristics software )

[1]X Shen*, S. Li and H. Li, "Largscale Offshore Wind Farm Electrical Collector System Planning: an MILP Approach,” in IEEBEthE EI2, Taiyuan, China, 2021, pp. 12483.
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C Key challenge: How to optimize reliability
C A two -stage stochastic programming model
contingency incorporation algorithm

-based ECS without predefined topology (radial/ring)

is presented and solved by

customized progressive

?

Mathematical Model
A Objective function
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