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Abstract. This paper aims to identify the gaps on the path to achieving sustainable development of floating
offshore wind in Japan. Japan has a strong desire for floating offshore wind development, motivated by energy
security, climate change, and industry promotion. The key challenges are described with an emphasis on the
unique environmental conditions of Japan, such as earthquakes and tropical cyclones. In addition, the absence
of oil and gas development in Japan has led to social challenges, such as a lack of supply chain, infrastructure,
and human resources in offshore wind. A review of state-of-the-art technologies is provided in each technology
domain for four research domains: site selection and characterization, technology and engineering, project ex-
ecution and operation, and industry and economic enabling. The gaps identified in the paper suggest the need
for specific research topics, such as the assessment of unique environmental conditions; the design of robust
and cost-effective structures considering fabrication, transportation, installation, and operation; and the creation
of a data sharing strategy for efficient and rapid learning. In addition, many challenges show technology gaps
across domains, indicating the need for interdisciplinary research collaboration and system integration of com-
plex systems with digital engineering approaches. Finally, the need for the development of an industry roadmap

to address these challenges is discussed.

1 Introduction

1.1 Motivation

Changes in climate indicators, such as temperature, pre-
cipitation, sea level rise, ocean acidification, and extreme
weather conditions, have forced us to be aware of the sever-
ity of climate change impacts on natural and human systems.
At the same time, the rapid growth of the world population
raises concerns about the planet’s ability to sustain life for
humans and other species. Climate change and sustainability

have become one of the biggest concerns of the international
community.

The vast ocean, which covers 70 % of the Earth’s surface,
plays a crucial role in modulating our climate system by reg-
ulating the cycle of heat, water, carbon, and other elements.
Humans have historically relied on ocean resources for fish-
ing, transportation, and also oil and gas resources since the
last century. Over the last few decades, ocean industries have
shifted to interdisciplinary ocean industries or ocean-based
industries, which cover energy production such as offshore
wind, wave tidal, floating solar, food production at sea, deep
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sea mining, and transport in harsh environmental conditions
of Arctic and Antarctic regions. All of these ocean-related
industries, which contribute to the blue economy, are push-
ing borders deeper and further offshore (Nejad and Ibrion,
2021).

Under the strong tailwind of decarbonization, the offshore
wind industry has evolved significantly, driven by the high
interest in both the scientific the and industrial arena. The in-
stalled offshore wind capacity of the world increased from
3.1GW in 2010 to 35GW in 2020, and many upcoming
projects are distributed globally. Many countries have set am-
bitious targets for offshore wind; e.g., the European Union
aims for 110 GW by 2030 and 400 GW by 2050. The capac-
ity of offshore wind turbines has become bigger and larger,
such as a 16 MW rated turbine with a rotor diameter of 236 m
(Mehta et al., 2024).

Current offshore wind projects are installed mainly as
bottom-fixed structures, such as monopile, gravity-based,
and jacket structures, which operate in shallow water up to
50-60 m in depth. Floating substructures allow wind turbines
to operate in deeper waters, providing access to a broader
ocean area and larger potential offshore wind energy re-
sources. Compared to bottom-fixed structures, the industry is
still in its infancy. However, global capacity of floating off-
shore wind turbines (FOWTS) is predicted to grow to more
than 200 GW by 2030 (e.g., IRENA, 2019).

Japan also has a strong interest in offshore wind energy.
The island nation faces numerous energy-related challenges,
including a heavy dependence on imported fossil fuels, nu-
clear power concerns following the Fukushima disaster in
2011, and the need to reduce greenhouse gas emissions to
fight climate change. Concerns about energy security, decar-
bonization, and supply stability have pushed Japan to explore
offshore renewable energy, particularly offshore wind (Ibrion
et al., 2020b).

The topography around Japan’s coast has a steep slope,
unlike the stretch of shallow water seen in Europe. In addi-
tion, the coastal area has various activities, including fish-
ing and ship routes, which set a limitation to the introduc-
tion of bottom-fixed offshore wind energy in Japan. Floating
offshore wind can access the world’s sixth-largest exclusive
economic zone (EEZ) of Japan. Considering the target of up
to 45 GW of offshore wind power by 2040, massively de-
ploying floating offshore wind turbines in deep-water areas,
including EEZs, is inevitable. A report estimated the poten-
tial of offshore wind in Japan as 116 GW for bottom-fixed
and 2940 GW for floating offshore wind, including the EEZ
(Mitsubishi Research Institute, 2024).

The Public-Private Council on Enhancement of Industrial
Competitiveness for Offshore Wind Power Generation set an
ambitious target for Japan’s offshore wind energy (Public-
Private Council on Enhancement of Industrial Competitive-
ness for Offshore Wind Power Generation, 2020): 10 GW by
2030, 30-45 GW by 2040 (including floating offshore wind),
a domestic procurement ratio of 60 % by 2040, and cost re-
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duction of JPY 8-9kWh! by 2030-2035 (bottom-fixed). In
addition, the council has announced Japan’s targets for float-
ing offshore wind as 15 GW and a domestic procurement ra-
tio above 65 % by 2040. These targets were prepared jointly
by industry and government as they play a critical role for
both parties to build a sustainable ecosystem around offshore
wind. The government needs to designate sites and introduce
legislation accordingly. The predictability of future market
opportunities is expected to attract investment that is critical
for fostering a cost-competitive and scalable energy source.

1.2 Knowledge gap addressed in the paper

Japan’s push for offshore wind energy reflects its broader
goals of achieving energy security and sustainability. How-
ever, successful offshore wind projects must be attractive
to investors. For floating offshore wind turbines to be ac-
cepted as one of the main power sources in Japan, the
levelized cost of energy (LCOE) must be reduced to an
order of JPY 10kWh™! (about USDO.11 at the exchange
rate of 2021) or lower to achieve grid parity. In the first
offshore wind auction in Japan in 2021, the feed-in tar-
iff (FIT) for a floating offshore wind project offshore of
Goto was JPY 36kWh~!. This is a much higher FIT com-
pared to that of the other bottom-fixed projects in the
same auction round, from JPY 11.99 kWh~! (USDO0.13) to
JPY 16.49kWh~! (USD 0.18). A bold cost reduction will be
necessary (Ministry of Economy, Trade and Industry, 2025).

Another important factor for offshore wind projects to be
economically feasible is for the project to be bankable. The
large capital investments required for offshore wind projects
are financed with either corporate finance or project finance.
In either case, offshore wind projects often cover 70 %—80 %
of the capital with debt (Aono, 2018). Many owners and
financiers have gained experience in the European bottom-
fixed offshore wind market. They are aware of potential mar-
ket risks, competition needs among suppliers and develop-
ers, and economic feasibility (Azevedo and Grosse, 2019). In
the case of Japan, it is critical to create a foreseeable market
by showing profitability and stability. In addition, scalabil-
ity is also necessary to contribute to energy security. These
projects must be economically feasible, bankable, and scal-
able.

In general, floating offshore wind is still a nascent tech-
nology, and many concepts are under development. Some
promising concepts have scaled up and entered the commer-
cial phases. Here, we provide a general view of how tech-
nology development, business development, and policy can
contribute to overcoming key barriers.

Technology development is a key driver of cost reduction.
Innovative designs, such as larger turbines with higher ca-
pacity, floating offshore wind turbines, and improved materi-
als, can lead to more efficient and less expensive energy gen-
eration. Developing technology to simplify and reduce the
cost of installation and maintenance is crucial. This includes
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improvements in vessel design for installation and mainte-
nance, as well as enhanced forecasting and monitoring sys-
tems. System integration cost and its management cost also
contribute to a non-negligible portion of the cost.

Business development to demonstrate the long-term prof-
itability and stability of offshore wind projects is important.
Innovative financing mechanisms, such as green bonds or
public—private partnerships, can be useful. Developing a ro-
bust supply chain and encouraging the growth of the local
industry can reduce costs and support the feasibility of the
project. This includes building local manufacturing facilities
for components and creating jobs, which can also improve
public support for offshore wind projects. Planning infras-
tructure, such as ports and grids, for large-scale deployment
and standardization of project components and processes can
help scale up nation-wide capacity. As larger floating off-
shore wind projects start to come online, economies of scale
are expected to lower manufacturing and fabrication costs. In
addition, as the size of each turbine grows in capacity, there
will be fewer platforms in commercial-scale wind farms of
the same capacity. The competitive nature of the bidding
process, along with the industry’s learning curve, is also ex-
pected to help drive down costs.

Finally, the role of policy, both regulatory and promo-
tional, in supporting offshore wind is vital. Streamlined per-
mitting processes, clear environmental guidelines, and con-
sistent policies will provide long-term stability for investors.
Ambitious but achievable long-term goals committed to by
the government can drive aligned investments throughout the
industry. In addition, incentives such as feed-in tariffs, tax
credits, or subsidies can make projects financially more at-
tractive by offsetting the high initial capital costs and im-
proving overall economics.

Despite the many lessons learned from experience in
bottom-fixed offshore wind projects, there are still many bar-
riers we need to overcome for the sustainable development of
floating offshore wind. In addition, the environmental, social,
and technological conditions surrounding the offshore wind
industry are unique to each country. Differences in system
requirements, design rules, and cost-effectiveness can pose
new risks and challenges to development. For example, trop-
ical cyclones (called typhoons in this region) and major earth-
quakes are obvious risks for offshore activities in Japan.

At the same time, some unique aspects can provide oppor-
tunities. Although Japan has less experience in building large
offshore platforms for the oil and gas industry, the country
has a competitive shipbuilding industry with highly produc-
tive shipyards. The automotive industry in Japan is known
for its efficient and lean supply chain.

Thus, the strategy and path for sustainable development
need to be customized considering the circumstances, with
regard to the problem space and the solution space for the
floating offshore system. Effective investments in the R&D
of floating offshore projects are necessary to adequately ad-
dress challenges and realize opportunities.
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1.3 Aim of the paper

A sustainable development pathway that mitigates risks and
maximizes opportunities is desired. The first step will be to
identify the environmental, social, and technological con-
ditions surrounding the floating offshore wind industry in
Japan. However, knowledge of floating offshore wind is dis-
persed in government, industry, and academia, creating a
large knowledge gap with respect to understanding Japan’s
unique situation.

The purpose of this paper is to identify the technology gaps
on the path to achieving sustainable floating offshore wind
in Japan. Such findings are important for accelerating and
prioritizing future research activities around floating offshore
wind in Japan. Following the aim of the paper, the research
questions in this paper are defined as follows.

Research questions

— What are the unique challenges surrounding floating
offshore wind in Japan, and which global challenges re-
main particularly critical for the nation?

— What effort is currently being made to address these
challenges?

— What are the gaps and what should be prioritized?

1.4 Overview and structure of the paper

This paper provides a review of the challenges and efforts
surrounding the development of floating offshore wind in
Japan. This research is uniquely organized by industry and
academia across disciplines in floating offshore wind, with
collaborative efforts between Japan and Norway, covering
the practice in other countries with an emphasis on Norway.

The paper is organized as follows. In Sects. 2-5, we review
the unique situation in Japan to identify challenges to sustain-
able development and provide a review of state-of-the-art re-
search in technology fields to identify research gaps. Given
the many ways to structure the paper, we organize our discus-
sion as follows. Section 2 covers all activities before a final
investment, where challenges originate from the unique envi-
ronmental and social conditions in Japan. Section 3 focuses
on the design and development of critical hardware com-
ponents around FOWTs. Section 4 discusses the challenges
of the construction and long-term management of FOWT
farms from a fabrication, transportation, and operation point
of view. Section 5 addresses the broader ecosystem required
for a successful FOWT industry. Finally, a recommendation
for future studies, synthesizing the findings of each section,
is provided in Sect. 6.

Wind Energ. Sci., 11, 1013-1056, 2026




1016

2 Site selection and pre-development

2.1 Overview

Site selection, planning, and project development (pre-
development) are crucial stages in establishing an offshore
wind project that is viable, compliant with regulations, highly
effective in energy production, and minimally impactful to
the environment. Site selection and characterization involve
evaluating wind resources, environmental impacts, seabed
conditions, proximity to shore, connection to the grid, and
regulatory requirements to choose the optimal location. Plan-
ning includes designing the layout, conducting environmen-
tal assessments, obtaining permits, financial planning, and
risk management. A thorough investigation of the site is con-
ducted, including archeological, geological, morphological,
and metocean studies.

2.2 Site assessment and characterization

2.2.1 Geophysical and geotechnical surveys and
geohazards

The geological site investigation is covered by mainly two
categories, the geophysical survey and the geotechnical sur-
vey. The geophysical survey consists of non-invasive seis-
mic surveys to map the bathymetry and identify seabed sur-
face features and shallow layers of sediment. The risk of
encountering unexploded ordinances (UXOs) is also con-
sidered (Malhotra and O’Connell, 2024). Here, tools such
as a multibeam echo sounder, side-scan sonar, sub-bottom
profiler, high-resolution streamer, and magnetometer survey
for unexploded ordinances are used. The geotechnical sur-
vey includes standard penetration tests, namely a cone pen-
etration test and soil sampling through an offshore borehole
and drilling (Randolph and Gourvenec, 2017). With the re-
sult obtained, the technical feasibility and the associated cost
are evaluated. These investigations are often time-consuming
and costly, but high-quality site surveys help reduce risk and
ensure optimal design.

The features of seafloor topography differ greatly between
passive margins, such as continental margins in Europe, and
active margins, such as island and land arcs in Japan. In Eu-
rope, offshore wind farms are located mainly in areas of the
North Sea, which is shallower than 200 m deep (light areas
on the right side of Fig. 1). These areas have shallow water
and little fluctuation in seabed topography. In contrast, the
area in the waters around Japan where the depth of the wa-
ter is less than 200 m (light-colored areas on the left side of
Fig. 1), which is the target of offshore wind power develop-
ment, is very limited compared to the North Sea. In addition,
floating offshore wind farms that are expected to be devel-
oped in the EEZ of Japan will have to be developed in areas
where the topography of the seafloor is complex and steep.
In areas with complex topography, such as the Japan Sea off
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the Tohoku region, sedimentation rates are expected to have
spatial variance (Katayama and Itaki, 2007).

The legacy of oil and gas exploration in areas such as Nor-
way and the UK provides an abundance of existing geophys-
ical survey data. Conversely, in emerging offshore wind mar-
kets like Japan, these pre-existing data are insufficient, re-
quiring more comprehensive initial site investigations.

Thus, the seafloor where anchors will be installed may
consist of a variety of geological compositions, such as
very soft sedimentary layers consisting mainly of clay, sed-
imentary layers consisting mainly of sand and gravel, soft
bedrock, and hard bedrock. These differences in the geology
comprising the seafloor will affect the selection of anchor
type. If the seafloor consists of bedrock, drag anchors or suc-
tion anchors, which are used in many floating offshore wind
turbines, cannot be employed. In this case, gravity anchors or
pile anchors are required. If the bedrock is very hard, grav-
ity anchors are necessary, as it is difficult to drive the piles.
If the seafloor consists of very soft cohesive soil, suction an-
chors cannot be used as the required pull-out resistance can-
not be ensured, and drag anchors and gravity anchors must
be submerged to a very deep depth in the ground to obtain
the necessary holding force. In the case of pile anchors, it
is also necessary to drive very long piles into the ground to
obtain the required friction force on the skin. The geological
composition of the seafloor has a great influence on the se-
lection and design of anchor types; therefore, it is necessary
to conduct geological investigations at numerous locations in
a subject area to understand seafloor conditions in detail.

Geotechnical surveys for offshore wind power develop-
ment can be divided into two types: investigations conducted
by drilling from a self-elevating platform (SEP), which is
installed offshore, and investigations from a vessel or us-
ing equipment lowered from a vessel onto the seafloor. The
former is called “SPT investigation™ as a standard penetra-
tion test (SPT) is usually conducted, while the latter is called
“CPT investigation” as a cone penetration test (CPT) is usu-
ally performed. During the SPT investigations, a sampler is
driven into the ground by hammer blows, and the number
of blows is measured, along with collecting the undisturbed
soil samples for laboratory tests and various in situ tests us-
ing drill holes. The evaluation system for ground properties
in Japan has a history of being built mainly on this SPT in-
vestigation and is considered to have some reliability as a
ground evaluation method. In contrast, during the CPT inves-
tigation, a cone equipped with sensors is penetrated into the
ground to estimate the ground properties. It is also possible
to conduct soil tests on disturbed soil samples taken during
the CPT investigation. Compared to SPT investigations, CPT
investigations require less time and are thus suitable for in-
vestigation at a large number of locations in a short period of
time. Since CPT investigations have rarely been conducted
in Japan, their reliability as a ground evaluation method is
considered unclear. Therefore, it is common to combine SPT
and CPT investigations in order to improve the reliability of
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Figure 1. Seafloor topography around the Japanese islands and in the North Sea (both figures are drawn at the same scale, Kawamura, 2023).

CPT investigations. In addition, it is difficult to conduct SPT
investigations in deep water due to the difficulty of installing
an SEP in deep water. However, CPT investigations are rel-
atively easy to conduct even in deep water as they are con-
ducted by a vessel. For this reason, CPT investigations are the
main type of investigation for floating offshore wind turbines
installed in deep water.

Several geohazards exist on the seafloor, as shown in
Fig. 2. The effects of geohazards on floating offshore wind
include, for example, displacement of anchors, breakage of
mooring cables, and breakage of power cables in the event of
a seabed landslide or turbidity current. In addition, if lique-
faction of the seabed occurs due to an earthquake, the anchors
will be affected. The liquefied ground behaves like a fluid, re-
ducing bearing capacity, friction, and counterforces. There-
fore, drag anchors, gravity anchors, and chains sink into the
ground by their own weight, changing the formation of the
mooring arrangement. In the case of suction anchors, the an-
chor body can tilt or collapse due to loss of counterforce
caused by liquefaction of the surrounding ground. In addi-
tion, the suction force may decrease due to an increase in the
pore water pressure of the soil inside the anchor, resulting in
a loss of hold force. In the case of pile anchors, liquefaction
of the soil around the pile may reduce the skin friction force
around the pile, which may reduce the pull-out resistance,
and consequently the pile anchors may be pulled out of the
ground (i.e., displace vertically upward). It is important to
evaluate the potential change in soil characteristics after lig-
uefaction occurs and include it in design conditions. The risk
of liquefaction on the anchor is mentioned in MLIT (Min-
istry of Land, Infrastructure, Transport and Tourism (MLIT),
Maritime Bureau, 2023).
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Geohazards on the seafloor are characterized by their ex-
tremely large scale. For example, the distance of the flow of
turbidity currents, which are often described in contrast to de-
bris flows on land, ranges from tens to thousands of kilome-
ters for large geohazards. In addition, most submarine land-
slides are up to 10km? in size in the coastal areas of Japan
and are usually 10 to 100 times larger than landslides on land.
Geohazards on the seafloor are not easy to deal with, and
the reason for this lies in their large scale and the difficulty
of construction on the seafloor. Therefore, in order to install
offshore wind power generation facilities, it is necessary to
avoid geological risks by properly arranging wind turbines
and risk mitigation measures. In some cases, depending on
the type and size of the geohazard, development may have to
be abandoned.

The National Institute of Advanced Industrial Science and
Technology (AIST) has compiled and published a marine ge-
ological map of the results of its research on seafloor geohaz-
ards to date. This is a compilation of the interpreted results
of seismic and acoustic surveys conducted by AIST, which
provide a broad overview of faults, submarine landslides, un-
derwater debris flow deposits, sediment waves, etc.

Although the marine geological map is a useful reference
for offshore wind power development, it is the result of a
wide-area survey, and therefore detailed surveys need to be
conducted again for localized development. This means that
the influence of seafloor geohazards on offshore wind power
development has not been fully recognized. Furthermore, no
studies have been conducted considering seafloor geohazards
at each stage of the desk study: preliminary study and de-
tailed study. In addition, there are no guidelines or manu-
als that show how to systematically survey and assess risks

Wind Energ. Sci., 11, 1013-1056, 2026
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Figure 2. Relationship between offshore wind power facilities and seafloor geohazards.

due to submarine geohazards specific to Japan, and research
and human resource development for this purpose have not
progressed. Therefore, understanding geological risks due to
seafloor geohazards, establishing guidelines, promoting re-
search, and developing human resources are all urgent issues.
In addition, the applicable anchor concept must be carefully
evaluated based on the evaluated geological conditions and
geohazard risks.

Geotechnical and geophysical site investigations are crit-
ical for de-risking offshore wind projects, yet Japan faces
distinct challenges compared to established European mar-
kets. Unlike the passive continental margins of the North Sea,
Japan’s active margin features a complex and steep seafloor
topography with highly variable geological compositions and
limited shallow areas suitable for development. This geolog-
ical uncertainty directly influences the selection and design
of anchoring systems for floating turbines, a critical cost and
feasibility driver. This challenge is compounded by a signif-
icant lack of pre-existing survey data from legacy industries
like oil and gas, as well as heightened risks from large-scale
geohazards such as submarine landslides and seismic lique-
faction, for which existing wide-area maps are insufficient
for site-specific assessment (Katayama and Itaki, 2007). Fur-
thermore, Japan’s historical reliance on SPT investigations,
which are difficult in deep water, creates a methodological
gap, as the more suitable CPT is not yet fully established or
trusted domestically (Randolph and Gourvenec, 2017).

To close this gap, a government-led survey program to sys-
tematically collect high-resolution geophysical and geotech-
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nical data is necessary in prioritized offshore wind develop-
ment zones. This initiative would create a centralized, pub-
licly accessible digital data platform, significantly reducing
upfront risk and cost for project developers. Concurrently,
a focused research program should be established to vali-
date and standardize CPT investigation methods for Japan’s
unique geological conditions. By conducting parallel SPT
and CPT campaigns and developing robust correlation mod-
els, Japan can build confidence in CPT data, enabling more
rapid and cost-effective site characterization in the deep-
water environments required for floating wind.

Another crucial pathway involves establishing a ro-
bust regulatory and knowledge-sharing framework through
public—private—academic collaboration. This includes devel-
oping guidelines and manuals for geohazard risk assessment,
moving beyond existing broad-scale maps to create a system-
atic methodology for desk, preliminary, and detailed studies
(Malhotra and O’Connell, 2024). Such a framework would
guide developers on how to properly site turbines and engi-
neer risk mitigation measures.

Finally, technology advances that can dramatically ac-
celerate surveys are critical. New sensors, like ultra-high-
resolution 3D seismic sensors for clearer subsurface imaging,
along with widespread deployment of autonomous underwa-
ter vehicles (AUVs) and uncrewed surface vessels (USVs),
can gather data faster and more cost-effectively, while artifi-
cial intelligence (Al is critical for rapidly processing these
vast datasets to automate feature detection and build predic-
tive geological models, ultimately enabling more informed
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and efficient site characterization. The recent development
of acoustic imaging and survey clouds for fast and automated
multibeam echo sounder (MBES) data analysis (AIMs) is a
good example of such an effort (Matsumoto, 2025).

2.2.2 Metocean conditions

Metocean is a term combining meteorological (“met”) and
oceanographic (“ocean”), describing the comprehensive en-
vironment of the atmospheric and oceanic conditions of a
particular location. For the development of offshore wind
projects, typical metocean data requirements are wind speed,
wind direction, air temperature, humidity, and atmospheric
pressure for meteorological data and wave height, wave pe-
riod, wave direction, sea surface temperature, currents, water
depth, and tides for oceanographic data.

These metocean data are vital throughout the lifecycle of
an offshore wind project. Wind data are used for site selec-
tion to ensure that the site has consistent and strong wind re-
sources. Accurate metocean data are essential for predicting
the potential energy yield of an offshore wind farm, provid-
ing key information for financial modeling and investment
decisions. At the same time, it is used to understand the en-
vironmental forces, both normal and extreme conditions, re-
quired for the design and engineering of wind turbine struc-
tures, foundations, and support systems. Weather forecasts
help plan safe and efficient offshore activities.

2.2.3 Wind data

Numerical simulations are often used for the initial stage of
the wind resource assessment. In 2017, the NEDO Offshore
Wind Information System (NeoWins) was published to pro-
vide offshore wind information necessary to plan offshore
wind power generation. The database provides wind statistics
with 500 m spatial resolution from the WRF simulation. Re-
lated information on water depth, submarine geology, and so-
cial environment, such as port areas and shipping routes, has
been integrated into the same database to allow easy access.
With the data NeoWins provides, the distribution of the av-
erage wind speed can be estimated by fitting the Weibull dis-
tribution for both the wind farm design and the estimation of
annual energy production during the initial planning phase.
Regarding the estimation of extreme wind speed, stochas-
tic simulations such as MASCOT Offshore (Yamaguchi and
Ishihara, 2010; Ishihara and Yamaguchi, 2015) are widely
used in Japan to consider the effect of typhoons. In addi-
tion, various private companies provide wind condition anal-
yses, utilizing publicly available meteorological reanalysis
data, e.g., ERAS (Setchell, 2020) from the ECMWF and JRA
(Japan Meteorological Agency, 2013) from the Japan Metro-
logical Agency.

In the later stages, field observations are conducted to
(i) validate the simulation result, (ii) set the design and fi-
nancial basis (bankability) for the wind farm, and (iii) pre-
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pare for the wind farm certificate and the construction per-
mit. The Offshore Wind Measurement Guidebook provides
guidance to scanning light detection and ranging (lidar) us-
age (NEDO, 2023; Ueda et al., 2022). These observations are
often made with wind lidars placed on the coast for remote
observation. For floating offshore wind projects, wind mea-
surement by floating lidar systems (FLSs) is required. Here,
a single-point observation can represent the wind conditions
within 10 km of the observation point. Though the measure-
ments of mean wind speed and direction with FLSs are ac-
cepted, those of turbulence intensity are still under investi-
gation due to motion-induced measurement error (NEDO,
2023). As wind turbines increase in size, we need to consider
the effects of spatio-temporal wind turbulence, which results
in dynamic torque and non-torque loads on turbine blades.

2.2.4 Wave data

The initial stage assessment of wave conditions is also car-
ried out through numerical simulations. Wave simulation is
conducted with wave models, such as the third-generation
wave model Wave Watch III and WAM (Suzuki et al., 2016),
using wind data as input. These models have been devel-
oped to estimate the waves at deep-water locations and do
not consider shallow-water effects (Mase et al., 2017). As
the topography around Japan is complex and the seabed is
steep, shallow-water transformation is needed at the offshore
wind site. For project development feasibility studies, To-
daiWW3 provides high-resolution wave simulations around
Japan (Waseda et al., 2016). Regarding the shallow-water
transformation, three models are mainly utilized, such as EG
Wave (Mase et al., 2001), SWAN (Delft University of Tech-
nology, 1999), and NOWT-PARI (PARI, 2023; Hirayama,
2013). Although the shallow-water transformation requires
water depth information, limited data of seabed topography
are available around Japan. When water depth data are avail-
able from the site geophysical survey, the survey data can be
used; otherwise, the existing available data, e.g., GEBCO and
M7000, are preferred. During the Fukushima FORWARD
project, wave hindcasting was performed using Wave Watch
III, showing good agreement with in situ measurement data
in both normal and extreme conditions (Yamaguchi and Ishi-
hara, 2018).

Nationwide Ocean Wave information network for Ports
and HarbourS (NOWPHAS; MLIT of Japan, 2025) data are
used as the site data if they are available around the project
site. If NOWPHAS data are not available near the project
site, site measurements are required in order to estimate
the hydrodynamic load on the FOWT structure (ClassNK,
2021b).

2.2.5 Current data

Ocean current data are also a critical input for the design
and operational planning of FOWTs. A comprehensive un-
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derstanding of both normal and extreme current conditions
is a prerequisite for the robust design of mooring systems,
which must withstand persistent hydrodynamic loading. Fur-
thermore, the vertical velocity profile of the current through
the water column is an essential parameter for the engineer-
ing of dynamic power cables to mitigate fatigue. From an
operational perspective, the presence of strong currents can
also impose limitations on vessel accessibility, particularly
for crew transfer vessels (CTVs), thereby impacting mainte-
nance schedules and overall project availability.

Ocean currents are generated by a combination of pri-
mary driving forces, namely wind stress, density gradients,
and tidal forces, and are subsequently modified by the Cori-
olis effect and the physical boundaries of coastlines and
bathymetry. The interaction of these forces across various
temporal and spatial scales creates a highly complex and dy-
namic circulatory system. A unique feature of the oceanog-
raphy surrounding Japan is the Kuroshio Current, one of the
world’s most powerful western boundary currents. As the
northward-flowing arm of the North Pacific subtropical gyre,
it is analogous to the Gulf Stream in the Atlantic, transport-
ing immense quantities of heat, salt, and energy. The path
of the Kuroshio Current is highly dynamic, characterized by
complex interactions with the coastline and seafloor topog-
raphy, which can lead to the formation of a large, persistent
meander south of Japan that significantly alters coastal ocean
conditions.

Focusing on the reproduction of Kuroshio currents, the
JCOPE 2 model combines an eddy-resolving ocean model
with 3D variational data assimilation for accurate predic-
tion (Miyazawa et al., 2009). JCOPE-T (Varlamov et al.,
2015) is a well-known tide-resolving high-resolution model
for this region. Several other sophisticated models also pro-
vide detailed representations of Japan’s coastal currents, such
as FRA-ROMS (Kuroda et al., 2017) and the RIAM ocean
model (Guo et al., 2003). These different models, each with
distinct objectives and methodologies, provide a complemen-
tary suite of tools for understanding the complex oceanogra-
phy of the Japanese coastal zone. However, simulation data
need to be validated with local observation, which are often
not available.

2.2.6 Unique challenges

The first challenge is moderate wind conditions. A study
estimated realistic wind farm capacity factors by analyzing
wind speeds for each grid location. In comparison with Eu-
ropean countries, such as the Netherlands and Norway, which
show capacity factors above 55 % in some regions, the high-
est value in Japan was around 47 % (Bosch et al., 2019). The
capacity factor is proportional to the yield of a wind farm’s
power generation and has a direct impact on the LCOE.

The second challenge is the extreme sea states in the sea
around Japan, which are mainly dominated by tropical cy-
clones and extratropical cyclones. These are relatively low-
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frequency events, and it is rare for the region to be hit di-
rectly. However, the high wind speed and high waves caused
by these cyclones can cause critical damage to wind struc-
tures. The design of FOWTSs needs to consider robustness
against these extreme events. The IEC introduced Class T
turbines designed for the high wind speed and turbulence
caused by tropical cyclones (Sanchez Gomez et al., 2023).
For example, the IEC 61400-3 international standard requires
the consideration of several design load cases under 50-year
extreme storm conditions. These load cases are defined from
joint distributions of wind speed, significant wave height,
and the wave period. However, only a small number of sam-
ples are available because of the rareness of these events.
There is large uncertainty in estimating extreme conditions
in tropical-cyclone-dominated regions (Wada and Waseda,
2020). Uncertainty quantification (Wada et al., 2016) and
measures for uncertainty reduction (Wada et al., 2018; Sando
et al., 2024) of extreme value analysis are essential for robust
and efficient design.

The coast facing the Pacific Ocean is known for strong
swells with long wave periods (Snodgrass et al., 1966;
Kikuchi and Ishihara, 2016). Several cases of port facility
damage have been reported for wave heights lower than the
design wave height. This may be caused by negligence in
load conditions caused by swells, as the design wave heights
for extreme conditions are often dominated by wind waves
with shorter wave periods (Matsufuji et al., 2017). The same
can be said for offshore operations, where the swell condition
exceeds the operational limit of the wave period (typically
around 7 s), leading to an increase in weather downtime.

One of the major disadvantages of Japan’s offshore wind
industry is the lack of accumulation of metocean data. Re-
gions such as the North Sea and Gulf of Mexico have a long
record of metocean data due to the prosperity of the offshore
oil and gas industry. Since there are only very limited off-
shore oil and gas activities near Japan, the amount of avail-
able metocean data is limited in quality and quantity. To-
gether with enhanced observation networks, it is important
to develop a shared platform for site evaluation data, such as
DHI metocean data.

Metocean data are fundamental to the entire lifecycle of
an offshore wind project, yet Japan faces distinct challenges
in acquiring and applying this information. Unlike European
regions with extensive historical data from the oil and gas
industry, Japan has a significant data gap. While initial site
assessments rely on numerical models like NeoWins and
TodaiWW3, these require validation through in situ mea-
surements, which are sparse. Key challenges include accu-
rately characterizing extreme events like tropical cyclones,
which dominate design loads but are too rare for robust sta-
tistical analysis, and accounting for long-period swells that
impact both structural integrity and operational downtime.
Furthermore, as turbines grow, accurately measuring spatio-
temporal turbulence with motion-prone floating lidar systems
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(FLSs) remains an unresolved issue, creating uncertainty in
predicting dynamic non-torque loads on blades.

To close this knowledge gap, a government-led initiative is
required to establish a comprehensive, high-fidelity national
metocean observation network and a centralized data-sharing
platform. This would involve deploying long-term measure-
ment campaigns in strategic offshore zones to create a bank-
able, public dataset. A primary goal should be to capture
high-resolution data during extreme weather events to reduce
the large uncertainty in 50-year return period estimates for
wind and waves. Concurrently, Japan must develop region-
specific design guidelines and standards that explicitly ad-
dress the joint probability of conditions caused by tropical
cyclones and long-period swells, moving beyond existing in-
ternational standards that may not fully capture these unique
risks.

Achieving this requires significant investment in advanced
remote sensing and modeling technologies. Widespread de-
ployment of floating lidar systems (FLSs) is critical but must
be paired with research to correct motion-induced errors
and accurately measure turbulence intensity. This should be
augmented with satellite altimetry and high-frequency radar
to enhance spatial coverage. Furthermore, leveraging high-
performance computing (HPC) is essential for running so-
phisticated, high-resolution coupled atmosphere—wave mod-
els. Finally, applying artificial intelligence (Al) and advanced
statistical methods for uncertainty quantification will be cru-
cial for improving the reliability of extreme value analy-
sis from limited datasets, leading to more robust and cost-
effective turbine designs.

2.3 Licensing pathway and regulatory framework
2.3.1 The developer-led licensing framework

The development of floating offshore wind farms involves a
series of processes conducted by the government and indus-
try, following the Act on Promoting the Utilization of Sea Ar-
eas for the Development of Marine Renewable Energy Power
Generation Facilities enacted in 2018. The guideline to des-
ignate the offshore field to the project zone was issued by
the Ministry of Economy, Trade and Industry (METI) and
the Ministry of Land, Infrastructure, Transport and Tourism
(MLIT). In the guideline, three categories of such zones are
set: the preparatory zone (initial step), the promising zone
(second step), and the promotion zone (last step before the
public auction) (METI and MLIT, 2021). Here, prefectural
municipalities play a key role in determining the zone by pro-
viding information on field conditions and their willingness
to promote offshore wind projects in their region. Neverthe-
less, various developers initiate their development work be-
fore zones are designated by the government in order to be
the first and leading developer of the field. Examples of de-
velopers’ effort during the early stages of the project, in addi-
tion to estimating the project’s economic feasibility, are grid
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investigation, stakeholder identification, and project zoning
support. A detailed description of each phase and their chal-
lenges can be found in the Appendix. The main challenges
are the lack of efficiency in the streamline surveys, limited
marine spatial planning (MSP) for effective management,
and the need for data sharing and accurate marine spatial
data. Following site selection, a bidding process is held to
select an operator who will develop the project. These opera-
tors are granted permission to occupy the promotion area for
a maximum of 30 years. Six criteria are set for designating
the promotion zone, including (i) appropriate metocean con-
ditions and power generation; (ii) no conflict with existing
infrastructures such as port and shipping routes; (iii) avail-
able ports for the construction, operation, and maintenance of
the offshore wind farm; (iv) grid connection; (v) no adverse
effects projected on the fishing industry; and (vi) no over-
lap with areas of fishing ports, public ports, and preserved
beaches.

2.3.2 Duplication of effort

Developers make various efforts to lead in offshore wind
farm development. This competition causes repeated com-
munication with local stakeholders, site investigation, grid
examination, environmental impact assessment, negotiation
with land owners, and consultation with port authorities. In
some cases, more than five developers plan the site investiga-
tion in the same field. These duplications burden local stake-
holders and municipalities as valuable resources are not uti-
lized effectively among stakeholders and developers. A more
centralized public auction system is important for the effi-
cient development of FOWTs.

2.3.3 Fragmented environmental assessment

In accordance with the Environmental Impact Assessment
Act (act no. 81 of 1997), environmental impact assessments
are carried out before business activities, and the results of
the assessments are open to the public to obtain opinions
from the national government, local governments, and citi-
zens. These opinions are taken into account from the point
of view of environmental conservation. Special provisions of
the Electricity Business Act are also applied to offshore wind
projects.

In 2019, the renewable energy sea area utilization law,
established by METT and MLIT, designated promotion ar-
eas within its territorial waters where offshore wind projects
can be implemented, established the selection of companies
through auctions, and allowed long-term occupancy (for a
maximum of 30 years). The renewable energy sea area uti-
lization law and the environmental impact assessment law
are independent, and the existing environmental assessment
system is applied in parallel. The selected companies are re-
quired to conduct an environmental assessment based on the
law separately. However, in Denmark and the Netherlands
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for example, the national government takes the lead in con-
ducting environmental assessments to a certain extent.

In 2021, the Ministry of Environment (MoE) established
the Regional Decarbonization Roadmap (June 2021) and the
Global Warming Prevention Plan (October 2021) for the pro-
motion of wind power generation through the optimization of
environmental assessments focused on offshore wind. Envi-
ronmental assessment systems for offshore wind are to be op-
timized in cooperation with relevant ministries and agencies
in the Japanese national government, local governments, and
business operators. In addition, to promote offshore wind, the
methodology of environmental protection is to be considered
with reference to overseas experiences. The Regulatory Re-
form Implementation Plan (approved by the cabinet in June
2022) was established to optimize the environmental assess-
ment system considering the characteristics of offshore wind
power generation, such as location and environmental im-
pact, in cooperation with relevant ministries, local govern-
ments, and developers. The MoE organized a committee to
discuss the optimization of the environmental impact assess-
ment system for offshore wind from May to July 2023 and
defined the role of the government to collect a wide range
of information and knowledge from local stakeholders in the
early stages before selecting an offshore wind developer and
to reflect the results of the surveys in the area selection pro-
cess. Through continuous condition monitoring during the
construction and operation phases, the overall environmental
impact of offshore wind development on the entire country
can be reduced. The government will promptly establish a
new environmental assessment system, including the consid-
eration of necessary legislation, based on the results of the
committee.

2.3.4 Auction process

The first bidding round was held in three areas in 2021. It sur-
prisingly faced criticism for placing too much emphasis on
the tender price. Based on the claims, the government revised
the evaluation standards during the second round to promote
earlier operational commencement and to limit the operator’s
total capacity to 1 GW per auction. The future bidding pro-
cess is expected to align with the government’s target, includ-
ing floating offshore wind. These licensing processes take a
more cautious approach compared to those of other coun-
tries. The slow speed and limited scale of these projects can
be a disadvantage, with greater risk and less cost control.

This model encourages intense competition before a
project operator is even selected, leading to significant dupli-
cation of effort, where multiple developers conduct parallel
site surveys and stakeholder outreach, burdening local com-
munities. This is compounded by a fragmented, developer-
led environmental impact assessment (EIA) process that
lacks the efficiency of government-led systems seen in Eu-
rope and an auction process that has been criticized for its
slow pace and initial overemphasis on price.
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2.3.5 Shifting to a government-led central method

In response to these challenges, the Japanese government is
shifting towards a “central method”, a government-led ap-
proach designed to streamline development. This new pol-
icy centralizes critical, high-risk activities to eliminate redun-
dancy and inefficiency. Key pillars include tasking the Japan
Organization for Metals and Energy Security (JOGMEC),
a government body, with conducting unified site investiga-
tions, implementing proactive government interventions to
secure and coordinate grid connections, and optimizing the
EIA process to be more integrated and efficient. This marks
a fundamental move away from parallel developer competi-
tion towards a more coordinated, state-guided model.

The outline of the central method was published in 2023
(METT and MLIT, 2024), and its operating policy was issued
in 2024 (Ministry of Economy, Trade and Industry, 2024a)
by METI and MLIT. The operating policy identifies five key
areas:

i. designation of offshore wind project areas and public
auctions for developers

ii. regional coordination for project initiation

iii. site investigations (wind, soil, topography, and meto-
cean)

iv. security of grid connections
v. environmental considerations.

Regarding (i), the policy emphasizes that the government
manages offshore wind auctions in accordance with the area
designation guidelines and the public auction operating pol-
icy. Concerning (ii), the policy commits to supporting lo-
cal municipalities in the formation of projects by calling
for the application of feasibility studies and investigations.
However, fishery-related matters are delegated to local mu-
nicipalities and developers. For (iii), the Japanese public in-
dependent body JOGMEC has been assigned as the execu-
tor of site investigations. The Agency for Natural Resources
and Energy (ANRE) published the basic specifications for
site investigations (Ministry of Economy, Trade and Indus-
try, 2024b), stating that the project-specific specifications are
prepared individually by JOGMEC. With respect to (iv), the
government explicitly intervenes in the grid security scheme
to prevent duplicated grid applications and infrastructure
construction. The discussion continues on the scheme design.
Finally, for (v), the policy notes that the MoE conducts stud-
ies on the EIA act as it relates to offshore wind development.
The MoE organizes review committees to discuss the appro-
priate application of the EIA act for offshore wind projects.

2.3.6 Learning from the Hywind Tampen case

Regarding learning from Norwegian experiences, Hywind
Tampen is the first floating offshore wind farm on the Norwe-
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gian continental shelf (NCS). This farm will not provide elec-
tricity to the Norwegian grid, but it will cover approximately
35 % of the electricity needs of the five oil and gas platforms
located in the Snorre and Gullfaks fields to decarbonize the
oil and gas industry. Hywind Tampen benefited from autho-
rization granted by the Ministry of Petroleum and Energy
based on previous licenses for survey, exploratory drilling,
and petroleum activities and obtained authorization from the
Norwegian Petroleum Act as it was seen as a change to the
plans for development and operation and as a modification of
the power supply to the oil and gas platforms. They did not
require authorization from the Norwegian Havenergylova or
act on renewable energy production at sea, which would re-
quire much longer times and procedures to be in place. The
Hywind Tampen project is considered to be among the key
particularities of the Norwegian roadmap and its offshore
wind market (Ibrion and Nejad, 2023; Herrera Anchustegui,
2020b; Herrera Anchustegui, 2020a).

The Norwegian Hywind Tampen project is a practical ex-
ample of how to reduce lengthy regulatory authorization. By
licensing the wind farm under existing petroleum laws to
power offshore oil platforms, the project bypassed the length-
ier, more complex renewable energy act. This highlights how
leveraging existing industrial frameworks can, in specific cir-
cumstances, accelerate decarbonization projects. It serves as
a useful counterpoint to Japan’s highly structured, top-down
reform, illustrating an alternative pathway for development
driven by specific industrial needs rather than a broad na-
tional auction system.

2.4 Site selection and pre-development: summary and
key takeaways

Site selection and pre-development for floating offshore wind
in Japan are defined by a dual challenge of complex environ-
mental conditions and a systemic lack of historical data. Ge-
ologically, Japan’s active margin presents a steep, variable
seafloor with large-scale geohazards like submarine land-
slides, which complicates anchor system design and requires
a shift toward deep-water investigation methods like CPT.
Metocean conditions are equally demanding, featuring a dif-
ficult combination of moderate-to-average winds, extreme
tropical cyclones that create high uncertainty in design load
calculations, and disruptive long-period swells. These phys-
ical challenges are critically compounded by the absence of
legacy G&G and metocean data from the oil and gas indus-
try, in stark contrast to European regions. This data deficit
creates significant uncertainty in risk assessment and finan-
cial modeling and highlights the urgent need for comprehen-
sive, government-led survey campaigns; the development of
Japan-specific guidelines; and the adoption of advanced tech-
nologies to de-risk future projects.

For the pre-development process, Japan’s initial
“developer-led” licensing framework for offshore wind
created significant inefficiencies, including the duplication
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of site surveys by competing developers and a fragmented
environmental impact assessment (EIA) process. In re-
sponse, the government is shifting to a state-guided “central
method”, which aims to eliminate these redundancies by
centralizing key activities, such as tasking the government
body JOGMEC with conducting unified site investigations
and streamlining EIAs. This structured, top-down reform
contrasts with cases like Norway’s Hywind Tampen project,
which demonstrated regulatory flexibility by leveraging ex-
isting petroleum laws to accelerate its approval, highlighting
an alternative pathway for development driven by specific
industrial needs.

To close these gaps, the emphasis is on proactive gov-
ernment action and strategic technology adoption. The first
priority is a government-led initiative to systematically con-
duct high-resolution G&G and metocean surveys in priori-
tized zones and consolidate the findings into a centralized,
public data platform. Providing clear guidelines, accessi-
ble information, and opportunities for public input can help
build trust and confidence in the framework. In addition, as
there are many unknowns in this immature industry, shift-
ing the principles of regulation from rule-based assessment
to risk-based assessment will be beneficial for balancing ac-
countability and cost drivers. Secondly, progress can be dra-
matically accelerated by investing in advanced technologies,
including autonomous survey vehicles (AUVs/USVs), im-
proved remote sensing systems, and the use of artificial in-
telligence (AI) and high-performance computing (HPC) to
process data and quantify uncertainty more effectively.

3 Technology and engineering

3.1 Design of FOWTs

The design of FOWTs has many figures of merit, such as cost
reduction (e.g., improvement of the capacity factor, reduc-
tion in operating costs), efficient mass production, and eas-
ier maintenance. To reduce project costs of floating offshore
wind, the New Energy and Industrial Technology Develop-
ment Organization (NEDO) has been conducting the Cost
Reductions for Offshore Wind Power Generation project
since 2021. The aim of this project is to establish technology
that can achieve a power generation cost of JPY 8 to 9kWh~!
with fixed-bottom wind turbines under certain conditions and
technology to commercialize floating offshore wind turbines
at internationally competitive cost levels.

When discussing offshore wind in Japan, it should be
noted that there are meteorological, meto-oceanographic,
and geographical issues specific to Japan and Asia. The
Japanese archipelago is located at latitudes between 20 and
46° north and thus hardly benefits from westerlies. However,
Japan is in the path of tropical cyclones, and maximum de-
sign wind speeds for bridges, for example, can reach 75 or
even 100ms~!. In addition, Japan is an island surrounded
by the Pacific Ocean, which has an average depth of 4000 m.
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The continental slope is steep, and the shallow water and con-
tinental shelf area is small, easily reaching a depth of 1000 m.
The average water depth on the edge of the Sea of Japan side
is about 1600 m. The design of floaters will take such com-
plex and unique conditions into account.

3.1.1  Design of wind turbines

The size of offshore wind turbines is increasing, and this re-
quires attention to be paid to component flexibility and po-
tential dynamic coupling effects during design modeling and
analysis (Nejad et al., 2022).

Considering the low capacity factor around Japan, col-
laboration with wind turbine manufacturers to design wind
turbines and floating foundations that are suitable for the
Japanese and Asian climates is crucial.

A critical challenge for the design and operation of float-
ing wind turbines in Japan stems from a dependency on a
limited number of overseas suppliers for large-scale turbines.
Because detailed design information for these critical, high-
failure-rate components, such as the drivetrain — the system
of gears and bearings that transfers the blade’s rotation to the
generator — is often proprietary and not disclosed by manu-
facturers, Japanese project developers and operators are left
with limited insight into their internal mechanics. This lack
of transparency becomes a severe issue when these systems
are deployed in Japan’s uniquely harsh marine environment,
where the complex interplay of wind, waves, and floating
platform motion induces unpredictable loads (torque, axial,
and radial forces) that go far beyond what is typically expe-
rienced by fixed-bottom turbines.

When such critical components are in a “black box”, oper-
ating in an extreme and poorly understood load environment,
there is a large engineering challenge in reducing the failure
rate. Drivetrains are particularly vulnerable, with significant
concerns around bearing damage (e.g., white etching cracks,
micropitting) and gear fatigue (e.g., tooth surface fracture,
pitting). These failures are driven by complex stresses that
are not adequately captured by simple point measurements of
wind on the nacelle. Without a clear understanding of the re-
lationship between the external environmental forces and the
internal drivetrain stresses, it is impossible to predict when or
why a component will fail. This forces operators into an in-
efficient and costly cycle of frequent, calendar-based mainte-
nance and reactive repairs, which severely threatens the eco-
nomic viability of floating offshore wind by increasing both
operational costs and downtime.

One solution to close this gap is the development and im-
plementation of digital twins for health monitoring and pre-
dictive maintenance. A digital twin is a virtual replica of the
physical turbine that integrates real-world data to simulate its
operational state, which can be physics-based, data driven,
or hybrid. A physics-based digital twin can be challenging
given the fact that Japanese operators are often left with lim-
ited insight into the design of the drivetrain. However, the
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advances in Al and data-driven models open an opportunity
for advanced predictive maintenance. By combining com-
prehensive environmental measurements — capturing the full
spatial distribution of wind and waves acting on the turbine
and floater — with operational data from the turbine itself, the
digital twin can accurately simulate and predict the complex,
otherwise unmeasurable loads within the “black box” of the
drivetrain. This allows for real-time health monitoring, en-
abling operators to predict the remaining useful life of com-
ponents and detect the early signs of failure. Consequently,
maintenance can shift from a reactive or scheduled model to
a predictive one, allowing for planned interventions during
periods of low wind, which minimizes generation losses and
dramatically reduces the cost and risk of emergency repairs.
Ultimately, the data gathered through this process will pro-
vide invaluable feedback for future turbine designs, leading
to more robust systems specifically engineered for Japan’s
unique and demanding offshore environment.

3.1.2 Design of floaters

Six ongoing projects to reduce basic manufacturing and in-
stallation costs for floating offshore wind turbines are listed
in Table 1. NEDO provided JPY 10 billion for supporting
these projects. By leveraging Japan’s shipbuilding technolo-
gies and infrastructure, such as docks, technologies will be
developed to optimize floating bases and mooring systems.
Low-cost construction technologies are also being studied to
realize the world’s first mass production system for floating
turbines.

Table 1 indicates that the semi-submersible FOWT type
is predominant in these projects. This is largely because the
SPAR, with its large draft, requires a specialized assembly
port or a calm-sea area with sufficient water depth (100 m or
more) or special technologies for installation. For instance,
the 2MW SPAR in the GOTO project was installed using a
SPAR-upending method in deep waters near the installation
site after being towed out from the port in shallow waters
(Utsunomiya et al., 2014a). In contrast, the semi-submersible
FOWT type can be assembled in much shallower waters.
Given Japan’s port conditions, where water depths are typi-
cally around 20 m at maximum, the semi-submersible FOWT
type appears to be more advantageous for installation and is
likely to be introduced to market earlier. Further investiga-
tion on efficient installations is needed for larger SPARs with
bigger wind turbines.

Optiflow aims to reduce the building cost of the float by
utilizing a lightweight structure. The key concept consists of
a guy-wire-supported and slanted tower at the center, con-
nected to three columns via slender lower hulls and wires to
reinforce the strength of the floating structure. A single-point
mooring and turret allow the system to rotate and weath-
ervane around the mooring point. The barge type aims to
reduce the building cost by utilizing quay-side installation.
Such new float designs may provide solutions, but more ef-
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Table 1. List of potential projects with floater types and companies.

1025

Floater type Company

Semi-submersible

Tension leg platform (TLP)

Semi-submersible
Corporation

SPAR

Semi-submersible Tokyo Gas Co., Ltd.

Hitachi Zosen Corporation Kajima Corporation
MODEC, Inc. Toyo Construction Co., Ltd. Furukawa Electric Co., Ltd. JERA Co., Inc.
Japan Marine United Corporation Nihon Shipyard Co., Ltd. “K” Line Wind Service, Ltd. TOA

TEPCO Renewable Power, Inc. Tokyo Electric Power Company Holdings, Inc., Toda Corporation

forts are necessary to reduce the building cost. Furthermore,
a collaboration with wind turbine manufacturers is inevitable
for better solutions.

The development of vertical-axis wind turbines has been
minimal, with the exception of the SKWID project by
MODEC, where the substructure supporting the wind tur-
bine unfortunately sank after water ingress during a severe
storm in 2014 in the transit phase (Mollerstrom et al., 2019).
A more recent innovation is found in the floating axis wind
turbine (FAWT) concept developed by Albatross Technol-
ogy. What sets this system apart is its unique power take-
off mechanism, which differs greatly from the conventional
gearbox and power generator setup. This design also has
the advantage of using simple, straight-shaped blades, which
could potentially reduce costs and allow for domestic manu-
facturing, if successful.

3.1.3 Mooring design

Floating offshore installations have been developed in the oil
and gas industry, and over 200 FPSO units are already in ser-
vice (Wang, 2020). Despite academic and industrial efforts,
continuous failures of mooring lines have been reported in
the oil and gas industry. The failure rate reported (Ma et al.,
2013; Fontaine et al., 2014a; Spong et al., 2022) is 2.2 to
3.0 x 1073 mooring lines per year, which is high considering
the consequence of mooring line failure. The causes of the
failures were also reviewed in 2022 (Spong et al., 2022), with
fatigue, corrosion, and wear identified as the major causes of
failures. In contrast, the number of overload failures is small,
meaning the strength design is generally well executed in
the industry. The challenges of mooring design and research
work are described in the Appendix.

Several research studies are being conducted by Japanese
organizations. Kyushu University and Nippon Steel Engi-
neering have studied the wear prediction of mooring chains
(Takeuchi et al., 2021; Gotoh et al., 2019; Ookubo et al.,
2022). A Japanese contractor, JMU, is conducting an off-
shore demonstration with a scaled model to understand the
design, constructibility, and robustness of the chain—fiber
rope hybrid mooring under the scheme of NEDO’s Green
Innovation Fund (JMU).

Japan faces a harsh natural environment with complex
seabed topography, a complicated soil variety, and regular
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tropical cyclones and earthquakes. Because of the lack of
the offshore industry in the past, the soil information around
Japan is scarce. Offshore oil and gas platforms exist in off-
shore Australia and the Gulf of Mexico in the US, where
tropical cyclones pass, and regional guidelines are available
from those countries (ABS, 2011; Australian Petroleum Pro-
duction and Exploration Association Limited, 2019). How-
ever, the overseas guidelines are not Japan-specific. Con-
siderable efforts need to be made to resolve the technical
challenges of the mooring design and to establish Japanese
regional-specific design rules and guidance.

3.1.4 Electrical facilities

A floating offshore wind farm is planned for construction a
considerable distance from the shore, which requires a sub-
station to facilitate high-voltage transmission and minimize
power transmission losses. Research by Jump et al. (2021)
explores the cost-effectiveness of the floating solution, with
case studies indicating that the transition water depth, at
which floating substructures become the more economical
choice, varies between 55 and 60 m for different sites. How-
ever, this transition water depth is site-specific and subject to
change, influenced not only by environmental conditions but
also by supply chain dynamics.

The world’s first floating substation was implemented in
the Fukushima Floating Offshore Wind Farm Demonstration
(Fukushima FORWARD) project (Fukushima Offshore Wind
Consortium, 2024). Given the relatively small size of the
wind farm, the substation is correspondingly smaller, featur-
ing a 32 MW transformer and a 66 kV GIS (Yoshimoto et al.,
2013). In contrast, numerous bottom-fixed offshore substa-
tions have been constructed, with topside weights for recent
HVAC substations ranging from 1140 to 4800t and capac-
ities varying from 210 to 400 MW (Offshore renewable en-
ergy CATAPULT, 2018). Since the topside weight of floating
substations is relatively modest compared to floating oil rigs,
the construction of floating substations is expected to pose no
significant challenges. Various floating substation concepts
have been proposed (DNV, 2024; BW Ideol and Hitachi En-
ergy, 2024; Semco Maritime, 2024; Sevan SSP, 2024).

Conversely, the application of a floating solution for high-
voltage direct-current (HVDC) substations presents unique
challenges. The topside weight is substantial, and the valve
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tower is susceptible to motion-induced stresses from floater
motion. For instance, the bottom-fixed HVDC substation
DolWin Kappa (Siemens Energy and Dragados Offshore and
Tennet, 2024), designed as the centerpiece of the DolWin 6
wind farm, features an 11297t topside with dimensions of
31.6m height, 77.5m length, and 36.5m width, housing
large valve towers for a transmission capacity of 900 MW.
The topside, designed to endure harsh conditions, necessi-
tates significant motion reduction, making the construction
of floating HVDC substations particularly challenging. Sev-
eral floating concepts for HVDC substations can be found
(BW Ideol and Hitachi Energy, 2024; Nevesbu, 2024).

In the case of floating solutions, dynamic cables are
essential due to the motion of floaters. Array cables in
bottom-fixed offshore wind farms typically operate at 33 or
66kV, while export cables from HVAC substations usually
have a rating of 220kV (Larsson, 2021). The Fukushima
FORWARD project successfully employed 66kV cables
(Fukushima Offshore Wind Consortium, 2024), but the tech-
nical maturity of 220kV three-phase dynamic cables for
HVAC transmission remains a challenge. The lazy-wave con-
figuration is a widely adopted approach for stress mitigation
in dynamic cables. Yang et al. (2021) and Yan et al. (2022)
have explored optimization methodologies for dynamic ca-
ble configurations. Additionally, Ahmad et al. (2023) studied
an optimized configuration for suspended inter-array cables,
which is suitable for a deep sea. In addition to optimizing
the configuration, cable protections, such as dynamic bend
stiffeners and touchdown protection sleeves, are employed
to mitigate cable stress (Offshore renewable energy CATA-
PULT, 2021).

The configuration optimization is crucial for designing a
reliable cable system, especially for the heavy and large-
diameter 220kV AC cables, which pose challenges due
to bending radius requirements. In contrast, the design of
HVDC export cables, typically rated at 320kV, is compar-
atively less challenging, as DC cables are single core. How-
ever, cable arrangement becomes a challenge as the substa-
tion connects to many inter-array cables, requiring careful
consideration to avoid contact with mooring lines in harsh
environments.

3.2 Design analysis

The core challenge in the design analysis of a FOWT is ac-
curately capturing the dynamic coupling of the entire sys-
tem. Unlike fixed-bottom turbines, a FOWT is a highly dy-
namic body where aerodynamic loads from the wind, hydro-
dynamic loads from waves and currents, and the structural
response of the floater and mooring system are all intricately
interconnected. The motion of the floater, for instance, con-
stantly changes the angle of attack of the wind on the blades,
which in turn alters the aerodynamic forces and induces fur-
ther platform motion. Therefore, designing the components
in isolation is insufficient; a fully coupled analysis, which
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simulates these complex, simultaneous interactions as a sin-
gle, integrated system, is essential for predicting loads, per-
formance, and fatigue life accurately (Nejad et al., 2022).

To execute this complex coupled analysis, the industry re-
lies on specialized simulation software that integrates these
different physical domains. Advanced computational tools
such as DNV Bladed, QBlade, HAWC?2, and SIMPACK have
been developed specifically for this purpose. These platforms
allow engineers to model the complete FOWT system and
simulate its dynamic response under a wide range of opera-
tional and extreme environmental conditions. For a market
like Japan, which faces unique challenges from typhoons,
seismic activity, and complex seabeds, the rigorous applica-
tion of these coupled analysis tools is a critical step in de-
veloping safe, reliable, and economically viable floating off-
shore wind projects. Many research studies conducted in the
demonstration projects in Japan have contributed to the de-
velopment of dynamic analysis tool, such as Ishihara and Liu
(2020), Yamaguchi et al. (2022), and Driscoll et al. (2016).

3.3 Technical standards

Offshore wind power generation (both bottom fixed and
floating), facilities, and maintenance methods must comply
with the technical regulations specified by the METI and
MLIT ordinances. These technical regulations are clear but
general and abstract. Industrial standards are used to com-
plement these regulations. The Japanese Industrial Standards
(JIS) have been established in accordance with the Inter-
national Organization for Standardization (ISO) and Inter-
national Electrotechnical Commission (IEC) standards for
their application in Japan. However, due to translation into
Japanese and the addition of supplementary explanations,
new or updated JIS is not established or updated until sev-
eral years after the ISO/IEC standards are changed. On the
other hand, an almost-automatic procedure ensures rapid im-
plementation in Europe, and a broad participation of differ-
ent stakeholders ensures support. In addition, unique con-
cepts and calculation methods for buildings and support
structures (e.g., guidelines published by the Japan Society
of Civil Engineers, JSCE) are conventionally used in Japan.
The differences from international standards are mainly re-
lated to the differences in meteorological and geological con-
ditions in Japan compared to Europe: earthquakes, seabed,
and wind (tropical cyclones) (European External Action Ser-
vice (EEAS), 2022). There are several differences between
the design process of the offshore wind power generation
facility in Japan and that in Europe due to the above chal-
lenges, and these differences result in Japan’s specific design
requirements.
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3.4 Technology and engineering: summary and key
takeaways

Japan’s unique environment demands a bespoke approach
to FOWT technology, but critical gaps exist in turbine de-
sign, supporting infrastructure, and the underlying techni-
cal standards. The primary engineering challenge originates
from the wind turbine itself. A dependency on overseas sup-
pliers creates a “black box” issue for critical components
like the drivetrain, hindering the ability to predict failures
in Japan’s harsh environment. This forces costly, inefficient
maintenance cycles and threatens project viability. Further
down the system, significant gaps exist in supporting infras-
tructure. This includes the need to establish Japan-specific
mooring design rules that account for its unique combination
of typhoons and seismic risks and overcoming the techno-
logical immaturity of high-voltage dynamic cables and the
engineering hurdles of floating HVDC substations.

The way forward requires a multi-pronged strategy fo-
cused on de-risking these technologies through targeted in-
novation and regulatory reform. To address the turbine “black
box”, the most promising path is the development and adop-
tion of digital twins. By integrating comprehensive environ-
mental and operational data, these virtual models can sim-
ulate internal component stress, enabling a shift to predic-
tive maintenance and informing future, more robust turbine
designs. For the wider system, Japan must continue its fo-
cused R&D on cost-effective floaters, reliable mooring sys-
tems, and high-voltage electrical equipment. Various designs
of floaters have been considered in Japan. The configura-
tion optimization of electrical facilities connecting substa-
tions to many inter-array cables requires careful considera-
tion to avoid contact with mooring lines in harsh environ-
ments.

Underpinning all of these efforts is the foundational need
to modernize and harmonize Japan’s technical standards.
Bridging the gap between IEC standards and local JIS re-
quirements is essential for leveraging global best practices
while codifying solutions for Japan’s specific seismic and
weather risks. Success hinges on a concerted effort between
government and industry to accelerate the development of
these national standards, fostering a clear regulatory frame-
work that enables the safe and cost-effective deployment of
FOWT technology tailored to Japan.

4 Project execution and operations

4.1 Introduction

Developing industry is critical for the successful develop-
ment and scaling of floating offshore wind. To meet the na-
tional target, 200-300 of 10 MW class floating offshore wind
turbines will need to be built and installed annually. The tech-
nology, infrastructure, and workforce to achieve the mass
construction and installation of such FOWTs should be de-

https://doi.org/10.5194/wes-11-1013-2026

1027

veloped in Japan. Here we discuss supply chain and human
resources, which are integral to this growth.

This covers the construction and long-term management of
the wind farm. The challenges are logistical, operational, and
financial. The manufacturing and installation stage addresses
the fabrication of large components and the complex marine
logistics required for assembly and installation. Demonstra-
tion projects serve as crucial learning experiences here.

4.2 Supply chain

Offshore wind farms are comprised of tens of thousands
of parts, including turbine components, floating platforms,
mooring systems, and power cables. Japan has related in-
dustries all over the country, providing high compatibility
and high potential for domestic industrial development for
FOWTs. The construction industry is strong nationwide, and
the shipbuilding industry is very active. In addition, there is
a strong industrial base for industries that can provide mate-
rials for substructures, mooring lines, and anchors, such as
steel, concrete, and chemical products. The public—private
council set a target for the domestic procurement ratio to be
60 % by 2040 to promote private investment in the Japanese
market to create a resilient supply chain for stable energy
supply, foster industries, and establish cost competitiveness.

4.3 Fabrication

To realize the mass and rapid production of floating offshore
wind turbines in Japan, one of the biggest challenges is where
and how to build the floating body. Depending on the type
of floating body and construction method, it is reported that
the fabrication of floating bodies and structures accounts for
about 19 % of LCOE and more than 50 % of the construction
process (Stehly et al., 2020; Noguchi et al., 2023). To scale
the production to an industry level, it is necessary to design
an efficient fabrication flow and develop the infrastructure
to support continuous long-term construction. As Diaz and
Guedes Soares (2023) pointed out, optimizing the fabrication
process and its logistics is important from the perspective of
LCOE as well.

For the fabrication of floating offshore wind turbines, var-
ious facilities are required, such as vast yards, processing
facilities, large cranes, and docks. Crowle and Thies (2022)
stated that 15 functions are needed for fabrication, including
substructure component fabrication and assembly, blade con-
struction, storage space for the nacelle and tower, and loadout
facilities, among others. They suggested that those functions
could be achieved by one or a combination of multiple ports.
At the stage of the pre-commercial demonstration in Europe,
existing shipyards and fit-out quays have been utilized.

Japan has many shipyards, and using them for the manu-
facturing of floating bodies is a promising option for efficient
fabrication. Because an additional investment is not neces-
sary to build the floating body, manufacturing in shipyards is
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better for the project from the perspective of CAPEX. How-
ever, their location and dock size can be a constraint. For
example, the size of the floating body is restricted by the size
of the dock. Moreover, most of the shipyards are located in
western Japan and far away from promising sea areas like
the Hokkaido or Tohoku areas. This can lead to challenges in
planning operations for towing the floater, as weather fore-
casts are generally considered to be accurate within 72h
(Noguchi et al., 2023). Because of this, the shipyard for sub-
structure fabrication should be located within areas that can
be reached in such a duration.

Instead of dividing the port into the fabrication and assem-
bly of floaters, aggregating all functions into one port and
developing a dedicated infrastructure for FOWTs can be an-
other option. The fabrication flow can be optimized for the
delivery of FOWTs and can lead to the most rapid and in-
expensive process. However, huge investments and space are
necessary to develop such integrated ports. For most projects,
the initial investment is too large, especially when future
market demand is uncertain, and it is also difficult to secure
such a large space for the development of an integrated port.

As described so far, how to design the FOWT’s fabrication
process, including where to construct it, is not obvious, and
it is an optimization problem relating to trade-offs of invest-
ment cost and performance, such as fabrication speed and
cost. The optimal solution depends on the geographical con-
dition and the stage of development. Because infrastructure
development takes a long time and requires massive invest-
ment, it is important to make a strategic decision and have a
long-term plan from a nationwide perspective.

Research exploring efficient fabrication flow for mass and
rapid production has not been conducted as much in Japan.
One of the reasons is the unique constraints in Japan, where
there are many candidates for shipyards, but the land space
of each yard is limited. The research can be separated into
two topics, manufacturing processes in shipyards and flow
optimization among wind farms, shipyards, and base ports.
These topics have been studied separately or without the per-
spective of fabrication. In terms of improving the fabrica-
tion processes in shipyards, there are many papers in the field
of shipbuilding. Mitsuyuki et al. (2014) proposed a simula-
tion platform for shipbuilding named pDES, which provides
functions to define a model of the construction workflow of
a ship, simulate the workflow, and output the cost and dura-
tion of the workflow. Okubo and Mitsuyuki (2022) applied
the simulation to a case manufacturing hull blocks of ships
and demonstrated the usefulness of the simulation. Aoyama
et al. (1999) proposed a shipyard simulator based on Petri
nets. These studies consider resource restrictions on facili-
ties and human resources to support production scheduling.
To perform the simulation accurately, historical data about
the construction process are essential. Aoyama et al. (2021)
developed a shipyard monitoring and visualization platform
based on sensors and video data. Shinoda and Tanaka (2016)
proposed a method to observe workers’ behavior using mo-
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bile devices for risk assessment of shipyards. As a study on
not only the shipyard but also FOWTs, Laura Castro-Santos
and Brage (2020) emphasized the production process in the
shipyard and developed a cost estimation method that in-
cluded activity costs. As for the construction of floating bod-
ies, there are not so many achievements in Japan. When con-
ducting demonstration projects, it is important to record data
around the fabrication process precisely and make it possi-
ble to utilize the data when considering the fabrication pro-
cess afterward. Research on the locations and logistics of
floating offshore wind farm deployment focuses primarily on
the site selection and installation process and does not deal
with the logistics of the fabrication. Mytilinou and Kolios
(2019) proposed a techno-economic optimization method for
wind farms based on the lifecycle cost, including the fabri-
cation. Although the paper mainly targeted fixed-bottom off-
shore wind farm site selection, it provides a general frame-
work to evaluate and optimize wind farm projects. Diaz and
Guedes Soares (2023) noted a recent increase in studies mod-
eling offshore wind farm installation logistics. They empha-
sized the importance of these models in evaluating construc-
tion variables, as they allow developers to simulate the instal-
lation process in advance and prepare for specific cost and
schedule outcomes. When designing supply chains in Japan,
it is important to take into account the fabrication process.
For this purpose, it might be useful to integrate simulations
of the fabrication and data collected from prior demonstra-
tion projects, which are enabled by the study on shipbuilding,
into existing methods of site selection or supply chain logis-
tics. Here, limited disclosure of prior demonstration projects
can constrain the learning curve of the industry, highlighting
the importance of creating a platform for data sharing.

It is important to explore efficient fabrication flow to re-
alize mass and rapid production in Japan. However, where
and how to construct floating bodies have been less stud-
ied. One reason may be that Japan does not have much ex-
perience in fabrication, and the research topic will be more
attractive after some demonstration projects. Simulation of
the fabrication process in shipyards has been established in
the context of shipbuilding and is a strong tool for studying
the fabrication process of floating bodies. Some research has
studied the flow optimization of the supply chain of floating
offshore wind turbines from the perspective of transportation
and installation. By including the fabrication process in the
research scope, it is possible to examine the most efficient
supply chain for mass and rapid production of FOWTs.

4.4 Transportation and installation (T&l)

The significant challenges in logistics, vessel availability, and
port infrastructure create a substantial barrier to large-scale
deployment. The port must have ample storage capacity to
provide a buffer for the supply chain, a robust bearing capac-
ity for the heavy components, and wide and deep berths to
accommodate the installation vessels. However, the ports in
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Japan are relatively small in size. It is crucial to invest in the
necessary infrastructures for transportation and installation
(T&I) to address these constraints.

The phase of T&I takes a long time and incurs a large cost.
Installation costs are projected to account for a large por-
tion of the total lifecycle cost of floating offshore wind sys-
tems, with a range of approximately 12 % to 22 % (Dfaz and
Guedes Soares, 2023). This is also where significant cost re-
duction can be achieved through innovative installation con-
cepts, efficient logistics, and learning curves.

The T&I phase of floating offshore wind systems is non-
standard as it depends on the size of the rotor, the type of
foundation, the development of technology, and the condi-
tions of the site (Jiang, 2021). The T&I sequence for various
floating structure designs, namely SPAR, semi-submersible,
and TLPs, is reviewed in Chitteth Ramachandran et al.
(2022). The installation of a superstructure is conducted in
different phases depending on the substructure design, mak-
ing the substructure design the dominating factor of T&I
planning. The required infrastructure for T&I, such as port
facilities and vessels, is also dependent on the FOWT de-
sign. A detailed description of the challenges of T&I design,
especially regarding the interconnection of infrastructure and
weather conditions, is provided in the Appendix.

The current port infrastructure in Japan is insufficient to
meet the target of 30 GW in 2030 and 45 GW in 2040, and
development plans are being explored. Ports in Japan are
relatively small and dispersed compared to the ports in Eu-
rope. Considering pre-assembly and storage, bearing load for
crawler cranes, and quay wall length for berthing, the area
required for a port to handle 50 systems of 10 MW was es-
timated as 22.2 ha, with a large portion dedicated to tempo-
rary storage of imported parts (Noguchi et al., 2021). The
monopiles tend to be larger and heavier in Japan to with-
stand the seismic force from earthquakes. In addition, the
development of ports is currently considered based on the
requirements set for bottom-fixed structures, and a develop-
ment plan with a long-term perspective including FOWTs is
necessary.

The metocean condition of Japan has two unique charac-
teristics, tropical cyclones and harsh winter conditions. Trop-
ical cyclones rarely hit the region of interest, but the swells
caused by these cyclones can bring long-period waves in the
Pacific Ocean, leading to longer weather downtime (Kikuchi
and Ishihara, 2016). The northwestern wind in winter is as-
sociated with strong wind and waves in the northern area of
Japan. Furthermore, weather limits for conducting offshore
operation in Japan are less stringent than those in the North
Sea, primarily due to a shortage of specialized vessel in-
frastructure and experienced personnel. Under these limita-
tions, the harsh winter weather in the Japan Sea will sustain
the installation process for a large period of time, leading to
large-area requirements for the temporary storage of floating
structures (Noguchi et al., 2023). If we need to travel more
than 3 d, the low accuracy of weather prediction will require
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the allocation of safe harbors. Learning from offshore oper-
ations in Europe, in terms of both infrastructure and training
of workers, is critical.

As can be seen, the performance of the T&I strategy is an
emergent factor of a complex system that is dependent on
design, weather conditions, and infrastructure. The problem
needs to be addressed with an integrated approach.

Simulation tools for modeling T&I are useful during the
planning stage of infrastructure design. These system-level
simulations provide a prediction of the cost and schedule of
the T&I phase with higher accuracy regarding the depen-
dencies of tasks and the cost structure. Torres et al. (2023)
applied a simulation-based approach with a high-level rep-
resentation for the T&I phase of complex offshore wind
projects to consider key activities, operations, and resources
needed to complete the construction. Discrete-event simula-
tions are often deployed to simulate these interdependencies.
For example, Barlow et al. (2015) developed a hybrid frame-
work that combines a discrete-event simulation and a robust
optimization of the installation schedules against weather un-
certainty. Diaz and Guedes Soares (2023) proposed a model
that estimates the cost of different wind farm concepts by
analyzing the time-unit costs of supplying resource capaci-
ties, such as technicians, vessels, and staff. Additionally, the
model evaluates the time required for products and services
to consume these resources, alongside other technological
factors that account for real-world operational variables like
weather conditions and process durations.

These simulation tools rely on weather forecast data or
stochastic weather data to assess the effect of weather down-
time. In practice, the approximation of operation ability has
been conducted by a factor called “service coefficient”. Wada
and Ozaki (2014) developed a stochastic model for signif-
icant wave models based on the Markov process, consider-
ing the monthly variability that can be used for a more ac-
curate estimation with a time-domain simulation. The opera-
tion considering weather limitations was presented using an
agent-based simulation (Honda et al., 2022).

Considering the lack of port infrastructure in Japan, we
need to explore innovative and inexpensive methods of large-
scale mass construction and installation, including assembly
on barges. The idea of floating platforms for assembly and in-
stallation has also been proposed (Noguchi et al., 2023). The
bearing loads required for some activities are smaller than
for others. By assigning ports to conduct dedicated activities
with lower bearing load requirements, the investment in port
infrastructure can be reduced. Effective inventory manage-
ment, such as the development of local supply chains, can
help to limit the requirement of land areas for ports. Integra-
tion of a system to manage the supply chain can also con-
tribute to the reduction in the required port space. For exam-
ple, collaborations with automobile manufacturers for a lean
supply chain can help.

To facilitate installation at higher wind speeds and with
less human intervention, a trend has been observed in the use
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of specialized lifting, mating, and damping devices. Current
offshore installations are heavily dependent on installation
vessels and skilled technicians. Automation has been a ma-
jor trend in the construction industry. Although automation
of offshore processes is highly desired, robotics and Al are
still in their development phase (Mitchell et al., 2022). Large
and powerful autonomous systems must accurately transfer
and install heavy components in challenging weather condi-
tions (Jiang, 2021). As full autonomy is still a challenge, we
need to train the operators to meet increasingly demanding
needs. Real-time simulation models are utilized both to as-
sess performance under realistic operational conditions for
training the operators and to examine the operation, e.g., the
SFI MOVE project (Hong et al., 2024).

4.5 Integrated view of fabrication, transportation, and
installation

In the case of floating offshore wind, the supply chain for
floaters faces some unique challenges. Large-scale floaters
require specialized fabrication facilities. Due to the size and
weight of the floater, transportation and installation (T&I)
require careful planning of the infrastructures. Coordina-
tion between various suppliers, manufacturers, and logistics
providers is crucial to ensure efficient operation. Compared
with offshore oil and gas platforms, floating offshore wind is
unique in the number of structures that needs to be installed.
The projects must be executed so that they can supply suf-
ficient numbers of structures and also achieve economies of
scale. The supply chain must be discussed considering the
dependency and connection between fabrication, transporta-
tion, assembly, and installation. Since the product being built
is large, the capacity for intermediate stock is often limited
and costly to expand. Weather conditions cause irregular sus-
pension of the flow. These conditions require close coordi-
nation, and synchronization among the supply chain is in-
evitable for an efficient and robust execution. In the analy-
sis of systems engineering of floating offshore wind systems,
deployability and maintainability have been highlighted as
criteria for a cost-competitive design (Barter et al., 2020).
Moreover, a trade-off for substructure designs between the
compatibility of a design with a port and a design with op-
erational stability has been pointed out (Barter et al., 2020).
As the performance of the supply chain is an emerging fac-
tor of the complex interaction of various phases of project
design, an integrated performance assessment framework is
inevitable.

In Europe, agent-based simulations are used to assess and
predict the performance of project execution given the exist-
ing infrastructure (such as work vessels, construction infras-
tructure, work conditions, and weather data) in the project
design phase (Torres et al., 2023). These simulations can also
be utilized to develop work plans with fine granularity, such
as staffing in the project execution phase.
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Developing a simulation model that can evaluate the per-
formance of the supply chain is critical, as Japan is in the
phase of infrastructure design. A simulator that can han-
dle manufacturing, transportation, and installation in a sin-
gle model can be used to optimize the supply chain. A case
study has been conducted for the supply chain, with weather
limitations identified as the primary bottleneck for FOWTs
(Sobashima et al., 2025). Here, knowledge obtained through
individual projects can be stored for knowledge sharing.
Knowledge of weather conditions around Japan can also be
shared on this platform. The lack of existing infrastructure
provides an opportunity to optimize the supply chain.

In addition, the opportunity for contractor to start earlier
with a new project could be evaluated. Aligning such inter-
ests might result in a change in preference. Finally, consid-
ering CO; emissions as a performance indicator of the con-
sidered strategies (in addition to installation time and costs)
would enable a contractor to quantify their contribution to
combat climate change, which may be a competitive advan-
tage during the tendering processes, and to substantiate in-
vestments in COj-reduction systems. No method for close
coordination and synchronization among stakeholders has
been developed.

4.6 Operation and maintenance
4.6.1 Challenges of O&M for FOWTs

Floating offshore farms introduce additional challenges and
constraints to operation and maintenance (O&M), which
potentially accounts for over 35% of the levelized cost
of energy (LCOE). An increased distance from the shore
of FOWTs is associated not only with stronger and con-
stant winds, but also with harsher weather conditions, which
will impact the operations, reliability, and maintainability of
FOWTs and limit accessibility to sites. The main costs asso-
ciated with operational expenditure (OpEx) are represented
by what is called the opportunity cost of downtime, which
is simply defined as revenue that could have been generated
if the wind turbine had been in operation (McMorland et al.,
2022). A challenging situation is also linked to infrastructure,
mainly ports and harbors, which are not prepared to deal with
the scale of operations required for maintenance of FOWTs.

Offshore wind turbine components can experience com-
plex failure modes (Paquette et al., 2024). A study by Li
et al. (2022) stated that unavailability of data and difficulty
in accessing failure and operational data on FOWTs can im-
pact research studies about the failure, risk, reliability, and
operation and maintenance of FOWTs. Insufficient data on
the O&M of FOWTs are mainly due to confidentiality agree-
ments between the owners of wind farms, operators, manu-
facturers, and other relevant stakeholders. The study by the
National Renewable Energy Laboratory (NREL) (Paquette
et al., 2024) emphasized that many lessons can be trans-
ferred from land-based wind energy to offshore wind energy.
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Nevertheless, the O&M of offshore wind presents particular
challenges related to environmental conditions, accessibil-
ity, scale, and electrical infrastructure. Moreover, the O&M
of FOWTs has introduced further challenges compared to
bottom-fixed offshore wind turbines. Taking into account ex-
isting historical failure statistics, the review studies of Dao
et al. (2019) and Paquette et al. (2024) brought to light that
the most critical components in terms of failure rates for off-
shore wind turbines are the electrical, control, blade, hub,
and pitch systems. With regard to downtime, the gearbox,
generator, blades, hub, and drivetrain are the most critical
subassemblies for offshore wind turbines.

Floating offshore wind will also face additional challenges
linked to the design and integrity of mooring lines. The moor-
ing system failure for the FOWT will lead to high economi-
cal loss (Xu, 2020). The FOWT is a young industry with few
operating turbines, and thus there is currently no applicable
failure data for FOWT mooring lines.

The number of mooring lines is generally kept as low
as possible, for instance by a shared mooring design ap-
proach. Dinkla (2024) investigated the effectiveness of multi-
line anchor systems to improve the cost efficiency associ-
ated with the operation and maintenance of floating offshore
wind farms. The results from simulations and analyzed case
studies (Morro Bay California and Gulf of Maine) have rec-
ommended a broader adoption of multi-line anchor systems
for floating offshore wind farms. Multi-line anchor systems
can contribute to improved reliability and cost-effectiveness
and can lower the costs linked to operation and maintenance
and the levelized cost of energy for floating offshore wind
farms. Moreover, multi-line anchors can have environmental
implications by reducing the footprint on the seabed (Dinkla,
2024).

Japan presents additional challenges of swell and lightning
strikes, which decrease the availability of access for main-
tenance. According to a report from the Fukushima FOR-
WARD project, accessibility for crew transfers between the
wind turbine and a working vessel or crew transfer vehicle
(CTV) was an issue. It has been reported that a wave height
of about 1.5m and a large swell on the Pacific Ocean con-
tributed a lot to the difficulty of accessibility. The large num-
ber of lightning strikes is also seen as a serious matter, par-
ticularly on the Sea of Japan side.

4.6.2 Monitoring and inspection

Given the high costs and logistical complexities of maintain-
ing floating offshore wind farms in remote and harsh marine
environments, the industry’s focus is shifting from reactive,
failure-based repairs to a proactive, predictive maintenance
strategy. This strategic pivot is fundamentally enabled by ro-
bust monitoring systems designed to continuously assess the
health of all critical components in real time. While the entire
asset, from the mooring lines to the turbine blades, requires
surveillance, the turbine drivetrain demands particular atten-
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tion as it is one of the most significant sources of failure and
costly downtime.

For wind turbine drivetrains, several monitoring methods
are employed, most commonly vibration-based, SCADA-
based, and acoustic emission monitoring. Of these, vibration-
based monitoring is the most widely adopted due to its re-
liable response and straightforward instrumentation (Nejad
et al., 2022; Randal, 2011). While effective, this method re-
quires dedicated sensor installation, which has driven intense
research interest towards leveraging existing data streams.

Consequently, much of the current research focuses on
SCADA-based monitoring, which is highly economical as
it utilizes readily available operational data without requir-
ing extra hardware. However, this approach presents sig-
nificant challenges: the data quality is manufacturer depen-
dent, its standard low resolution (10 min averaged) can miss
short-lived events, and extracting valid insights from the
vast datasets is complex. To overcome these hurdles, re-
searchers are applying machine learning and Al techniques,
such as normal behavior modeling (NBM), to analyze the
data. The future of SCADA-based monitoring lies in utiliz-
ing higher-resolution data and making datasets public to de-
velop industry-wide standards and improve failure prediction
models (Chesterman et al., 2023).

While continuous condition monitoring provides real-time
operational data, a formal and systematic inspection regime
is essential for verifying the long-term structural integrity
of floating offshore wind assets. These assessments are also
mandated by technical regulations and classification societies
to ensure safety and compliance throughout the project’s life-
cycle. The current implementation and best practices of stan-
dards, technical regulations, and conformity assessments in
both the Japanese and the European offshore wind power
markets bring to attention three periodic inspections for the
operation and maintenance phase for floating structures: an-
nual inspections (in principal, document checking), interim
inspections (every 2 to 3 years), and periodic inspections (ev-
ery 5 years). For both interim and periodic inspections, an
inspection plan and inspection procedures are well prepared
in advance. Moreover, interim and periodic inspections are
conducted on the plans and procedures which obtained ap-
proval from classification societies. During interim inspec-
tion, the visible area is inspected, while during periodic in-
spection, underwater structures and inside floating structures
are inspected (European Commission (Technical University
of Denmark and Renewable Energy Institute), 2022). Devel-
opment of drone-based inspection, underwater robot-based
inspection, Al-based failure detection/identification technol-
ogy, remote monitoring technology using digital twin tech-
nology, and preventive maintenance should also be seen as
necessary and effective methods (Fukushima Offshore Wind
Consortium, 2013).

Currently, maintenance has been shifting to reliability or
predictive condition maintenance with the support of digi-
tal twins (Nejad et al., 2022). Digital twins are an essential

Wind Energ. Sci., 11, 1013-1056, 2026




1032

emerging technology for managing the operational complex-
ity and high costs of floating offshore wind. By creating a
high-fidelity virtual replica of a physical turbine, a digital
twin integrates real-time sensor data from SCADA and con-
dition monitoring systems to simulate the asset’s health (Ne-
jad et al., 2022). This enables a crucial shift from reactive
repairs to predictive, condition-based maintenance (Ibrion
etal., 2019; Mehlan et al., 2023). Its primary application is to
continuously monitor the accumulated fatigue and estimate
the remaining useful life (RUL) of critical, high-failure-rate
components like drivetrain bearings, allowing operators to
anticipate failures and plan interventions to minimize costly
downtime as per Mehlan et al. (2022) and Mehlan et al.
(2023). The digital twin framework shown in Fig. 3 utilizes
the measurements from SCADA and the drivetrain condition
monitoring system and proposed virtual sensors. It is a digital
twin employed for monitoring the accumulated fatigue dam-
age and RUL in the drivetrain bearings and for virtual sens-
ing of the wind turbine aerodynamic hub loads. The physics-
based analytical models are used for the estimation of lo-
cal bearing loads and damage, and the data-driven regression
models are used for aerodynamic load estimations (Mehlan
et al., 2023).

Beyond predictive maintenance, the digital twin approach
offers significant benefits for the design and validation of
next-generation designs. It enables hybrid testing methods
where a virtual model, which is validated with partial phys-
ical measurements, can predict the full-load responses be-
yond the capacity of expensive test benches, as studied for
nacelles (Siddiqui et al., 2023b). This not only reduces the
cost and uncertainty associated with physical testing but also
provides a sustainable solution to the challenge of validat-
ing ever-larger turbines, for which building correspondingly
larger test facilities is becoming unfeasible (Siddiqui et al.,
2023a).

4.6.3 Maintenance and repair

While monitoring and inspection are designed to identify
potential issues, the maintenance and repair phase involves
the physical intervention required to resolve them. The cho-
sen strategy for these interventions directly impacts project
downtime, operational expenditure (OpEx), and the over-
all economic viability of a floating wind farm. This section
examines the core logistical challenges and the competing
strategic philosophies for conducting major repairs, such as
the conventional tow-to-port model and emerging on-site so-
lutions. In particular, Japan faces unique operational hurdles,
including difficult vessel access due to persistent swells on
its Pacific coast and frequent lightning strikes on the Sea of
Japan side. These local challenges are compounded by a ma-
jor strategic gap observed in early European projects. Here,
we introduce the lessons learned from the Kincardine and
Hywind Scotland offshore wind farms.
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4.6.4 Tow to port

Tow-to-port maintenance has been employed for the heavy
maintenance of two well-known floating offshore projects:
Kincardine and Hywind Scotland. These experiences have
shown that the default strategy for heavy maintenance — tow-
ing the entire turbine to port — is prohibitively expensive, with
costs exceeding USD 4 million and downtime lasting over 3
months for a single turbine. For a nascent market like Japan
with limited specialized port infrastructure, relying on this
reactive and costly tow-to-port model presents a significant
threat to project viability.

The Kincardine is the first commercial-scale floating off-
shore wind farm to be operational in 2021. It is situated about
15 km off the coast of Aberdeen, and consists of five Wind-
Float units with five 9.5 MW turbines and one 2 MW turbine,
all installed on WindFloat semi-submersible platforms. Dur-
ing the summer of 2022, one of the Kincardine wind turbines
suffered a technical failure, and a major component required
replacement. Thus, the turbine was disconnected, towed to
shore, and subject to heavy maintenance. In May 2023, a sec-
ond Kincardine wind turbine, after a major component fail-
ure, encountered the same situation of heavy maintenance
and was towed from Scotland to the port of Massvlakte, Rot-
terdam. These wind turbines were the first cases of floating
offshore wind turbines in the world to encounter the com-
plexities of heavy maintenance. The first Kincardine turbine
encountered the following shutdown duration: 14d in the
port for maintenance, 52 d from disconnection to turbine re-
connection, 94 d from turbine disconnection to the end of
post-reconnection. Important lessons emerged from the sit-
vations linked with heavy maintenance of the Kincardine
floating offshore wind farm: the duration of turbine shut-
down, associated costs, identification of an appropriate port
for operation and maintenance, and availability of a secure
fleet. The distance from the wind farm to the port should
be taken into account, and the port should have a deep-
water quay and sufficient room. In addition, the port must
be equipped with a heavy crane, and its use for other activ-
ities should also be taken into account. The total cost of the
vessels contracted for maintenance of the first turbine of Kin-
cardine exceeded the amount of USD 4 million. These high
costs emphasized the necessity for floating offshore develop-
ers to take planning of maintenance contracts into account
and to secure fleet contracts with anchor handling tug sup-
ply (AHTS) vessels through framework agreements in or-
der not to be exposed to very high market rates and mar-
ket tightening. Strategic maintenance planning and intense
research about alternative maintenance strategies were also
among the lessons learned from the Kincardine heavy main-
tenance (Pacific Northwest Center of Excellence for Clean
Energy, 2023; North American Clean Energy).

Important lessons have also been offered by the world’s
first floating offshore wind farm, Hywind Scotland, which
opened in 2017 and is located off the coast of Peterhead,
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Figure 3. Example of a digital twin framework for continuous RUL estimation in wind turbine drivetrain components (Mehlan et al., 2023).

Scotland. It consists of five wind turbines of 6 MW each and
a SPAR-type foundation. Equinor, the Norwegian operator,
announced in 2024 that after more than 6 years in opera-
tion, all five wind turbines of the Hywind Scotland wind
farm required heavy maintenance. Heavy maintenance was
needed in a sheltered and controlled environment. Taking
into account the absence of required infrastructure and skills
in Scotland, all the Hywind Scotland wind turbines were
towed to shore, to the west of Norway, by the Wergeland
base in Gulen. Wergeland was seen to be the closest port
with sufficient water depth and offshore wind experience that
could service the Hywind Scotland turbines; it was the same
place where the Hywind Tampen was mobilized — see Fig. 4.
The heavy maintenance of the five wind turbines was carried
out by the Wergeland Group together with the heavy-lifting
and engineering company Sarens and the turbine supplier
Siemens Gamesa (European Commission (Technical Uni-
versity of Denmark and Renewable Energy Institute), 2022;
Equinor, 2024; Energy Voice, 2024). According to Equinor’s
statement offered to the AJOT (American Journal of Trans-
portation, 2024), the heavy maintenance consisted mainly of
replacement of the main bearings for all five wind turbines
of Hywind Scotland. As a note, Hywind Scotland has de-
livered high-capacity factors (a capacity factor of 54 %) for
many years and is seen by Equinor as a pilot project which
can offer valuable lessons for future floating offshore wind
farms around the world. The replacement of main bearings
is also perceived by Equinor and its partners as an important
source of learning in terms of improvement of operation and
maintenance for commercial floating offshore wind projects.
Moreover, Equinor aims to support initiatives in order to re-
duce heavy maintenance and to develop efficient on-site re-
pair solutions for future floating offshore farms (American
Journal of Transportation, 2024). As per the opinion of some
experts in the offshore industry, the need for heavy mainte-
nance of Hywind Scotland was “unsurprising”, but they re-
garded the heavy-maintenance requirement for all five wind
turbines and the decision to tow all five units simultaneously
to port as unusual and intriguing (Energy Voice, 2024). Af-
ter a few months of heavy maintenance, in October 2024,
Equinor announced that all five turbines of Hywind Scot-
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land had returned to the offshore site and been reconnected
(Equinor, 2024).

The tow-to-port strategy is viewed as a reactive and un-
scheduled response to failures. Therefore, future research ini-
tiatives and projects need to focus on proactive maintenance
strategies, with predictive maintenance and remote monitor-
ing technologies, for well-planned heavy maintenance and a
spare part strategy (World Forum Offshore Wind, 2023; Din-
kla, 2024). The tow-to-port strategy was analyzed by differ-
ent studies, but key aspects, such as time to disconnect, tow-
ing speed, and weather limitations, remain to be standard-
ized. Weather windows are seen as vital for cost saving and
safe operations but are also associated with an increase in
travel time. Furthermore, the tow-to-port heavy-maintenance
approach is not seen to be a feasible solution for particular
commercial-scale floating offshore wind farms (World Fo-
rum Offshore Wind, 2023).

The new solutions of on-site heavy maintenance can re-
duce downtime and repair time and avoid the necessity of
disconnection of floating offshore wind turbines. In 2024, the
Kincardine floating offshore wind farm encountered the first
in situ major component exchange for a wind turbine without
the need to tow the unit back to a port. The replacement oper-
ation of a generator for a 9.5 MW turbine was performed off-
shore, on site, by making use of a GenHook up-tower crane
which was temporally installed on the top of the turbine; see
Fig. 5. The operation was executed from an offshore support
vessel (OSV), which was supported by crew transfer vessels
(CTVs). The time frame for execution of this operation — in-
cluding full mobilization and demobilization of equipment
— spanned less than 1 month. This is the first time in the
floating offshore industry that major-component exchanges
could be done offshore, without the use of massive offshore
cranes or the need to tow the wind turbine to port. The use
of up-tower crane technology proved that tow-to-port opera-
tions are no longer required for several types of floating tur-
bine repairs. The use of tower crane technology has opened
a new chapter in the maintenance of floating offshore wind
(Offshore Channel, 2024; Memija, 2024).
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Figure 4. Maintenance of floating offshore wind turbines at shore in Norway (source: Wilberg, 2024).

Figure 5. Major-component exchange with the help of a Gen-
Hook™ up-tower crane at the Kincardine offshore wind turbine, on
site, south of Aberdeen (source: Offshore Channel (Memija, 2024)).
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4.6.5 Logistics

The location of offshore wind farms far from maintenance
ports and shorelines, dynamic motions in floating offshore
wind turbines, narrow weather windows, and unfavorable
weather conditions can seriously impact maintenance plan-
ning and optimization (Jacobsen, 2023). In addition to
condition-based maintenance, effective planning and opti-
mization of the O&M-related vessels can reduce the high
costs. Various types of vessels are being used for O&M, such
as crew transfer vessels (CTVs), service operation vessels
(SOVs), vessels able to perform heavy lifting, vessels that
tow to shore, mooring and cable-laying vessels, and anchor-
handling tug supply vessels. Subsea components, such as
mooring lines, anchors, and substructures, require underwa-
ter visual inspections and involvement of remotely operated
underwater vehicles (ROVs). Moreover, the vessels related to
O&M can vary between wind farms and can make a consid-
erable contribution to increasing O&M-related costs (Jacob-
sen, 2023).

The UK has introduced two strategies for improving O&M
practices, particularly to reduce transfers between onshore
O&M base ports and floating offshore wind farms. One strat-
egy utilizes SOVs for maintenance, and another strategy uti-
lizes an offshore maintenance base (OMB) to accommo-
date CTVs (Avanessova et al., 2022). An SOV comprises
many facilities, such as accommodation for staff, a walk-
to-work gangway, a maintenance and spare part platform,
and a launch and recovery system for a daughter craft. An
OMB can have a foundation that is shared with a substa-
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tion or a totally separate foundation and can be connected
to a substation via a bridge. An OMB and a substation can
also share a helicopter base and emergency recovery system
(Avanessova et al., 2022). Taking costs and energy into con-
sideration, using SOVs is seen as a preferred strategy, but car-
bon emissions are lower with the usage of an OMB. Taking
weather data into account, the costs associated with vessels
can increase further. The costs linked with an OBM can de-
crease in the case where the OMS shares a foundation with
a substation (Avanessova et al., 2022). The study of Jacob-
sen (2023) also shows that OMBs can significantly lower the
costs of operation and maintenance for Norwegian offshore
wind in both bottom-fixed and floating development areas on
the Norwegian continental shelf, especially by making use
of its many offshore oil and gas platforms, installations, and
floating substations that can be used as OMBs. The Norwe-
gian company Fred. Olsen Windcarrier has also analyzed the
high availability rate provided by OMBs. However, a ma-
jor challenge for the implementation of OMBs with CTVs
is represented by the harsh conditions of the North Sea as
the CTVs have an operational limit of less than 2.0 m, which
is available for only half of the year period as per Coperni-
cus data (Jacobsen, 2023). In 2021, a partnership was signed
between Fred. Olsen Ocean together with its subsidiaries,
Global Wind Service and Fred. Olsen Windcarrier, and the
Japanese Shimizu Corporation. This partnership brought to-
gether knowledge, experience, capabilities, the related sup-
ply chain, and in-depth knowledge of the Japanese market
and was seen as beneficial for the development of Japanese
and international offshore wind (Fred. Olsen Windcarrier).

4.7 Project execution and operations: summary and key
takeaways

This section focuses on the execution phase of floating off-
shore wind systems. First and foremost, the key feature of
this phase is to achieve economics of scale. The manufactur-
ing of large structures has been a made-to-order business in
many cases. The introduction of manufacturing methods to
improve production efficiency and lean processes is critical.
The large investment in vessel and port infrastructure to meet
the T&I process defined by the OWF design is another criti-
cal decision. Automation technologies are desired to improve
the efficiency and safety of the installation process.

In addition, a holistic view of the FOWT project is re-
quired. The dependency of the T&I process on the founda-
tion design calls for optimization of engineering design and
project design. A system engineering approach for an inte-
grated view and close coordination of stakeholders is neces-
sary.

A strategic approach is needed to identify the required size
and capability of the workforce for offshore wind. The edu-
cation program for students and engineers needs to be de-
veloped and updated to match upcoming needs, e.g., from
shipbuilding to offshore wind.
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The key takeaway of this section is that the high cost of op-
eration and maintenance (O&M) for floating offshore wind,
driven by harsh far-shore conditions and high-failure-rate
components, is forcing a fundamental shift away from re-
active, failure-based strategies. Learning from early projects
has shown that the default heavy-maintenance model of tow-
ing a turbine to port is prohibitively expensive and results in
months of lost revenue.

In response, the industry is moving towards a proactive,
two-pronged approach: first, utilizing predictive health mon-
itoring through digital twins to anticipate failures in critical
systems like the drivetrain before they occur, and second,
developing innovative heavy-maintenance strategies, such as
in situ repair and OMBs. For a nascent market like Japan,
which lacks legacy infrastructure to re-purpose, the way for-
ward is to strategically adopt these advanced logistical mod-
els through international partnerships, thereby building an ef-
ficient and economically viable O&M ecosystem from the
outset. Regarding learning from the Kincardine and Hywind
Scotland offshore wind farms, it is important to note that
these projects are the first cases of floating offshore wind tur-
bines in the world to encounter the complexities of heavy
maintenance and the evaluation of choices such as tow-to-
shore or on-site repair. They offer unique opportunities of
learning, which is very important for FOWT development in
Japan considering the scarcity of FOWT maintenance expe-
rience around the world. As an example of the interpretation
and contextualization of these lessons for Japan, tow-to-port
maintenance has been employed for the heavy maintenance
of Kincardine and Hywind Scotland. These experiences have
shown that towing the entire turbine to port is prohibitively
expensive, with downtime lasting over 3 months for a single
turbine. For a nascent market like Japan with limited special-
ized port infrastructure, relying on this reactive and costly
tow-to-port model may present a significant threat to project
viability. Maximizing learning from projects such as the Kin-
cardine and Hywind Scotland FOWTs is highly relevant for
Japan, particularly in the context where recently in August
2025, Mitsubishi Corp. withdrew from the planned offshore
wind power projects off the coasts of the Chiba and Akita
prefectures, where operations were originally scheduled to
begin as early as 2028. High costs and economic headwinds
caused Mitsubishi Corp. to take such a dramatic decision — a
significant blow to the development of offshore wind farms
in Japan.

5 Industry and economic enablement

5.1 Introduction

Developing industry is critical for the successful develop-
ment and scaling of floating offshore wind. To meet the na-
tional target, 200-300 floating offshore wind turbines be-
longing to the 10 MW class will need to be built and in-
stalled annually. The technology, infrastructure, and work-
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force to achieve the mass construction and installation of
such FOWTs should be developed in Japan. Here we discuss
supply chain and human resources, which are integral to such
growth.

5.2  Supply chain

Offshore wind farms are comprised of tens of thousands
of parts, including turbine components, floating platforms,
mooring systems, and power cables. Japan has related in-
dustries all over the country, such as the construction in-
dustry and the shipbuilding industry. In addition, there is a
strong industrial basis that can provide high compatibility
with and high potential for domestic industrial development
for FOWTs. The public—private council set a target for the
domestic procurement ratio to be 60 % by 2040 to promote
private investment in the Japanese market in order to create
a resilient supply chain for stable energy supply, foster in-
dustries, and establish cost competitiveness. The target for
floating offshore wind is 65 % or more.

However, the domestic supply chain has emerged as a pri-
mary bottleneck threatening the pace and economic viabil-
ity of Japan’s ambitious national targets. The challenge is
not merely about manufacturing individual components, but
rather about the immense difficulty of system integration.
Floating wind power is a novel industry that demands seam-
less convergence of diverse traditionally separate sectors:
Japan’s maritime and heavy industries (for floaters, moor-
ing, and installation) and the global wind energy sector (for
turbines). Forging this new, integrated industrial ecosystem
is the foundational challenge that underpins all other supply
chain issues.

The most acute symptom of this integration gap is the
heavy reliance on overseas procurement for the single largest
and most technologically complex component: the wind tur-
bine generator. With no domestic manufacturer of large-scale
offshore turbines, Japanese projects are dependent on a few
key suppliers. This creates a multi-faceted problem. Firstly,
it results in a technical “black box”, where local developers
and operators have limited insight into the design and perfor-
mance of the most critical, high-failure-rate part of the asset.
Secondly, it introduces significant logistical complexity and
risk, as the trans-oceanic shipment places immense strain on
Japan’s port infrastructure and logistics scheduling.

To overcome these deeply intertwined challenges, the
way forward is through a digitally enabled, coordinated ap-
proach. The current fragmented supply chain with its infor-
mation silos is untenable for large-scale deployment. The
industry must move towards implementing digital lifecy-
cle and project management (DLPM) systems, underpinned
by robust, centralized data-sharing platforms. Such a sys-
tem would provide real-time, end-to-end visibility across all
stakeholders — from the overseas turbine factory and interna-
tional shipping lines to the local port authorities and Japanese
floater fabricators. By creating a single source of truth for
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component status, shipping schedules, and port availability,
it becomes possible to dynamically manage logistics, antici-
pate bottlenecks, and optimize assembly schedules. This dig-
ital backbone is no longer a luxury but a necessity to de-risk
projects; mitigate logistical nightmares; and enable the effi-
cient, large-scale deployment Japan envisions.

5.3 Marine-related workforce/human resources in
offshore wind

The offshore wind sector offers substantial opportunities
for industrial growth, job creation, and economic develop-
ment. By 2027, over 574 000 technicians will require indus-
try training, with 80 % of these technicians concentrated in
10 countries, including Japan (Global Wind Energy Council
(GWEC), 2023). The wind energy workforce in Europe is
growing rapidly, with projections estimating an increase in
the workforce from 300 000 to over 500 000 by 2030 (Baltic
Wind EU and Bulsky, 2025). For instance, the UK’s offshore
wind industry employed around 32 000 people in 2024, with
expectations of more than 100 000 jobs by 2030 (The Crown
Estate, 2024). Offshore wind jobs, in particular, hold signif-
icant potential for future employment. In Norway, the work-
force is transitioning from oil and gas to offshore wind, sup-
ported by educational programs like those offered at NTNU
(NTNU, 2024b). Norway’s expertise in oil and gas could give
a head start to the growing floating offshore wind industry. A
detailed description of the workforce in wind energy is pro-
vided in the Appendix.

Japan holds strong capacities and capabilities in the ship-
ping industry and shipbuilding industry. On the other hand,
the capability for offshore development is limited due to the
small number of offshore oil and gas fields in Japan’s wa-
ter. There is still a shortage of engineers, skilled employees,
and experts who have the knowledge of ocean development,
particularly related to floating offshore wind.

The development of human resources for the future of the
offshore industry and renewable energy sources like wind
power is seen as a fundamental strategy for Japan as an is-
land nation and maritime country. On 20 July 2015, in Japan,
at the grand opening ceremony for Marine (or Ocean) Day
(a national holiday in Japan since 1996), the prime minister,
Shinzo Abe, announced the aim of Japan to improve its ma-
rine resource development and to dramatically increase its
number of marine engineers from 2000 to at least 10 000 by
2030. Through various efforts, Japan aims to secure the hu-
man resources required by the marine industry by building
a human resource development system which will serve as
the foundation for the ocean resource development in Japan
(Nejad et al., 2019; The Nippon Foundation Ocean Innova-
tion Consortium, 2024).
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One important initiative was the establishment of the Nip-
pon Foundation Ocean Innovation Consortium on 4 October
2016, which has supported capacity building for future gen-
erations of ocean engineers, both students and young profes-
sionals, through various national and international seminars
and training tailored to draw attention to the attractions of
offshore industries, facilitate learning about the technology
of offshore development, and convey the latest technological
trends in the offshore industry. Since 2016, it has supported
many internships in Japanese and international companies,
bespoke summer schools at overseas universities, and grant
programs in cooperation with organizations in Norway, the
USA, the UK, and the Netherlands.

The role of universities is critical, and development of
and continuous updates on educational programs in order to
match the needs of the workforce in offshore wind energy
are required to be implemented towards an efficient work-
force transition in Japan. The need for “industry-ready” lead-
ers who can tackle complex and multi-faceted problems is
also required. For example, IDCORE focuses on high-level
doctoral training as a direct response to the needs of a new
industry that requires more than just specialists; it needs in-
tegrated thinkers who can bridge the gap between pioneering
research and commercial reality.

Regarding the training for the offshore wind workforce
in Japan, in September 2022, ClassNK (the Japanese ship-
ping classification society) signed a memorandum of under-
standing (MOU) with Maersk Training A/S (part of the A.P.
Moller Maersk group, a Danish shipping giant) for the train-
ing of offshore wind farm operators and the education of al-
ternative fuel ship crews. Moreover, Maersk Training and
GiraffeWork (a subsidiary of the parent company Daikyo
Kenki) have signed a collaboration agreement to open a train-
ing center in 2024 in Kawasaki for the wind industry in
Japan. This center will offer courses in accordance with the
GWO, basic technical training (BTT), an advanced rescue
training course, and first aid training (ClassNK, 2024; Global
Wind Energy Council (GWEC), 2023).

Japan’s maritime cabotage rules, rooted in legislation like
the ships act and mariners act, create a significant barrier for
its nascent offshore wind industry. These laws traditionally
restrict domestic maritime transport to Japanese-flagged ves-
sels with Japanese crews. Because offshore wind farms are
legally classified as “domestic ports”, all transport of person-
nel, turbines, and materials to these sites falls under these
strict regulations. This framework severely limits the abil-
ity of the experienced international fleet of specialized in-
stallation and maintenance vessels to participate in Japanese
projects, creating a critical bottleneck from the outset (Euro-
pean Commission (Aquilo Energy GmbH), 2025).

The current pathways for foreign vessels to operate are
largely impractical for the scale and speed required by the
offshore wind sector. Obtaining a special exemption is a com-
plex, costly, and months-long bureaucratic process, while re-
flagging a vessel in Japan is even more arduous, often taking
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over a year and requiring majority Japanese ownership and
crew (Watson Farley & Williams, 2024; European Commis-
sion (Aquilo Energy GmbH), 2025). These significant hur-
dles result in project delays, increased capital expenditure,
and negative impacts on project financing, ultimately hinder-
ing the acceleration of offshore wind development in Japan
(Watson Farley & Williams, 2024).

Recognizing this barrier, external studies, such as the one
commissioned by the EU, have recommended that Japan
reform its cabotage framework by removing restrictions
for offshore wind projects and clarifying the rules for ex-
emptions while simultaneously increasing domestic training
programs (European Commission (Aquilo Energy GmbH),
2025; Watson Farley & Williams, 2024). The Japanese gov-
ernment has started to respond, introducing a policy package
in June 2024 that plans for special measures to better uti-
lize foreign vessels and expert crews. However, this reform
is being approached cautiously, as the need to accelerate re-
newable energy development must be balanced against na-
tional security concerns and the protection of the domestic
maritime industry (Watson Farley & Williams, 2024).

5.4 Demonstration projects

As mentioned in the Introduction, the demonstration of prof-
itability and stability is important for a bankable project.
Technical uncertainty in floating offshore wind is another
challenge for projects to be bankable. Several demonstra-
tion projects have been conducted in Japan, namely the Goto
project, the Fukushima FORWARD project, and the demon-
stration project of next-generation floating offshore wind tur-
bines at the Hibikinada Sea. Details of these projects are
provided in the Appendix. Along with a technology demon-
stration, these projects have also led to the development of
dynamic analysis tools to design optimum floaters, as men-
tioned in Sect. 3.2.

Starting in fiscal year 2022, the METI and NEDO started
a project to develop and demonstrate elemental technolo-
gies for low-cost floating offshore wind turbines, funded
by the Green Innovation Fund of the government, which
amounts to JPY 2 trillion in total. The project aims to es-
tablish technologies that will enable power generation costs
of JPY 8 to 9kWh! under certain conditions by 2030 and to
commercialize floating offshore wind turbines at an interna-
tionally competitive cost level. In June 2024, two projects
adopting semi-submersible FOWTs were awarded in the
“cost reductions for offshore wind power generation” cat-
egory under NEDO’s Green Innovation Fund Phase 2 site-
leasing program. One project, led by C-Tech, will demon-
strate a hybrid semi-submersible FOWT of over 15 MW off
the coast of the Aichi prefecture. The goal is to establish tech-
nology that can commercialize floating offshore wind power
under specific conditions (e.g., strong wind under tropical cy-
clones) at internationally competitive prices by the fiscal year
2030. The other project, led by Marubeni Offshore Wind De-
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velopment, will demonstrate two semi-submersible FOWTs
of over 15 MW off the coast of the Akita prefecture in waters
400 m deep. These projects commenced in July 2024 and are
set to conclude in March 2031, with commercial operations
expected to begin in the autumn of 2029.

In September 2024, NEDO selected five “next-generation
floating offshore wind power technology development”
projects, including the FAWT project, one TLP FOWT
project, one semi-submersible FOWT project, and two SPAR
FOWT projects. Unlike the previously mentioned demon-
stration projects, these involve a variety of substructure
types. The selection of the FAWT project, which utilizes less
mature technologies, came as a surprise, as did the inclusion
of the TLP project. Despite the SPAR type’s apparent disad-
vantages due to port water depth, it was selected with the aim
of advancing installation technology. NEDO’s support of the
offshore wind industry remains strong and continuous.

5.5 From projects to national infrastructure

In the wake of the 2011 Great East Japan Earthquake,
Japan’s energy policy was fundamentally reshaped around
the principle of S 4- 3E: safety, energy security, economic ef-
ficiency, and environmental protection. This framework ac-
knowledges that “absolute safety” is unattainable and that a
resilient energy system must be built to manage risks and in-
crease the national self-sufficiency ratio (Ministry of Econ-
omy, Trade and Industry (METI) in Japan ., 2022; Ibrion
et al., 2020a). As floating offshore wind transitions from ini-
tial territorial projects to gigawatt-scale developments in the
exclusive economic zone (EEZ), the definition of “the sys-
tem” expands dramatically. The challenge is no longer just
the operational safety of a single wind farm project, but also
the comprehensive security of a critical national energy and
industrial ecosystem. This expansion of the systemic bound-
ary introduces new and complex challenges that require a
holistic grand design.

The recent momentum to develop Japan’s EEZ — an area
nearly 10 times its landmass — unlocks a vast energy frontier,
with potential estimates reaching approximately 1500 GW
for floating offshore wind (Mitsubishi Research Institute,
2024). The target of floating offshore wind aims for 15 GW
in 2040. Developing this resource transforms wind farms
from simple power plants into strategic national assets in re-
mote waters, raising significant national security considera-
tions. This expansion necessitates new, large-scale offshore
infrastructure. In Europe, artificial islands are planned as off-
shore bases for O&M in the North Sea, specifically near Den-
mark and Dogger Bank. These islands are intended to host a
range of facilities, including base ports, heliports, accommo-
dation units, energy storage systems, power-to-X (P2X) sys-
tems, and high-voltage direct-current (HVDC) transmission
systems. The Danish artificial island is expected to be com-
pleted by 2030, with the Dogger Bank counterpart projected
for completion by 2035. Given the deep waters of Japan’s
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exclusive economic zone (EEZ), a similar artificial island
would likely need to be a floating structure. Yamamoto et al.
(2024) examined the feasibility of utilizing very large float-
ing structures as offshore bases for wind farms in Japan’s
EEZ. They proposed a semi-submersible platform that could
serve as a foundation for floating offshore wind turbine sub-
structures, installation, O&M, and P2X activities. However,
they highlighted several technological challenges, including
the creation of calm-sea areas, the on-site construction of
large semi-submersible structures, and mooring.

The safety of the workers is also paramount. An increased
distance from shore, a harsher environment, and weather and
environmental factors need to be taken into account for the
health and safety parameters which are required to be in place
for the FOWT and the workers at sea. For example, the dy-
namic floater motions in the offshore region are seen to make
access and egress of workers challenging (McMorland et al.,
2022). To enhance occupational safety in the offshore wind
industry, G+ was established as the global health and safety
organization bringing together the offshore wind industry to
pursue shared goals and outcomes.

The next systemic boundary is the limited capacity of the
onshore power grid, which cannot absorb the massive, in-
termittent power generated by gigawatt-scale offshore wind.
Power-to-X (P2X) — the conversion of renewable electricity
into other energy carriers like green hydrogen — is an essen-
tial strategy to overcome this limitation. P2X is not just an
energy storage technologys; it is a crucial enabler of energy
security. It allows Japan to capture its vast offshore wind po-
tential; mitigate intermittency; enhance self-sufficiency; and
build a more resilient, disaster-proof energy system by de-
coupling power generation from immediate grid demand.
Some promising energy storage technologies are lithium-
ion batteries, pumped hydro, green hydrogen, thermal energy
storage, redox flow systems, lead batteries, sodium-ion bat-
teries, compressed air/gas, supercapacitors, flywheels, liquid
air/gas cryogenic energy storage, solid mass gravitational en-
ergy storage, and superconducting magnetic energy storage.
A list of Japan’s policies for energy storage is provided in the
Appendix.

As this new energy ecosystem scales, it becomes more dig-
itally interconnected, managing vast wind farms, P2X facil-
ities, and complex grid interactions. This increases its vul-
nerability to cyberattacks exponentially. The primary threat
is not to traditional IT systems but to operational technol-
ogy (OT), like SCADA systems, which controls the physical
hardware. Unlike modern IT, many legacy OT systems were
not designed with a “security by design” mindset like the IEC
ISO 62443 standard. Physical security has often not been suf-
ficiently covered in the design, resulting in poor quality of
locks, e.g., used at wind farm cabinets. Vendors’ remote ac-
cess is not always managed properly (segregation of duties).
Communication links to the wind farms can be realized by
more than one provider without notice, and outdated commu-
nication protocols are used without security enhancements.
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Thus, a holistic approach to ensure cybersecurity robustness
and resilience is inevitable.

5.6 Industry and economic enablement: summary and
key takeaways

The key challenge for Japan’s floating offshore wind ambi-
tions is to build a new, integrated industrial ecosystem capa-
ble of mass production, which requires overcoming founda-
tional gaps in its supply chain and workforce. The primary
supply chain bottleneck is a critical dependency on overseas
manufacturers for wind turbines, creating logistical hurdles
and technical “black box” issues. The workforce faces a dual
challenge: a domestic skills gap in specialized offshore ex-
pertise and restrictive maritime cabotage laws that hinder the
use of essential foreign vessels and crews. The way forward
involves a two-pronged strategy: implementing digital plat-
forms to integrate the fragmented supply chain and pursuing
a combination of accelerated domestic training programs and
pragmatic cabotage reform to build and augment the neces-
sary human capital.

The government’s overarching strategy is to de-risk the in-
dustry through targeted support of demonstration projects.
By funding a diverse portfolio of floater technologies through
initiatives like the Green Innovation Fund, Japan aims to fos-
ter innovation, prove commercial viability, and build confi-
dence for private investment. This focus on de-risking indi-
vidual projects is the first step towards a much larger long-
term vision. As the industry scales up and moves into the vast
exclusive economic zone (EEZ), the challenge evolves from
building projects to designing a secure national infrastruc-
ture. This requires a “grand design” that addresses systemic
boundaries, such as using power to X (P2X) to overcome
grid limitations and implementing robust cybersecurity for
critical operational technology, ensuring that the industry’s
growth aligns with Japan’s broader S + 3E energy security
goals.

6 Discussion: recommendation for future research

This paper first identifies the challenges in the problem space
through a review of social needs. To clarify the research gaps
in realizing floating offshore wind power in Japan, we ana-
lyzed the country’s unique environmental and social charac-
teristics. Next, we reviewed the challenges and current state
of technological development across various phases, includ-
ing site selection, design, operation, industry development,
and the S + 3E framework. Finally, we examined state-of-
the-art technologies in the solution space that address these
challenges.

In this section, we conclude that the realization of floating
offshore wind in Japan is contingent upon addressing a range
of research gaps that arise from the country’s unique envi-
ronmental and social conditions, as discussed in Sects. 6.1
and 6.2, respectively. These gaps range from the need for im-
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proved data collection and modeling techniques to the de-
velopment of new infrastructure and regulatory frameworks,
with transformation of societal systems being essential. We
organize the common directions for addressing these chal-
lenges from the perspectives of digital transformation in
Sect. 6.4, education and research systems in Sect. 6.5, and
roadmap development in Sect. 6.6.

6.1 Gaps caused by unique environmental conditions in
Japan

Japan’s unique environmental conditions create several chal-
lenges for the development of floating offshore wind, primar-
ily due to its complex geological and metocean characteris-
tics.

Japan’s seabed is highly complex, characterized by steep
slopes, deep waters, and a high risk of geohazards. This re-
quires a thorough site selection process, where detailed geo-
logical surveys and precise design considerations are essen-
tial to ensure safety and stability. However, the existing re-
search and data on seabed conditions are insufficient to meet
these demands. A significant research gap emerges in devel-
oping comprehensive site investigation techniques that can
effectively address these unique geological challenges. This
gap also affects the ability to optimize foundation and moor-
ing system designs, making it crucial to establish method-
ologies that are specifically tailored to Japan’s unique seabed
conditions.

Another major issue is the insufficiency of long-term
metocean data. Offshore wind projects rely heavily on ac-
curate meteorological and oceanographic data to optimize
the design and operation of floating turbines. In Japan, the
scarcity of long-term metocean data presents a challenge,
particularly in dealing with extreme weather conditions like
tropical cyclones and extratropical cyclones. Without suffi-
cient data, it becomes difficult to design floating offshore
wind turbines that can withstand these conditions. This cre-
ates a gap in design and operational planning, where more
accurate and region-specific metocean data, combined with
advanced modeling techniques, are required to ensure the re-
liability of the systems in extreme weather scenarios.

Japan’s exposure to large swells from the Pacific Ocean
and the influence of the Kuroshio Current further compli-
cate the design and operation of offshore wind farms. These
factors can affect not only the stability of the floating struc-
tures but also the transportation and installation (T&I) pro-
cess. The research gap here lies in developing design rules
and installation strategies that consider these dynamic ocean
conditions, particularly in mitigating the risks posed by long-
period swells. The ability to forecast these oceanic phenom-
ena more accurately is also critical for ensuring both opera-
tional safety and efficiency.

Finally, Japan’s unique geographical shape limits access
from ports to offshore wind farms, especially in regions
where the waters are deeper and farther from the shore. The
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combination of long distances and challenging sea condi-
tions introduces logistical complexities during both the con-
struction and the operational phases. This creates a gap in
infrastructure planning, where there is a need to develop effi-
cient transportation, installation, and maintenance strategies
tailored to Japan’s port infrastructure and its environmental
limitations.

6.2 Gaps caused by unique social conditions in Japan

In addition to environmental challenges, Japan’s unique so-
cial and industrial landscape presents several obstacles to the
development of the offshore wind industry.

One key issue is the diversity of stakeholders involved
in Japan’s coastal areas. These include fisheries, shipping
routes, and local communities, all of which have vested in-
terests in the use of maritime resources. The process of site
selection must therefore balance a range of competing de-
mands, which complicates the planning and development
process. There is currently a lack of government leadership
in coordinating this stakeholder engagement, leading to in-
efficiencies and delays in project approvals. The research
gap here involves developing more effective frameworks for
stakeholder management and government-led site selection
processes that can streamline approvals while balancing the
interests of all parties involved.

Another significant challenge lies in Japan’s underdevel-
oped industrial base for offshore wind. Unlike countries with
a well-established oil and gas industry, Japan lacks the nec-
essary infrastructure — such as large ports, heavy-lift cranes,
and facilities designed for offshore operations — that is criti-
cal for the manufacturing, transportation, and installation of
floating offshore wind systems. This gap in industrial ca-
pacity affects the entire lifecycle of offshore wind projects,
from fabrication to installation and maintenance. Research
is needed to develop supply chain strategies that leverage
Japan’s existing maritime industry, such as shipbuilding,
while addressing the infrastructural deficiencies. This in-
cludes the development of dedicated ports, storage facilities,
and transportation networks that can handle the unique de-
mands of floating offshore wind turbines.

Furthermore, Japan has a history of lagging behind Eu-
rope in terms of regulatory and standard development for
offshore wind projects. This is partly due to the absence of
major domestic manufacturers that can push for the adop-
tion of cutting-edge technologies and standards. This results
in a lack of consistent rules and guidelines that can be ap-
plied across different projects. The research gap here lies in
developing a unified regulatory framework that can drive in-
novation and ensure safety while adapting to Japan’s specific
environmental and industrial context. The framework should
also include a more proactive approach to updating standards
in line with global best practices, particularly in areas such as
foundation design and operational safety.
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6.3 Perioritization of action

To systematically address the numerous challenges facing
Japan’s floating offshore wind sector, a structured frame-
work is proposed to prioritize the necessary research and
technological development. This framework first classifies
all identified gaps and their corresponding solutions into two
primary categories. “Enabling technologies” are defined as
technologies that are absolutely essential for a project’s vi-
ability; without them, a floating offshore wind farm cannot
be successfully built or operated under the required techni-
cal, economic, and regulatory performance levels. All other
solutions are classified as “supporting technologies,” which,
while valuable, are not strictly indispensable for a project to
proceed, as alternatives may exist.

The framework then further evaluates supporting tech-
nologies against two critical metrics to determine their strate-
gic importance: cost reduction and scalability. Cost reduction
is the primary driver for achieving commercial viability, and
activities are prioritized based on their potential to lower the
levelized cost of energy (LCOE) by reducing capital expen-
diture (CAPEX) or operational expenditure (OPEX) or by in-
creasing annual energy production (AEP). Scalability refers
to technology’s ability to support the mass deployment re-
quired to meet national energy targets, focusing on aspects
like mass production, supply chain development, and logisti-
cal efficiency. This two-metric evaluation helps to distinguish
between technologies that offer incremental improvements
and those that are true game-changers for the industry. These
classifications are synthesized into a prioritization matrix that
guides strategic investment and R&D efforts.

Enabling technologies are categorized as non-negotiable
“must-have” activities that require immediate attention.
Government-led strategic site surveys and scaling up work-
force development fall in this category. For supporting tech-
nologies, those with a high impact on both cost reduction and
scalability are identified as the “holy grail” - the top prior-
ities for long-term research. The development of advanced
survey methods and digital twins are in this category. Ac-
tivities with a high impact on one metric but not the other
are considered “quick wins”, valuable for near-term projects
or solving specific issues. This matrix, combined with an
assessment of each technology category’s current readiness
level (TRL), provides a clear, strategic roadmap for stake-
holders to focus resources on the most critical and impact-
ful solutions. The results of our framework based analysis is
summarized in Table 2.

6.4 Integrated system view with digital transformation

Integration among phases is important, as technology com-
ponents are likely to influence multiple phases of the project.
One example is the design of floaters, as it not only char-
acterizes the performance during operation, but also has an
influence on the fabrication process and T&lI process. Sev-
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eral social needs can be met by an improvement in one tech-
nology component. An improvement in another technology
component to meet a social need may end up making a sit-
uation worse for a different social need. The floater with the
best performance during power generation may not be the
most cost-effective, as it may require more welding in fabri-
cation or have a narrower weather window for transportation
and installation.

This is caused by the complex dependency structure of the
socio-technical system of offshore wind. The floating off-
shore wind system is complex, where components have a
strong dependency, and system-level emergence has topolog-
ical effects. Emergent behaviors of systems arise due to the
interactions and dependencies between system components.
Understanding these relationships is crucial for designing,
analyzing, and managing complex systems. The importance
of an integrated view of the system is elaborated on in the
Discussion. A systemic view of the trade-off for optimizing
the floating offshore wind system is necessary.

Model-based system engineering (MBSE) uses models as
the central element of the engineering process, improving
communication, traceability, and efficiency throughout the
system lifecycle by managing the complexities of the sys-
tems of interest. The integrated system view can improve
design quality by simulating and analyzing models, as en-
gineers can identify and address potential issues early in the
design phase. We also expect a reduction in defects as model-
based engineering (MBE) tools can automatically generate
documentation, test cases, and code, minimizing human er-
ror and improving product reliability.

Digitization is also a powerful tool in the operation phase.
Maximizing power production, together with monitoring
structural integrity, is important for efficient operation. This
is achieved through a digital twin, which is a digital replica
that integrates real-time data from sensors, dynamic numeri-
cal simulation models, and other sources to provide insights
into the performance, behavior, and condition of the physical
entity.

Digital transformation with model-based system engineer-
ing and digital twins can connect the full spectrum of de-
sign phases to operational management. In addition, MBE
tools and digital twin tools have the potential for synergy
and reuse. The modeling capabilities are shared in the design
phase and operation phase. By carefully developing stan-
dards, modular design, and libraries, we can significantly im-
prove efficiency, reduce costs, and accelerate innovation.

6.5 Interdisciplinary education and research

Many of the research gaps identified require interdisciplinary
research. Offshore wind research has expanded and now re-
quires a more interdisciplinary approach. However, existing
educational programs are not designed to support and en-
courage interdisciplinary skills. The focus is very narrow for
today’s classical educational programs and mainly encour-
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ages an in-depth approach to a particular field. From one
point of view, this can be perceived as a positive character-
istic, as students and engineers need to master fundamental
matters related to a particular field and become specialized
in a particular discipline. However, most graduates lack a
broader perspective and a holistic and interdisciplinary view.
Moreover, interdisciplinary industrial collaborations are also
very limited. A sustainable ocean industry, particularly off-
shore wind, requires the building and development of adap-
tive and innovative educational methods which need to ad-
dress interdisciplinary aspects. Education for offshore wind
needs to become a transformative and participatory process
in order to incorporate societal needs and to support a viable
industry and sustainable development of offshore wind (Ne-
jad and Ibrion, 2021; Ibrion and Nejad, 2021).

Regarding the Japanese national approaches for the edu-
cation and training of engineering students, and also young
engineering professionals with interests in the field of ma-
rine resource development, the Nippon Foundation Ocean
Innovation Consortium offers an illustrative example. The
Nippon Foundation Ocean Innovation Consortium has suc-
cessfully managed to bring together many Japanese univer-
sities, companies, public institutions, and organizations with
well-known international universities and experienced com-
panies under the platform of the Ocean Engineering Summer
School. As an example, starting from 2017, the Department
of Marine Technology (IMT) at the Norwegian University of
Science and Technology (NTNU), Trondheim, Norway, has
successfully hosted the Ocean Engineering Summer School
and has greatly collaborated towards this excellent initiative
(Nejad et al., 2019).

Among the recommended educational approaches at IMT,
NTNU, Norway, the goal has been to implement a balance
among the fundamentals of each discipline and to employ
applied research results as part of teaching educational mate-
rials. Team-based learning and research-based learning have
been proved to be among the recommended educational so-
lutions for the development of multidisciplinary marine en-
gineering and in particular interdisciplinary offshore wind.
Furthermore, building human resources for offshore wind re-
quires continuous collaborations not only among universi-
ties at national and international levels, but also among re-
searchers and industry in order to develop educational and
research projects which reflect the industry’s needs and re-
quirements (Nejad and Ibrion, 2021; Ibrion and Nejad, 2021;
Nejad et al., 2019).

The Japanese students and young professionals who at-
tended to the Ocean Engineering Summer School at the IMT,
NTNU, Trondheim, had the opportunity to use the simula-
tor facilities at NTNU, which are located at the Norwegian
Maritime Competence Center (NMK) in Alesund. The sim-
ulator facilities include a large variety of simulators that are
used for both teaching and research; see Fig. 6. NTNU Ocean
Training is owned by NTNU Alesund and delivers maritime
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courses and training to officers and crew for offshore and
merchant fleet (NTNU, 2024a).

As emphasized by Nejad et al. (2022), in order to address
various challenges related to the technologies linked to float-
ing offshore wind, interdisciplinary research and collabora-
tion are encouraged between academia and industry. When
it comes to matters related to the ocean-based industry and
particularly offshore wind, all science disciplines are con-
nected; thus, an interdisciplinary approach in education, re-
search, and industry is needed (Nejad and Ibrion, 2021; Ib-
rion and Nejad, 2021; Nejad et al., 2019).

6.6 Need for industry roadmap

This paper has identified various technology gaps to facili-
tate the sustainable development of floating offshore wind.
Addressing these gaps is critical to achieving the most desir-
able future of floating offshore wind. However, the amount of
available investment is usually limited. Thus, setting a target
considering the trade-off between a desirable outcome and
feasible investment is explored.

Exploring the tension between desirability and feasibil-
ity is critical in designing a project. An approach known as
project design (Moser and Wood, 2015) considers the socio-
technical aspect of systems to recognize the interplay be-
tween system architecture and project architecture and ex-
plore effective strategies for concurrency, phasing, and risk
management. De Weck (2022) proposed a structured frame-
work called the “ATRA framework” for organizations to
strategically manage technology development and integra-
tion to achieve long-term success and sustain a competi-
tive advantage. The framework includes the identification of
needs and objectives, technology assessment, roadmap de-
velopment, technology forecasting, risk management, stake-
holder involvement, and review. Feasibility of investment
considers the relation between investment in one technology
component and its impact on the overall project performance.
The model-based approach allows quantitative treatment of
technology forecasts and their systemic emergence, provid-
ing measures for exploration of various roadmaps.

The strategy to address the technology gaps for floating
offshore wind will be designed in the same way for two rea-
sons. The first reason is the complexity of the socio-technical
system, where site selection, system design, operation, sup-
ply chain, and the business model are strongly intercon-
nected. The emerging system performance is dependent on
other components, and the systemic effect is non-negligible.
The second reason is the alignment of investment decisions
of various stakeholders. The shared target of floating off-
shore wind backed up by a sound technology roadmap is crit-
ical for the stakeholders to take risks and encourage invest-
ments. The long investment lead time requires “concerted ac-
tions” that are implemented in a consistent and timely man-
ner among the many stakeholders. A technological roadmap
that can harmoniously combine industrial and governmental
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approaches and initiatives through the assessment of technol-
ogy readiness, lessons from industry, challenges, opportuni-
ties, and possible technology innovations is critical.

7 Conclusions

Floating offshore wind is essential for Japan to tackle the
challenges of climate change and energy security. However,
continuous innovation is required to achieve its sustainable
development. Reducing the levelized cost of energy (LCOE)
is the primary goal, driven by higher performance through
rational site selection, improved design, and efficient opera-
tion that takes advantage of economies of scale from a well-
designed supply chain. While the potential for floating off-
shore wind in Japan is enormous, its success requires nav-
igating a landscape defined by profound uncertainty across
multiple domains.

This paper has identified these core challenges, which
must be overcome. There is environmental uncertainty from
Japan’s unique exposure to typhoons and earthquakes, which
demands extensive on-site data. There is a gap in industrial
assets, as the lack of a legacy oil and gas industry means
that Japan must build the necessary infrastructure and supply
chains from the ground up, making the strategic use of its
shipbuilding industry and digital technologies critical. Fur-
thermore, there is human resource uncertainty, where a na-
tional skill shortage is compounded by the lack of an ex-
isting offshore talent pool. These challenges create broader
strategic uncertainty regarding the long-term competitive-
ness of floating offshore wind against other low-carbon en-
ergy sources.

Overcoming these interconnected issues demands a
phased, collaborative effort between industry, government,
and academia. This review has identified the remaining gaps
and emphasized the common needs for integration, digitiza-
tion, and transdisciplinary research as a path forward. The
findings of this paper are summarized in Fig. 7. Ultimately,
a comprehensive and strategic technology roadmap is an es-
sential tool for guiding this collaboration, ensuring sustain-
able investment through flexible and realistic planning, and
securing floating offshore wind’s vital role in Japan’s future
energy security.

Appendix A: Grid investigation, stakeholder
identification, and project zoning support

Grid investigation. The availability of the grid is confirmed
by the developers by checking the existing grid lines around
the project field, the future grid development plan, and the
existing power plants around the field. The information on
the existing grid and future development plans is shared
by the owner of the grid of each area and the Organiza-
tion for Cross-Regional Coordination of Transmission Oper-
ators (OCCTO) according to the guidance from the ministry
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floater and mooring systems

High operation & maintenance cost: Predictive
maintenance with digital twins

Cybersecurity vulnerabilities: Robust OT standards

Y Cross-cutting
System integration: Model-Based Systems

yi Engineering (MBSE) and digital twins
Interdisciplinary research & education: Joint
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Strategic roadmap: National-level investment plan
considering technology readiness for “S+3E"

Figure 7. Integrated view required for the sustainable development of floating offshore wind turbines in Japan.

and the Agency for Natural Resources and Energy (ANRE;
ANR, 2024). OCCTO set the long-term grid reinforcement
master plan in 2023 to further promote the introduction of
renewable energy and showed their scenario with invest-
ments of JPY 6 to 7000 billion to aim for carbon neutral-
ity in 2050 (OCCTO, 2024). Developers also consider the
projection of existing power plants in the project area, es-
pecially their decommissioning plans. There remains uncer-
tainty in the future of nuclear power plants, especially after
the tragic tsunami incident in 2011. Even if the grid is oc-
cupied by existing plants, OCCTO may accept a non-firm
connection subject to curtailment when the grid is occupied
by other sources. By conducting these consultations in ad-
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vance, the initial developers know the point and location of
the grid connection and can plan the onshore substation and
cable routing for their development, which may provide them
with a competitive advantage.

Stakeholder identification. A major challenge for ocean
utilization is stakeholder engagement. Various stakeholders
are present around the project site. Kimiaki Yasuda and Na-
gai (2015) showed the process of consensus building in the
Niigata prefecture and failures in the Aomori and Ishikawa
prefectures from 2010 to 2015 by introducing four main
stakeholder categories: (i) fishery relations; (ii) prefecture
and city halls; (iii) local citizens and chamber of commerce;
and (iv) other official bodies, such as educational bodies,
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tourism agencies, environmental activists, and port authori-
ties (Kimiaki Yasuda and Nagai, 2015). The developer meets
with local stakeholders, especially fishery cooperatives, to re-
ceive recognition and acceptance of offshore wind develop-
ment as their stakeholder management activities. Currently, it
is the norm that each developer conducts separate and dupli-
cated surveys in the same field. However, the central survey
approach led by the governmental body is being discussed
at the time of the writing of this paper to make the bidding
process more cost-efficient and lower the risk for develop-
ers. Compared to the fixed-bottom project, the identification
and control of stakeholders in the fishery industry are more
complex for floating offshore wind projects due to the fishing
rights and permission system in Japan. Coastal fishing rights
are given by the prefectural governor, and offshore fishing
permission is given by the minister of agriculture, forestry,
and fisheries. In the current permission system, offshore fish-
ing is not governed by the prefecture, while field zoning is
under the prefecture’s scope. Fishery groups outside of the
prefecture may exist as stakeholders with the permission of
the minister; therefore, the identification of stakeholders is
difficult for both developers and public offices.

Project zoning support. Developers often start with project
zoning with the associated departments in the prefecture and
city halls. The initial project zone is identified considering
the field restrictions of wind resources, water depth, soil,
shipping routes, natural reserves, and visual impacts. These
project zones are narrowed down through subsequent con-
sultations with local stakeholders. Considering the buildable
area, further study of the wind turbine layout and farm ca-
pacity is conducted. Those results are often shared with lo-
cal stakeholders to promote the project’s development, along
with the developer’s presentation about the offshore wind
project’s ripple effects and contribution to the local econ-
omy. An important concept and implementation framework
for ocean utilization is the marine spatial plan (MSP). The
MSP is being studied and introduced internationally, and the
Intergovernmental Oceanographic Commission (IOC) of the
United Nations Educational, Scientific and Cultural Orga-
nization (UNESCO) has published a manual with the aim
of clarifying the procedure for introducing the plan. In the
Basic Ocean Policy published in April 2023 and decided
on by the cabinet, the MSP is included to promote the use
of multiple marine areas appropriately and effectively, es-
pecially for offshore wind. In addition, to centralize marine
data, “Umishiru” will be used to strengthen the functions.
The University of Tokyo Ocean Alliance published a guide-
line for the consensus-building process for marine use to in-
troduce MSP. Accurate and up-to-date spatial data on marine
ecosystems, currents, seabed conditions, and other factors are
essential for informed MSP. Ensuring data availability and
sharing among stakeholders can be a logistical challenge.
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Appendix B: Demonstration projects in Japan

B1 Demonstration projects at Goto Island

Japan is one of the pioneering countries in the demo installa-
tion of floating offshore wind turbines. In 2013, the first full-
scale floating offshore wind turbine in Japan was constructed
and installed off the coast of Goto islands, Nagasaki. The
MoE undertook the Goto project in 2010-2015, outsourcing
the work to Toda Corporation as one of the representative
companies. The Goto project was the third offshore wind tur-
bine project in the world, following the 2.3 MW SPAR demo
by Statoil (now renamed as Equinor), off Stavanger, Nor-
way (2009), and the 2 MW semi-submersible demo by Wind-
Float, off the coast of Portugal (2011). During the project,
a 2MW downwind turbine was mounted and operated on a
hybrid-type SPAR structure with a concrete substructure and
a steel superstructure. The project has since led to a com-
mercial project, aiming for a wind farm with a capacity of
16.8 MW with eight SPAR units starting in 2026, which will
be the first commercial wind farm project in Japan using
floating offshore wind turbines.

B2 Fukushima FORWARD project

After the Great East Japan Earthquake in March 2011, the
national and local governments of Japan worked together to
realize the Fukushima Innovation Coast Concept for the re-
construction of Fukushima, and with this as the background,
a 10-year (2011-2015, 2016-2021) floating offshore wind
turbine project, the Fukushima FORWARD project, was un-
dertaken. A total of JPY 60 billion was spent on the project.
The project was expected to create new energy-related in-
dustries. The outcomes of the project are summarized in re-
ports that are publicly available. In this project, 2 MW semi-
submersible, SMW SPAR, and 7MW submersible demo
units, as well as a floating substation for offshore transform-
ers, were deployed and demonstrated. After the project, these
structures were removed and dismantled.

B3 Demonstration project of next-generation floating
offshore wind turbine at the Hibikinada Sea

In 2014, the METT and New Energy and Industrial Technol-
ogy Development Organization (NEDO) started a demon-
stration project for a floating offshore wind power genera-
tion system using a barge-type floating structure that enables
quay-side installation with the aim of achieving lower costs.
IDEOL is collaborating on this project as a consortium part-
ner. A 3 MW wind turbine started its operation in 2019 in the
demonstration area off the coast of Kitakyushu. The floating
structure targets water depths of 50—100 m. After completion
of the demonstration project in March 2024, a company took
over the entire project from NEDO and started commercial
operation.
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Appendix C: Challenges of mooring design

Regarding the mooring design of floating offshore wind, var-
ious design guidelines and standards are published by classi-
fication societies (ABS, 2020b, a; ClassNK, 2021a; Bureau
Veritas, 2024; DNV, 2021a, b) and standardization organi-
zations such as API and ISO (International Organization for
Standardization, 2013; American Petroleum Institute, 2018).
Mooring analysis software is also available, such as Orcaflex
by Orcina, DeepC/Sesam by DNV, and Ariane by BV (Ma
et al., 2019). In order to estimate the mooring load, it is
imperative to consider the floater motion; therefore, various
simulation codes have been developed (Barooni et al., 2022),
and a number of comparison studies among the codes have
been conducted, with various articles published under IEA
Wind Task 30. From Japan, UT-Wind was developed as a
numerical simulation by Suzuki et al. (2013). In addition,
to evaluate the hydrodynamic load on the SPAR structure,
SparDyn was created and integrated with MSC Adams and
AeroDyn from NREL (Utsunomiya et al., 2014b). The per-
formance of the dynamic analysis was validated during the
severe tropical cyclone event in the Nagasaki prefecture off
the coast of Japan (Utsunomiya et al., 2013).

After receiving the failure report from the industry, vari-
ous research studies were conducted on mooring line fatigue,
corrosion, and wear. As a result, two phenomena were added
as design considerations to the industrial standard API 2SK
4th edition in 2018 (Shu et al., 2018), namely vortex-induced
motion and out-of-plane bending (OPB)/in-plane bending
(IPB) fatigue. Regarding the vortex-induced motions of float-
ing offshore wind, a state-of-the-art review paper was issued
by Fujarra et al. (2012) and Yin et al. (2022). The latest re-
view paper by Yin et al. (2022) describes the effectiveness
and limitations of CFD for VIM analysis and the challenges
of CFD application to semi-submersibles due to the struc-
tural complexity compared to the SPAR. In Japan, experi-
mental research using a scaled OC4 semi-submersible model
was conducted to study the VIM amplitude ratio with re-
spect to the current reduced velocity (Gongalves et al., 2021).
Regarding OPB/IPB, a joint industry project was conducted
from 2007 to 2015 (Rampi et al., 2015) after the Girassol
incident offshore Angola (Jean et al., 2005), which reported
on the multiple mooring line failures in 8§ months after the
operation started. Although the JIP provides certain impli-
cations of the OPB/IPB phenomena for fatigue design, and
Bureau Veritas issued guidance after the JIP (Bureau Veritas,
2014), debates are still ongoing about the practical design
method. Wear and corrosion are also studied as part of the
Sea Water Corrosion of Ropes and CHain (SCORCH) JIP
(Jayasinghe et al., 2018). During the course of the SCORCH
JIP, microbiologically influenced corrosion was found to be
a common issue on offshore mooring chains (Fontaine et al.,
2014b), and DEEPSTAR CTR12402 JIP was formed (Witt
et al., 2016). These JIPs emphasize the difficulty of pre-
cise wear prediction. Nonetheless, it is clear that severe wear
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occurs in the interlink area with relative chain motions be-
tween the links and in the contact area with hard soils such
as the touchdown zone. As the result of these academic and
joint industrial efforts, wear and corrosion margins are re-
vised more conservatively in the API RP2SK 4th revision.
Among Japanese organizations, Kyushu University and Nip-
pon Steel Engineering have studied the wear prediction of
mooring chains (Takeuchi et al., 2021; Gotoh et al., 2019;
Ookubo et al., 2022).

The use of fiber rope is actively discussed due to the poten-
tial cost reduction measures of floating offshore wind as it is
widely used in the oil and gas industry. In contrast to the wa-
ter depth of over 1000 m in the oil and gas floating platform,
floating offshore wind is generally installed at a shallow wa-
ter depth of 100-300 m. Polyester fiber rope is commonly
used in the oil and gas industry and is still a prospective ma-
terial for floating offshore wind, as studied by Utsunomiya
et al. (2016). Due to the number of mooring lines, mainte-
nance difficulties, and shallower water depth in floating off-
shore wind farms, the use of other fiber rope materials is
discussed, and a comprehensive review paper was issued in
2015 by Weller et al. (2015). In the paper, in order to avoid
re-tensioning during the wind farm service life, fiber rope
materials with better creep characteristics than polyester, i.e.,
HMPE and aramid, are considered. However, the long-term
material properties with visco-plastic and visco-elastic be-
havior are not yet fully understood for these alternative ma-
terials. The Japanese contractor JMU is conducting an off-
shore demonstration with a scaled model to understand the
design, constructibility, and robustness of chain—fiber rope
hybrid mooring under the scheme of NEDO’s Green Innova-
tion Fund (JMU).

Appendix D: Design of T&Il

Several port facilities are required for FOWTs. An integra-
tion port is usually located in the vicinity of the wind farm
and used for installation of the wind turbine on the sub-
structure prior to deployment offshore. The components of
the subsystem, imported or manufactured domestically, are
gathered at the port for assembly and integration. A steel
substructure assembly port, which can be further away from
the project sites, is an intermediate facility that is used to
build steel substructures before being transported to an in-
tegration site. The port is utilized during all offshore wind
project development stages, playing a central role in provid-
ing specialized vessels for site surveys, transportation, instal-
lation, operation and maintenance, and decommissions. The
port’s infrastructure and inventory space play a critical role
in the system integration of the floating offshore wind sup-
ply chain as they function as an interface between land-based
and offshore activities. The port needs to accommodate the
large fleet of vessels and stock and must be able to handle
large components for floating offshore wind, host new man-
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ufacturing centers, and facilitate assembly activities. A sig-
nificant area of land is required, with reinforced quays, en-
hanced deep-sea harbors, and other civil works to deploy at
scale. Heavy-lift vessels, jack-up vessels, barge vessels, and
feeders are required for transportation, and heavy-lift cranes
are necessary either at the port or offshore.

Various vessels are utilized during the T&I of FOWTs,
such as crew transfer vessels (CTVs), tugs, anchor han-
dling vessels (AHVs), anchor handling tug supply vessels
(AHTSs), anchor handling tug vessels (AHTVs), cable-
laying vessels (CLVs), offshore construction vessels (OCVs),
heavy-lift cargo vessels, and service operation vessels
(SOVs). The specific requirements for the vessels during
each phase of T&I differ among substructure types. The
specifications of these vessels are characterized by features
such as deck area, bollard pull capacity, engine power, po-
sitioning system, and deck equipment. For example, most
FOWTs are assumed to require a large bollard pull of 200—
300t for towing and hook-up. An increase in the future de-
mand for various vessels required for the deployment of
FOWTs in the Celtic Sea has been shown by estimating the
projected FOWT capacity and the vessel time required per
FOWT unit (Porteous, 2023). When vessels with the required
specifications are not available, the operation needs to be
conducted by combining vessels. Investment in vessels that
meet the quality and quantity of future FOWT development
is crucial.

The vessels and port infrastructure required for FOWT
Té&I will have high dependencies on the project design. Al-
though many bottom-fixed projects have been conducted, the
industry has limited experience in identifying good prac-
tice for FOWTs as projects move far offshore, are exposed
to harsher environments, and operate at larger scale (Bar-
low et al., 2015). Jiang (2021) has provided a state-of-the-
art review on various installation methods and concepts for
bottom-fixed and floating offshore wind turbines for wind
turbine foundations and components, with four visions for
the future: (1) vessels that can handle larger blades and ver-
satility for various support structures, (2) specialized equip-
ment requiring less human intervention and having lower
risk, (3) multiphysics simulation tools for installation meth-
ods and concepts, and (4) foundations that are installation
friendly. At this point, the optimum solution for the installa-
tion of floating foundations is still under development. The
LEANWIND project (2013-2017) examined logistical chal-
lenges related to the deployment, installation, and operation
of various foundation solutions for both bottom-fixed and
floating offshore wind turbines. The project explored supply
chain optimization for cost reduction with improved port in-
frastructure, innovative approaches to vessel design, installa-
tion methods, and operational and maintenance strategies.

The performance of T&I is also dependent on the meto-
cean conditions, which are site-specific. There are weather
limitations for conducting offshore operations. For example,
a SPAR-type floater, such as HyWind Tampen demonstrated
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in Norway, requires calm weather conditions (e.g., signif-
icant wave height below 0.5m) (Barlow et al., 2015). As
Japan has limited experience in offshore construction, the
weather limitations are stricter compared to the weather lim-
itations considered in the UK (Trust, 2015).

Uncertainty in technology development also poses a chal-
lenge for infrastructure investment. Larger blade sizes are be-
ing installed, and the trend is expected to continue (Shields
et al., 2021). Shields et al. (2021) project a significant reduc-
tion in the number of turbines as the capacity of each turbine
increases. Some studies indicate the possibility of increased
costs from T&I, as the large blades will require larger infras-
tructure investment (Noguchi et al., 2021).

Appendix E: Wind energy workforce overseas

The landscape of the wind energy workforce is dynamic and
can be seen as a beacon of hope for many European job seek-
ers and graduates. According to estimations, by 2030, the
current wind energy workforce in Europe will increase from
300000 to more than 500000 people. The jobs in the off-
shore wind field are attractive and have a future with great
potential (Baltic Wind EU and Bulsky, 2025). As per the
Global Wind Workforce outlook, from 2023 until 2027, the
number of new wind technicians is expected to increase by
48 800 on average per year. Furthermore, the number of wind
technicians who will require industry training will increase to
more than 574 000 by 2027. In 2022, almost 145 000 techni-
cians held at least one valid certificate from the Global Wind
Organization (GWO) basic safety training (BST) standard.
By 2027, almost 430000 technicians will require wind in-
dustry training, and more than 80 % of these technicians will
be required in 10 countries worldwide, with Japan being one
of them. Moreover, in order to meet energy growth, by 2027,
the number of technicians who will require training in opera-
tion and maintenance, commerce, and industry is expected to
surpass more than 5100 people in Japan, and from this num-
ber more than 1750 will be for offshore wind (Global Wind
Energy Council (GWEC), 2023).

The offshore wind industry has great potential to unveil
industrial growth plans to generate employment, to create
new jobs, to support the development of supply chains, and
to boost regional and national economies. An illustrative ex-
ample is offered by the case of the UK and its very ambitious
offshore wind targets. As per the 2024 Offshore Wind In-
dustrial Growth Plan in the UK, as of April 2024, the UK
offshore industry employed around 32 000 people, and em-
ployment is expected to rise to more than 100 000 people by
2030 (The Crown Estate, 2024).

In Norway, the workforce is shifting from the oil and gas
industry to the offshore wind industry, and special courses
and training in offshore wind are offered within the frame-
work of special educational programs; one such program
is offered by NTNU, Trondheim, Norway. These kinds of
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programs are supported by the Norwegian Directorate for
Higher Education and Skills. Employees who wish to tran-
sition from the oil and gas industry to the offshore wind in-
dustry have different opportunities in terms of training, edu-
cation, and research in Norway (NTNU, 2024b; Nejad et al.,
2019). The workforce and expertise in the oil and gas in-
dustry have the potential to give a head start to the floating
offshore industry as the process of competence transfer is un-
derway. The floating offshore industry can play a key role in
restructuring the Norwegian offshore industry.

According to a report issued by Menon Economics, based
on its gross figures, the Norwegian floating offshore wind in-
dustry can become one of the most important job creators
by 2050. The floating offshore wind industry linked to the
Norwegian-based industry can support up to 36 000 jobs by
2050, and this depends on the competitiveness and market
development of the Norwegian industry. Furthermore, the
Norwegian floating offshore wind industry could also pro-
vide GDP contributions that can reach up to NOK 78 billion
by 2050. All regions of Norway will benefit from the em-
ployment and GDP contributions. The Menon report pointed
out that in terms of the value chain, there will be large ef-
fects in the maritime industry, which has an important role in
the development of specialized vessels and port infrastruc-
ture. In addition, the value chain will also involve contribu-
tions from specialized suppliers and sub-suppliers currently
operating in the offshore industry and various industrial ac-
tivities. The Menon economics scenario has suggested that
the Norwegian offshore wind market (both floating and bot-
tom fixed) could support more than 60000 jobs in Norway
by 2050. As per the analysis, the Norwegian offshore wind
industry can achieve annual revenue which can reach up to
NOK 115 billion by 2050. However, this assumes successful
development of the value chain for the floating offshore wind
industry in Norway and takes the successful transfer of off-
shore and maritime expertise into account. Without a doubt,
the Norwegian offshore wind industry can become a critical
part of the transition from an economy heavily dominated
by oil and gas. In this regard, sustainable political choices,
major commitments, and predictable policies will be impera-
tive for supporting the large potential for employment in off-
shore wind and particularly floating offshore wind (Norwe-
gian Offshore Wind, 2025; GCE Ocean Technology, 2025;
Menon Economics, 2024).

Appendix F: Energy storage policies in Japan

The Japanese government established the below policies to
promote energy storage in Japan.

— Setting target prices (2020). To reduce prices and pro-
mote energy storage systems, target prices for commer-
cial and industrial energy storage systems were defined.
Subsidies implemented by the government are only ap-
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plicable to products below the target price for cost re-
duction.

— Green growth strategy (2021). Battery storage is defined
as “new energy infrastructure” that is necessary for the
development of green and digital technologies. To pro-
mote the wide use of battery storage systems, further
cost reduction and the promotion of reuse and recycling
are included.

— Sixth basic energy plan (2021). Domestic and indus-
trial power storage systems are promoted as technolo-
gies necessary for the increase in renewable energy. The
government has clarified the definition of grid-scale en-
ergy storage systems under the Electricity Business Act
and has improved the supply—demand adjustment mar-
ket.

— Energy storage industry strategy (2022). The Japanese
government defines energy storage systems as technol-
ogy that is key to achieving carbon neutrality by 2050
and infrastructure that is essential to supporting a digi-
tal society. The goal is to establish a manufacturing base
for liquid-based LiB, secure competitiveness in a global
market, and create the next-generation energy storage
market.

— GX basic policy (2022). Green transformation (GX) ini-
tiatives should be accelerated to ensure stable energy
supply and decarbonization. The goal is to create new
demand and markets in Japan, strengthen the competi-
tiveness of the Japanese economy, and foster economic
growth. Energy storage should be one of the important
issues, with promoted investments to establish manufac-
turing capacity in Japan.

— Subsidy projects. The introduction of domestic and in-
dustrial energy storage systems and grid-scale energy
storage systems should be supported.
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