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Hydrogen economy driven by offshore wind in regional
comprehensive economic partnership members

Considering the differences and complementarities in
offshore wind exploitation conditions, hydrogen production
costs and potential, and hydrogen technology levels
among Regional Comprehensive Economic Partnership
(RCEP) members, this paper proposes a co-development
optimisation model to explore the feasibility of the hydrogen
economy driven by offshore wind in RCEP members, thus
further verifying the broad application prospects and

huge potentials of the offshore wind-based hydrogen
(OWH) trading. This forward-looking study can assist
RCEP members in analysing the development path and
cooperation mode of the OWH trading to help achieve
carbon neutrality globally.
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Hydrogen is expected to be an essential part of the global energy trade. Herein, we explore the offshore
wind-based hydrogen (OWH) in the Regional Comprehensive Economic Partnership (RCEP) members.
The results show that the OWH production potential in the RCEP members can reach approximately
1200 megatons, which will be reduced to a tenth when facing the 2050 cost-competitive onshore
renewable hydrogen from RCEP members. A co-development optimisation model of all the RCEP
members shows that low-cost OWH in Australia, New Zealand, and China can be exported to the
Association of Southeast Asian Nations (ASEAN), the Republic of Korea, and Japan on a large scale. In
2050, compared with the non-trade scenario, the average levelized cost of used hydrogen (LCOHY) in
RCEP members will be reduced by 0.29 $ per kg, bringing an economic benefit of $33.3 billion. Two key
parameters, i.e., onshore renewable hydrogen cost and forecasted hydrogen demands, are used to verify
the stability of the import and export roles of RCEP members. Consequently, it is concluded that OWH
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Broader context

can contribute to offshore wind exploitation and the hydrogen economy among RCEP members.

Offshore wind-based hydrogen (OWH) is expected to become global trading energy similar to oil in the future. The signing of the Regional Comprehensive
Economic Partnership (RCEP) provides an opportunity for related members to develop offshore wind power jointly. Therefore, this work explores the potential
for promoting the hydrogen economy of RCEP members based on the OWH potential, demands, and international trading under the RCEP tax-free policy.
Specifically, based on the co-development of OWH in RCEP members, the following questions are answered: (a) To what extent can the OWH potential in RCEP

meet the hydrogen demand? (b) Compared with onshore green hydrogen, how much OWH in RCEP is cost competitive? (¢c) How can the RCEP members trade
OWH, and what are their roles? Importers or exporters? (d) Compared with trading with non-RCEP economies, can RCEP members benefit from the OWH

economy in RCEP, and what influences the economy most?

1 Introduction

Hydrogen is predicted to account for 18% of the final energy
demand in 2050." Green hydrogen, which is defined as hydro-
gen produced from renewable electricity via electrolysis,*? has
the advantages of low carbon emissions,* easy production,® and
diverse applications® compared with the currently dominant
coal/gas-based hydrogen. Moreover, as a medium for large-
scale energy storage to support power system operation,”®
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green hydrogen is expected to achieve large-scale use in 2040-
2050° and play an essential role in decarbonisation.’® To
date, numerous studies in the literature have investigated the
economic and environmental performance throughout the life
cycle of hydrogen."™* The results show that the cost and low-
carbon competitiveness of green hydrogen or electrolytic hydro-
gen are affected by many factors, such as the grid electricity
price and carbon intensity, renewable power generation level,
and terminal application. Accordingly, these factors limit its
current application scale. Therefore, the production of compe-
titive and large-scale green hydrogen will be the focus of the
next 30 years if it is expected to help achieve carbon neutrality.

Here, we focus on the hydrogen economy driven by offshore
wind in the Regional Comprehensive Economic Partnership
(RCEP) member countries and attempt to provide a route to
satisfy the hydrogen requirement in 2050. Why offshore wind is

This journal is © The Royal Society of Chemistry 2023
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promising, why offshore wind-based hydrogen (OWH) is viable,
and why it can be used in RCEP member countries are three
focal points investigated in this work.

Offshore wind, generally with a high capacity factor (CF) and
proximity to load centres compared to onshore wind, has been
listed in the national energy plan of many countries.'> In
particular, Europe, as the world’s largest offshore wind investor,
has 72% of the world’s current offshore wind capacity in the
North Sea and the adjacent Atlantic region.'® An analysis of
offshore wind in the five Nordic countries showed that offshore
wind power can be commercially competitive in mature markets
without subsidies, with average bidding of approximately
50 € per MWh in 2019." China has become the world’s
second-largest investor in offshore wind plants and built 3.1 GW
of offshore wind turbines in 2020, surpassing Europe for the first
time in terms of annual offshore wind installations. According to
the International Renewable Energy Agency (IRENA) report,'®
more than 2000 GW of offshore wind plants needs to be installed
by 2050 in a Paris-compliant 1.5 °C scenario, while only 35 GW of
offshore wind plants was installed in 2020 worldwide, far below
the 2050 target. Therefore, it is foreseeable that more offshore
wind plants will be built around the world in the future.

Effectively developing and utilising offshore wind power is a
crucial issue in the future. Offshore wind capacity, transmission
constraints, and system non-synchronous penetration (SNSP) of
power systems determine how much offshore wind power is
curtailed.'® The mismatch between electricity load demand and
offshore wind potential also prevents offshore wind power from
playing a more significant energy role. Taking China as an
example, Sherman et al. showed that the aggregate potential
wind resource is more than five times that of the current coastal
demand for power."” In terms of green hydrogen application
from renewables such as wind power, Terlouw et al. introduced
three methods of hydrogen production via water electrolysis,
including grid-connected, hybrid, and autonomous scenarios,
for techno-economic and environmental assessment in large-
scale applications on geographical islands.*® Currently, consid-
erable research and applications focus on the international
trading of hydrogen or its synthetic fuel. The usual trade routes
include China to Japan, Australia to Japan, Saudi Arabia to Japan
and Germany, etc.>'>* Specifically, OWH is widely viewed as an
energy carrier for offshore wind exploitation and international
trade.”**

On 15 November 2020, the ten countries of the Association
of Southeast Asian Nations (ASEAN), China, Japan, the Republic
of Korea, Australia, and New Zealand concluded the RCEP,
marking the official launch of the free trade zone with the
largest population and economic size in the world. According to
the Schedule of Tariff Commitments in the RCEP Agreement,
most trade-in goods will be duty-free immediately or within ten
years after the agreement enters into force. On 23 September
2022, the RCEP Think Tank Network was officially established
to provide academic support for the full release of RCEP
dividends, which explicitly calls for mutual investment and
cooperation among RCEP member countries in offshore wind
power development.®® A recent study showed that the RCEP
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Agreement can increase the trade in goods and expand the
economic output among RCEP members.”” Among the RCEP
members, Japan and the Republic of Korea developed their
hydrogen economy earlier and possess leading technologies,
while Australia is committed to becoming a major hydrogen
exporter in the future.”®* Additionally, the differences and
complementarities among RCEP members in terms of offshore
wind exploitation conditions, hydrogen production costs and
potential, and hydrogen technology levels have injected new
vitality into the hydrogen economy of the RCEP members.

Therefore, this work explores the potential for promoting
the hydrogen economy of RCEP members based on offshore
wind exploitation under the RCEP tax-free policy. The area
where the offshore wind turbine can be installed in the RCEP
members is filtered based on a series of installation conditions.
The CF of the offshore wind plants is calculated by means of the
www.renewables.ninja platform, a simulation tool of the hourly
power output from wind and solar power plants, using wind
speed from NASA’'s MERRA-2 (Modern-Era Retrospective analysis
for Research and Applications, version 2). Then, the OWH and its
levelized cost of hydrogen (LCOH) are calculated and compared
to onshore renewable hydrogen based on the spatial distribution
of 0.5° latitude by 0.625° longitude. A co-development model is
developed to analyse the OWH cost, trading, and carbon
reduction performance among RCEP members. The results show
that OWH will be another option for offshore wind exploitation
besides grid connection, and the co-development of OWH within
RCEP members could contribute to offshore wind exploitation
and the hydrogen economy in RCEP members.

2 Methodology

2.1 OWH trading model within RCEP members

A schematic diagram of the OWH trading model in the RCEP
members is described in Fig. 1. The export of OWH from
Australia to Japan, which is currently in trial operation, is taken

2830 with abundant offshore wind resources and

as an example.
low hydrogen demand (see Section 3 for details), it is promising
for Australia to participate in offshore wind development
and OWH export. The offshore wind power is electrolysed to
produce hydrogen at the nearest harbour and partly delivered
and distributed locally through compressed pipelines and high-
pressure tanks. Besides, after being liquefied and stored, OWH
is exported to Japan on a hydrogen carrier, stored on-site, and
consumed directly. Specifically, whether Australia exports OWH
via this route and the related scale are affected by multiple
factors. Firstly, the levelized cost of electricity (LCOE) of the
offshore wind turbine is affected by the offshore distance,
depth, and wind resources in the sea, which determines the
LCOH of the exported OWH from the export harbour. Therefore,
sea areas with shallow depths will be preferentially developed
and further expanded to the deep sea.’’ In the OWH transmis-
sion process, the distance of the route determines the differ-
ences in liquefied hydrogen storage capacity, transmission fuel
consumption, etc., which can be further added to the levelized

Energy Environ. Sci., 2023, 16, 2014-2029 | 2015


https://doi.org/10.1039/d2ee02332f

Published on 16 bezna 2023. Downloaded on 07.05.2026 11:11:25.

Energy & Environmental Science

View Article Online

Paper

import 1 B
harbourl LH, storage ::S
/ — Y o
L ‘ part
» e L | Y .
¢ : i o7 Route distance
| ! LH, shipping
RC E P LH, production
A 2 o o
o N
| lﬂ ’ 1 y “ ﬁ ~ \
I ¥ 1
-l ﬁl \ > . ‘ ﬁ ,l
x - > Electrolyser quuefactlorl,
o Q Lo N, e
// N S _a=-" s
- Exporte ‘
harbour | ' _ "
[ I s
Offshore -9
wind farm
CF-
Depth

Offshore distance

Fig. 1 Schematic diagram of the offshore wind-based hydrogen (OWH) trading model in RCEP members.

cost of landed hydrogen (LCOHY). In addition, the LCOH from
onshore renewables at the export and import harbour and the
LCOH" of other routes can also significantly affect the overall
OWH transaction of the route. The definitions of LCOE, LCOH,
and LCOH" are presented in the ESL¥

2.2 Offshore wind filter

Following the study of Song et al.,> the sea area suitable for the
construction of offshore wind turbines in RCEP members was
screened according to the following principles. Firstly, only loca-
tions in the Exclusive Economic Zone (EEZ) of the RCEP members
were considered, obtained from Marine Regions.** Secondly, an
offshore depth of less than or equal to 60 m was adopted as
another criterion, and the offshore depth data were obtained from
the General Bathymetric Chart of the Oceans One Minute Grid.*?
The reason for considering the above-mentioned principle is that
the fixed-bottom offshore wind turbine is mature and has lower
investment costs than the floating offshore wind turbine.**
Thirdly, we removed the areas from each grid cell (0.5° latitude
by 0.625° longitude) for environments designated as protected
areas, as indicated by the Marine Protected Areas in Protected
Planet.>® Finally, 20% of the cell area was removed to guarantee
the regular operation of international routes. The hourly CF data
of offshore wind plants used were computed from www.renewa-
bles.ninja,***” with the assimilated wind speeds derived from
NASA’s MERRA-2.® The MHI Vestas Offshore Wind’s V164-8.0
MW turbine, a typical system used currently for offshore applica-
tions with a turbine tower height equal to 100 m, was selected.>*
The spacing appropriate to minimise turbine-turbine interference
for a single offshore wind turbine was suggested to be 7 x 7 rotor
diameters (1.04 km?) by Musial et al.*® The ratio of the size of a
single grid cell area after screening to the spacing of a single
offshore wind turbine is equal to the number of offshore wind
turbines suitable for installation.

2016 | Energy Environ. Sci., 2023, 16, 2014-2029

2.3 Harbour and route selection

The existing liquefied natural gas export and import harbours
with safe conditions for navigation and berthing were obtained
from the 2021 GIIGNL Annual Report,® forming the basis of
liquid hydrogen trade. Then, combined with the distribution
of offshore wind plants in RCEP members, harbours suitable
for hydrogen trade were identified. For instance, the Donghae and
Gunsan harbours were chosen for the east and west marine areas,
respectively, in the Republic of Korea to satisfy the national
hydrogen trade demand. A total of 41 harbours were selected,
and Table S1 (ESIt) presents their specific names, longitudes,
and latitudes. The route distance between two harbours was
calculated based on www.shipxy.com®' (see Table S3, ESIt)
and applied in the subsequent optimisation model to calcu-
late the hydrogen storage capacity, annual trade volume,
required ship number, shipping fuel, and shipping loss.
The above-mentioned parameters determined the landed cost
to the import harbour in combination with the LCOH of
the export harbour, and the Supplementary Text shows the
specific calculation process (ESIT).

2.4 Hydrogen demand prediction

From the perspective of global carbon reduction, the Hydrogen
Council' predicted that hydrogen can realise energy substitution
of 20-25% in the transportation sector, 10% in the heat and
power jointly required by global households and industry, 30% in
methanol production, and 10% in steel production. As the fore-
runner of hydrogen exploitation, the Institute of Energy Econom-
ics in Japan conducted further estimation of the hydrogen
substitution potential of different fossil fuels in different indus-
trial sub-sectors in 2050.*> The above-mentioned research pro-
vides a reference for our hydrogen prediction. The substitution
ratios of hydrogen in all sectors are specified in Fig. S2 (ESIT).
The Asia Pacific Energy Research Centre**** analysed the prospect

This journal is © The Royal Society of Chemistry 2023
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of hydrogen in the Asia Pacific region, and the predicted energy
composition of different sectors in different countries in 2050
provided the demand data. Based on this information, we forecast
the 2050 hydrogen demand of each member in the RCEP, as
presented in Table S4 (ESIt). The prediction model is shown in
the Supplementary Text of the ESL{ Given that the Lao People’s
Democratic Republic has no marine area, its hydrogen demand
was merged with that of its bordering country, Viet Nam, which
possesses rich offshore hydrogen resources. Furthermore, accord-
ing to the 2020 GDP of each administrative division in each
country, the national hydrogen demand was allocated to each
harbour proportionally to the GDPs of certain administrative
divisions. As for China, only demand of eastern coastal provinces
is considered in this model. The hydrogen demand of each
harbour is shown in Table S1 (ESIt). Considering the uncertainty
of future forecasted hydrogen demand and its supply ratio by
renewables of 20%, 50%, and 80% in 2030, 2040, and 2050,
respectively,"> we conducted the sensitivity analysis on the base
case of 2050.

min
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province according to the sum of the 2020 GDP in coastal
provinces. The feed-in tariff for on-grid offshore wind power is
calculated to be half of the grid electricity price.”® Considering the
increase in power grid reliability investment, the grid electricity
price of RCEP members is set to be increased by 5%, 15%, and
25% in 2030, 2040, and 2050, respectively,’® compared with the
current electricity tariff, which is obtained from www.cable.
co.uk.” The detailed data for the feed-in tariff, electricity demand
satisfied by offshore wind plants and the conversion ratios for
electricity load used to consume offshore wind power in 41
harbours are presented in Table S2 (ESIf).

2.6 Optimisation model

(1) Objective function.

From the perspective of the overall optimisation of RCEP
members, the objective function consists of the investment and
operation cost, as well as the revenue from grid connection to
reflect the grid-connected ability of offshore wind power eco-
nomically, which is expressed as follows:
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2.5 Electricity demand and tariff collection

The hourly electricity demand of countries around the world from
2030 to 2050 was obtained from Toktarova et al. using multiple
linear regression in terms of spectral analysis.*® The electricity
demand of the Lao People’s Democratic Republic is neglected,
given that as a landlocked country, it has no offshore wind
resources available for local grid connection. The conversion
ratios for electricity load used to consume offshore wind power
were obtained from the ratios of predicted offshore wind power to
the total power generation based on the International Energy
Agency (IEA)Y to calculate the electricity demand satisfied by
offshore wind plants. Furthermore, according to the 2020 GDP of
each administrative division in each country, the national elec-
tricity demand was allocated to each harbour proportionally to the
GDPs of certain administrative divisions. As for China, offshore
wind power is mainly consumed by the eastern coastal provinces,
where the total offshore electricity demand is allocated to each

This journal is © The Royal Society of Chemistry 2023
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where wt-grid denotes offshore wind turbine used for grid con-
nection, wt-hydro denotes offshore wind turbine used for hydro-
gen production, elz-h denotes water electrolyser-hydrogen, liq
denotes liquefaction equipment, com denotes compression
equipment, Is-IM denotes liquefied hydrogen storage equipment
in import terminals, 1s-EX denotes liquefied hydrogen storage
equipment in export terminals, sh denotes hydrogen ship for
seaborne transport, Ci,, and Cg, denote the annual investment
cost and operation and maintenance (O&M) cost for the x-th
equipment, C°P° and C'*° denote the annual energy consumption
cost, including water and shipping fuel cost, and onshore hydro-
gen cost, respectively, C®¢ denotes the revenue from selling
offshore wind power to the power grid, x* = r{1 + r)"x/[(l + r]"x -
1] denotes the amortized cost conversion coefficient, » denotes
the interest rate, n* denotes the lifetime of the x-th equipment,
oo m denotes the ratio of O&M cost to investment cost of the x-th
equipment, x refers to wt-grid, wt-hydro, elz-h, lig, com, 1s-IM,
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Is-EX, and sh, respectively, ¢/,, denotes the unit capacity invest-
ment cost of the y-th equipment in the m-th harbour of the i-th
member, £, denotes the capacity of the y-th equipment in the
m-th harbour of the i-th member, y refers to elz-h, lig, com, Is-IM,
and Is-EX, respectively, ¢, » denotes the unit capacity investment
cost of an offshore wind turbine of the 4-th grid cell in the m-th
harbour of the ith member, /5& denotes the capacity of the
installed offshore wind plant for grid connection of the k-th grid
cell in the m-th harbour of the ith member, L'¢*™ denotes the
capacity of the installed offshore wind plant for hydrogen produc-
tion of the k-th grid cell in the m-th harbour of the i-th member,
cih, denotes the investment cost of a single hydrogen ship in the
m-th harbour of the i-th member, N,Sl,‘,, Jjn denotes the number of
hydrogen ships required for a round-trip between the m-th
harbour of the i-th member and the n-th harbour of the j-th
member, ¢® denotes the unit price of water required in the water
electrolyser, 6" denotes the water quantity required for generat-
ing 1 kg hydrogen in the water electrolyser, H;,,; denotes the
input volume of the compression equipment at the #th time in
the m-th harbour of the i-th member, Hll-f,‘ilyt denotes the input
volume of the liquefaction equipment at the #th time in the m-th
harbour of the ith member, ¢°' denotes the daily quantity of
diesel oil required by a ship, ¢°" denotes the price of 1 ton diesel
oil, R; jnjn = 2lim J,n/(24v5h) denotes the number of days for a round-
trip between the m-th harbour of the i-th member and the n-th
harbour of the j-th member, F;,,, ;, = 365/(R;m» + Dui) denotes the
amount of trade between the m-th harbour of the i-th member
and the n-th harbour of the jth member in one year, [,
denotes the distance between the m-th harbour of the i-th
member and the n-th harbour of the jth member, v*" denotes
the speed of the ship, D denotes the number of days for loading
and unloading hydrogen at the harbour, LCOH}> denotes the
LCOH from onshore renewables in the m-th harbour of the i-th
member, Hio denotes the hydrogen production volume from
onshore renewables in the m-th harbour of the i-th member,
FITS, denotes the feed-in tariff of offshore wind power in the
m-th harbour of the i-th member, E,gr,;ld, denotes the electricity sold
to the power grid at the ¢th time in the m-th harbour of the i-th
member, £ denotes the set of members in RCEP, M; denotes the
set of harbours of the i-th member, ©;, denotes the set of grid
cells in the m-th harbour of the i-th member, I';,, denotes the set
of RCEP members transacting offshore hydrogen business with
the m-th harbour of the i-th member, Z;,; denotes the set of
harbours of the jth member transacting offshore hydrogen busi-
ness with the m-th harbour of the i-th member, and T denotes the
set of hours in one year, which is 8760.

The relationship between offshore wind turbine investment
and distance from the shore (S) and water depth (d)" is
described as follows:

et = ¢4*(0.0084d; + 0.8368)-(0.0057S; + 0.7714)
(2)
where k denotes the centre point of the k-th grid cell and cj" is
the baseline investment cost of a single offshore wind turbine.

(2) Constraints
(1) Equipment operation constraint
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a. Installed capacity constraint of offshore wind turbine
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] — by -
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(3)

where I§* denotes the rated capacity of the offshore wind
turbine with 8 MW and G}, ; denotes the number of offshore
wind turbines suitable for installation of the k-th grid cell in the
m-th harbour of the i-th member.

b. Input power constraint of the water electrolyser-hydrogen

0 < Eclzh < pelzch

it S, Vi€E, meM;, teT (4)
where E§7% denotes the input power of the water electrolyser-
hydrogen at the t-th time in the m-th harbour of the i-th
member.
c. Input hydrogen constraint of liquefaction and compres-
sion equipment
li I
0< Hipy <l _
, Viek,
0 < H{om < Jeom

imt = im

meM;, teT (5)

where Hj,,, denotes the input volume of hydrogen of the x-th
equipment at the #th time in the m-th harbour of the i-th
member and x refers to lig and com.

d. Operational capacity constraint of hydrogen ship

0 S HEX < E‘m,j.,n . N'Sh

im,jn — im,jn

j € Fim: ne Zimj

CAM Yie B meM;,

(6)

where Hj,;, denotes the exported volume of hydrogen from
the m-th harbour of the i-th member to the n-th harbour of the
Jjth member and A*" denotes the capacity of a single
hydrogen ship.

(2) Hourly power balances
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use-grid

where E;,, . denotes the used offshore wind power for grid
connection at the ¢th time of the k-th grid cell in the m-th
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harbour of the ith member, Efu§? denotes the curtailed
offshore wind power in grid connection at the ¢th time of
the k-th grid cell in the m-th harbour of the i-th member,
Efsedydro denotes the used offshore wind power for hydrogen
production at the ¢th time of the k-th grid cell in the m-th
harbour of the i-th member, Efa 39 denotes the curtailed
offshore wind power in hydrogen production at the ¢th time
of the k-th grid cell in the m-th harbour of the i-th member,
E§orgridhydo denotes the recycled offshore wind power for
hydrogen production, which is curtailed in grid connection,
at the t-th time of the &-th grid cell in the m-th harbour of the
i-th member, f;, denotes the conversion ratio for electricity
load used to consume offshore wind power in the m-th harbour
of the i-th member, Efl,‘,ict denotes the overall electricity load for
the allocation of offshore wind power consumption at the ¢-th
time in the m-th harbour of the i-th member, SNSP denotes the
system SNSP to limit the number of offshore wind power
accommodated on the power grid and characterize the match-
ing performance of electricity load and wind output curves in
various countries,"*> SNSP™® denotes the maximum of SNSP,
Pi,m,i: denotes the unit output of the offshore wind turbine at
the t-th time of the 4-th grid cell in the m-th harbour of the i-th
member, #* denotes the efficiency of the x-th equipment, 2*
denotes the electricity of the x-th equipment required to gen-
erate 1 kg hydrogen, and x refers to com and lig.

(3) Hydrogen storage equipment constraints of import and
export harbours, including hydrogen storage constraint, char-
ging and discharging balance constraint, and imported and
exported OWH balance. The specific charging and discharging
mechanism is presented in Fig. S1 (ESIf).

a. Liquefied hydrogen storage constraint of import and
export harbours

Is-IM/EX

Is-IM/EX Sls-IM/EX Is-IM/EX
im,t

<1 im,0 = Si,m‘8760

m ’

0<S

_ gyls-IM/EX dis

Is-IM/EX Is\ cls-IM/EX Is-IM/EX cha
Si7m.t+1 - (1 - )Stlm,l +H

im,t im,t ?

0 SI_I!s-IM/EX,cha < [Is-IM/EX

im,t —= tim ’

0 < HSIM/EXdis . jIs-IM/EX

im,t — Tim

VieZ, meM; teT

(8)
where SEE2/EX denotes the operational capacity of liquefied

hydrogen storage in the import (IM) or export (EX) harbour at the
#th time in the m-th harbour of the i-th member, «'* denotes the
self-loss rate of liquefied hydrogen storage, Hymy ™ denotes
the charging volume of storage at the t-th time in the m-th
harbour of the ith member, and Hiay ™% denotes the dischar-
ging volume of storage at the #-th time in the m-th harbour of the
i-th member.

b. Charging and discharging balance constraint

For imported liquefied hydrogen storage:

Hls-IM,cha _ H-IM

im,t im,t? im,t

Hls-IM,dis — H!s-loc,IM

im,t )

Vie &,
)

mEM,-, teT

where Hjy ; denotes the imported volume of hydrogen at the t-th
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time in the m-th harbour of the ith member and Hy5%"™ denotes
the discharging volume of hydrogen for local demand in the
imported liquefied hydrogen storage at the ¢th time in the m-th
harbour of the i-th member.

For exported liquefied hydrogen storage:

Is-EX,cha __liq ryliq Is-EX.dis __ yyls-loc.EX EX
Hi,m,t =71 I—Ii,m‘t7 Hi,m‘t - Hi,m,t + Hi.,n1,t
)
Is-loc,EX EX
0 S Hi,m,z ’ 0 S Hi‘m.,t
VieZ, meM; teT

(10)

where H}y,; denotes the exported volume of hydrogen at the
t-th time in the m-th harbour of the i-th member and
HES™ denotes the discharging volume of hydrogen for local
demand in the exported liquefied hydrogen storage at the ¢th
time in the m-th harbour of the i-th member.

c. Imported and exported OWH balances

ZHIHr\ﬂI = Z Z Hil.%[,/',n

teT JELim €Ly
, VieEZ meM; (11)
EX __ EX
Z Hi,m,f - Z Z Hi,m,/',n
teT JEL im nE€L i)

where Hjyy,;, denotes the imported volume of hydrogen in the
m-th harbour of the i-th member from the n-th harbour of the
J-th member.

H,.‘jf‘m >0, VieZ, meM;, j€Tlm necZy, (12)

(4) Hydrogen balances of harbours

d c0m§ : com § : Is-loc,EX 2 : Is-loc,IM loc
Hi‘m n Hi,mj + H[Am,l + Hi,m,/ + Hi,m’

teT teT teT

VieZ, meM;

(13)

where HY,, denotes the annual hydrogen demand in the m-th
harbour of the i-th member satisfied by renewables, as pre-
dicted in “2.4 Hydrogen demand prediction”.

(5) Hydrogen balances of electrolyser-hydrogen in harbours

clz-h Eelz-h
mem o gie T Ty g meM;, teT (14)
i,m, im,t ’ p) iy
,m,t nLm LH VH2

where 7™ denotes the efficiency of water electrolyser-hydrogen
and LHVy, denotes the low heating value of hydrogen.
(6) Loss-considered transportation balance of trading routes

HIM — (1 _ o(sh)F/'.mi,m HEX

im,jn Jan,im
J € Firm ne Zimj

VieZ, meM,;,

(15)

where og, denotes the marine transportation loss in one day.
(7) Onshore renewable hydrogen production constraint

Hlpc > 07

im Vi e E, me Mi (16)
where it is assumed that local renewable energy can satisfy the
hydrogen demand at any time.

Additionally, the interest rate is assumed to be 7%. The hydro-

gen trade chain model is presented in Fig. S1 (ESIt). The techno-
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economic data of different equipment in the hydrogen trade chain
are collected in Tables S5-S7 (ESIT). The cost calculation process of
LCOE, LCOH, LCOH", and LCOH" is described in the Supplemen-
tary Text (ESIT).

3 Results

3.1 Abundant OWH resources with a hundred-fold cost gap
occur in RCEP members

Fig. 2 shows the spatial distribution of the hourly mean values
of the CF and OWH production potentials at different offshore
distances and depths for the RCEP members. From a global
perspective, the CFs of offshore wind in the RCEP region have
significant regional differences, where the CFs are the lowest
near the equator and increase with north-south extension. The
highest CF is in southern New Zealand, and the lowest is in
Indonesia. Combined with the offshore wind filter and CFs,
Fig. 2b and c show the changes in OWH potential with depths
and offshore distances, respectively. Supposing the above-
mentioned installable areas are equipped with offshore wind
turbines (MHI Vestas Offshore Wind’s V164-8.0 MW turbine),
the annual OWH production potential of all RCEP members can
reach approximately 1200 megatons (Mt), which is 13 times the
current global hydrogen demand of 90 Mt.>® ASEAN, Australia,
and China have the top three annual OWH production potentials,
reaching 431.6, 357.3, and 292.1 Mt, respectively, accounting for
more than 90% of the total for all RCEP members. Among the
ASEAN countries, Indonesia, Viet Nam, and Thailand have the top
three annual OWH production potentials, reaching 223.0, 95.9,
and 32.1 Mt, respectively, as shown in Fig. S3 of the ESLf
We further focus on the annual OWH potential of the coastal
sea (0-20 nautical miles), considering the ease of exploitation
along the coast with a relatively lower hydrogen production cost.
Similarly, Australia has the highest annual OWH production
potential from coastal offshore wind, with a value of about
150 Mt, followed by ASEAN (about 120 Mt), China (about
90 Mt), and New Zealand (about 50 Mt). The annual OWH
production potential of coastal offshore wind in the above-
mentioned members exceeds 400 Mt, which is close to the 2050
global renewable hydrogen supply predicted by the Hydrogen
Council in collaboration with McKinsey & Company.*’

The LCOE of offshore wind plants is affected by offshore
distance, depth, and mean CF, leading to different LCOHs.
Fig. 3a shows the spatial distribution of LCOH under the
installable areas of RCEP members in 2050. After considering
the offshore distance and depth, the difference in the LCOH of
OWH among RCEP members is further widened. The highest
LCOH is in Indonesia, at 169.06 $ per kg, while Australia has
the least expensive LCOH of 1.61 $ per kg, reflecting a one
hundredfold cost gap. As shown in Fig. 3a, Australia, China,
New Zealand, Japan, and the Republic of Korea have some areas
with LCOHs less than 4 $ per kg, and even a few areas with
LCOHs less than 2 $ per kg. While the countries of ASEAN have
a total OWH potential of 431.6 Mt, their mean LCOH of OWH is
more than 10 $ per kg, and thus the space for OWH exploitation
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Fig. 2 Spatial distribution of the hourly mean values of capacity factor
(CF) and offshore wind-based hydrogen (OWH) production potentials at
different offshore distances and depths for the RCEP members. (a) Spatial
distribution of offshore wind CF under a range of 0-0.75 in installable
conditions. (b) Depth-based hydrogen production potential of Australia
(AUS), China (CHN), New Zealand (NZL), the Republic of Korea (KOR),
Japan (JPN), and nine countries of the Association of Southeast Asian
Nations (ASEAN), including Indonesia (IDN), the Philippines (PHL), Viet Nam
(VNM), Malaysia (MYS), Myanmar (MMR), Thailand (THA), Cambodia (KHM),
Singapore (SGP), and Brunei Darussalam (BRN) in RCEP members under a
range of 0-60 m in installable conditions. The Lao People's Democratic
Republic (LAO) is not considered given that there are no marine areas in
LAO. (c) Distance-based hydrogen production potential of AUS, CHN, NZL,
KOR, JPN, and ASEAN in RCEP members under the range of 0-400 km in
installable conditions. Light blue, light yellow, and light brown areas
represent coastal (0—-20 nautical miles), inshore (20-100 nautical miles),
and open sea (>100 nautical miles) areas, respectively.

is minimal. In ASEAN, the best areas for development are Viet
Nam, the Philippines, and the Indonesian island of Indonesia.
The spatial distribution of the LCOH from offshore wind within
RCEP members in 2030 and 2040 is presented in Fig. S4 of the
ESL.¥

Fig. 3b and c show the composition and determinants of the
mean LCOH in China, Japan, the Republic of Korea, Australia,
New Zealand, and ASEAN, respectively. The cost of electricity
accounts for more than 80% of the LCOH among the RCEP
members, followed by the electrolyser investment. Because of
the best offshore wind turbine installable conditions in terms
of distance and depth, China has the lowest mean LCOH,
reaching 4.19 $ per kg, followed by Australia, with a mean
LCOH of 4.65 $ per kg due to its comprehensive performance in
CF, distance, and depth. Although New Zealand has the highest
CF among the RCEP members, the average offshore distance
ranks first with a value of more than 180 km, making its mean
LCOH break the level of 5 $ per kg. The similar CF, offshore
distance, and depth bring the Republic of Korea and Japan a
mean LCOH of 5.52 and 5.65 $ per kg, respectively, where both
have a particular gap compared to the onshore renewable
hydrogen in their 2050 target.>® Due to the lowest offshore
wind CF, the mean LCOH of ASEAN reaches about 13 $ per kg,
which is 3 times that of China. The OWH potential among the
RCEP members that can offer a price range of 0-10 $ per kg is
detailed in Fig. S5 of the ESL{ The above-mentioned results
show that al