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HIGHLIGHTS

e The Seto Inland Sea possesses high potential for tidal power in Japan.

e Velocity variance among flood and ebb tide at optimal sites produces constant power.
e The average LCOE at the optimal sites is approximately (31-90) JPY/kWh.

e Annual generation of 374.64 GWh supplies more than 85,000 households.

© 166,000 tons per year reduction in COz emission supports sustainable energy plans.
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Carbone neutrality

Tidal power generation (TPG) provides a predictable and stable energy supply, making it a valuable complement
to variable renewable sources such as solar and wind. However, its commercial viability remains constrained by
high capital costs, complex installation requirements, and limited specialised infrastructure. This study assesses
the economic feasibility of TPG in the Seto Inland Sea in Japan using the levelised cost of energy (LCOE) as a
benchmark for competitiveness. The findings indicated that with a 10 % discount rate, the LCOE,y, is approx-
imately 85,990 ¥/MWh, whereas a 5 % discount rate reduces it to 31,088 ¥/MWh. The estimated annual energy
production (AEP) was 374,640 MWHh, sufficient to supply 89,735 households, with an equivalent COz reduction
of approximately 166,000 tons per year. Achieving cost competitiveness for TPGs requires large-scale deploy-
ment and supportive government incentives. Expanding infrastructure and leveraging economies of volume are
crucial for reducing costs and enabling broader adoption. Despite existing challenges, TPG holds significant
potential for enhancing Japan’s energy security and contributing to its decarbonisation goals. This potential
depends on effective grid integration, strong policy support, and sustained strategic investment.

replacing conventional thermal energy sources has emerged as a
prominent research field [2-4]. Several studies have outlined strategies
to achieve national energy systems powered entirely by renewable
sources [5-9]. These studies are increasingly supported by real-world

1. Background

1.1. Introduction

Global commitments to climate change adaptation and mitigation
have intensified the deployment of renewable energy. Numerous
countries have established ambitious targets for reducing greenhouse
gas (GHG) emissions [1]. The feasibility of renewable energy completely

achievements, with some nations reporting consecutive days powered
solely by renewable energy [10,11]. Such milestones underscore the
potential for achieving carbon neutrality. Consequently, maximising the
exploitation of all renewable energy sources has become imperative.
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Marine renewable energy (MRE) is particularly notable for its
distinct advantages, including minimal land use and access to abundant
and predictable energy resources [12-14]. Offshore wind power expe-
rienced rapid growth due to successful implementation and strong
governmental support. This growth has reduced industry risk, driving
down energy costs and attracting global investment [15,16]. Addition-
ally, financial incentives such as subsidies have encouraged developers
to invest in large-scale offshore wind projects [15,17,18]. These efforts
have collectively lowered the energy cost and facilitated the global
adoption of offshore wind power [19].

Tidal power generation (TPG) is another promising source of MREs.
Unlike wind and solar energy, tidal currents are predictable over
extended periods, a crucial characteristic for accurate grid supply
management [20-22]. Many countries possess tidal power potential,
making TPGs valuable components in mixed offshore power systems for
stabilising and balancing energy production [23,24]. Decades of
research and pilot projects have propelled the TPG from a fledgling stage
to active implementation [25]. As a result, countries have begun the
integration of TPGs into their renewable energy portfolios [26-28]. The
MeyGen tidal site phase Al in the UK published valuable knowledge
regarding manufacturing, deployment, and project management [29].
With progressive development and information sharing, the learning
rate is rapidly increasing and spreading, which results in greater cost
reduction [30]. This collaboration has already been observed at the Goto
tidal site in Japan, where the cost was lower than that of the first
deployment at the MeyGen tidal site in the UK [31].

The cost of tidal energy or levelised cost of energy (LCOE) remains
inadequately addressed because active tidal sites operate with a small
number of turbines [29]. Studies have proposed methodologies that
integrate both cost and flow parameters to estimate the LCOE [32].
Other studies have suggested that increasing the installed capacity
potentially decreases the LCOE [33]. Moreover, combining multiple
MREs, such as tidal and wave power, reduces the overall grid connection
costs. In some cases, pilot tidal turbine models have been employed to
estimate LCOE by incorporating field or numerical test results, where
cost inputs are provided directly by developers [34,35]. However, these
assessments often overlook site-specific geographical constraints. Many
tidal straits serve as key navigational routes or support fishing and
recreational activities. Therefore, LCOE estimations should consider
only the areas available for turbine deployment within each site. Scaling
up to larger tidal farms with multiple turbines is essential for achieving
economic power production. However, deploying tidal turbines poses
greater challenges, as they require specialised teams and equipment,
significantly increasing project expenditures [34,36]. Innovative ap-
proaches, such as floating tidal turbines, have been developed to
circumvent subsea construction and reduce costs [35,37]. The cost
reduction potential is also evident from learning curves in tidal energy
deployment. For example, a report by Arup [38] estimated that doubling
the installed tidal capacity could reduce capital expenditures (CAPEX)
by 13 % and operational expenditures (OPEX) by 19 %. Similarly, a 13 %
CAPEX reduction but a lower OPEX reduction of 11 % was projected
[39]. These insights highlight the importance of scaling and innovation
in advancing the economic viability of TPGs.

The deployment of renewable energy in Japan has increased over 24
% by 2021 [40]. In 2019, the first tidal pilot project was launched
offshore of Nagasaki Prefecture in the Goto Archipelago. The 500-kW
tidal turbine entered the commissioning phase in 2021 to export
approximately 242 MWh of accumulated energy production in 8 months
[31]. Another tidal turbine with a capacity of 1.1 MW was installed to
increase the farm capacity [41]. Owing to the difference in tidal har-
monic phases between sites in western Japan, uninterrupted power
production could be reached [42]. A single tidal farm is insufficient, as
the LCOE might soar. However, the full exploitation of Japanese na-
tional water provides a sustainable source of renewable energy.

The Seto Inland Sea (SIS) in the western part of Japan holds high
potential for TPGs. A tidal current velocity above 2 m/s is common in
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several straits [43]. To identify the optimal locations for the TPG in the
SIS, a multicriteria decision-making-based GIS analysis was used, and
the optimal locations were identified in the Naruto Strait, Akashi Strait,
Matsushima Island, Shimanami Islands, Kurushima Strait, Tsuwaji
Strait, and Obatake Strait [44,45].

In this study, we aim to establish a threshold for LCOE and provide a
baseline for TPG prospects in Japan on the basis of tidal power pro-
duction from optimal locations in the SIS. The LCOE is the energy price
that a tidal farm must receive to be economically effective and is a
critical proxy for determining the feasibility of the TPG over other MREs
in Japan [46]. The LCOE is susceptible to the available subsidies,
especially at the early stage of tidal farm deployment. Since an
assumption is unnecessary, the LCOE is less uncertain and robust for
feasibility assessment [47]. In Aljber et al. [44], the annual energy
production (AEP) and the equivalent CO, reduction were calculated at
one optimal location. However, holistic tidal power production from all
optimal locations in the SIS was not provided. Furthermore, there was
no economic analysis of the TPG.

Four tidal farms are proposed in this study, and the AEP is calculated
for each farm and used to calculate the LCOE. The combined AEP from
all tidal farms is subsequently used to calculate the number of house-
holds that dispensed clean energy and the equivalent CO, reduction. The
resulting LCOE, however, is not final and has some uncertainty due to
the resolution of the tidal current model [44,48,49]. Furthermore, the
wake effect was not considered in this study.

This paper is structured as follows: In the first section, the intro-
duction and description of tidal site selection and readiness are pro-
vided. Section 2 describes the methods that involve tidal turbine
candidates for the optimal sites in the SIS, tidal power, and LCOE cal-
culations. The results are presented in the third section. Section 4 pre-
sents the discussion, and the conclusion is presented in Section 5.

1.2. Tidal site selection and preparedness

The SIS is the largest semi-enclosed water body in western Japan,
with an approximate area of 23,000 km? and a length of approximately
500 km [50]. The SIS has been recognised for TPG development due to
its high current velocity [42,51]. An approach was taken to identify the
optimal locations for TPGs in the SIS considering multiple constraints
along with tidal velocity and water depth [44]. Ports and harbours
exclusive zones and natural conservations were excluded from the se-
lection. The water depth was considered only between 10 m and 100 m
to circumvent shallow and deep locations [52]. The constraints were
divided into two groups, the distance proximity, which encompassed
distances from infrastructures such as ports, power stations, and densely
populated regions. The second group included waves and nautical
routes. Areas with high waves were eluded because they impinge on the
installation and maintenance of tidal turbines [53]. A previous study
suggested that tidal turbines typically operate safely under a significant
wave height of 3 m or less [54]. Beyond this threshold, turbines often
require shutdown to prevent fatigue. In terms of energy output, Lewis
et al. [55] reported that each 1-m increase in wave height can lead to an
approximate 10 % reduction in theoretical power. The wave loading
tolerance varies depending on factors such as turbine size and installa-
tion depth. In the Seto Inland Sea (SIS), wave heights are generally low,
approximately 0.4 m [44], due to the sea’s semi-enclosed geography and
the presence of numerous islands [50]. Frequent nautical routes were
also eluded to avoid conflicts of interest between marine users [53].
Fig. 1 illustrates the proposed tidal sites among the optimal locations
along with the administrative borders of the surrounding regions.

Compared with UK tidal sites, TPGs in Japan face a scarcity of
logistical support. The commissioning and decommissioning require
fully equipped ports [56]. Furthermore, the absence of large-scale
manufacturing and supply chains for TPG systems drives up the cost.
The need for specialised teams is evident when considering MRE. A
recent offshore wind auction in Japan necessitated that for future
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Fig. 1. The Seto Inland Sea and the surrounding administrative borders, with selected tidal sites: Akashi Strait, Matsushima Island, Shimanami Islands, Obatake

Strait, Kurushima Strait, and Tsuwaji Strait.

expansion, designated ports must be equipped for construction and
maintenance [57]. For TPGs, dedicated vessels, barges and self-elevated
platforms are necessary [58]. These scarcities increase the CAPEX and
OPEX, thereby increasing the LCOE. In contrast, other countries with
TPG initiatives, such as France, possess tidal potential of up to 5.1 GW at
sites such as Raz Blanchard and Alderney Race, which have fewer
technical constraints and mature infrastructure [59]. However, a lack of
a formal revenue support mechanism has hindered commercial expan-
sion. In Canada, the Bay of Fundy has attracted several investors, such as
Nova Innovation [60]. Promising sites such as the Minas Passage or
Johnstone Strait on the east coast of Vancouver Island have some of the
world’s strongest tidal currents. However, slow regulatory processes and
environmental monitoring requirements have delayed deployment
[61,62]. In China, interest in TPGs is growing, with robust institutional
support. However, many TPG projects remain in the demonstration
phase due to technical challenges and high LCOE [63,64]. Japanese tidal
sites are located near populated areas and nearshores, which facilitate
direct connections and reduce cabling prices [65]. Unlike UK tidal sites,
communication, electrical substations, and internet access are available

[29]. Therefore, social and economic benefits could be brought to
several small towns and islands in the SIS.

2. Method
2.1. Tidal turbine selection

Tidal turbine selection is based on three main constraints: the cut-in
velocity, the rated velocity, and the water depth. Generally, the cut-in
velocity is 0.5 m/s for small-scale tidal turbines with diameters less
than 10 m and 1 m/s for those with greater diameters. The rated velocity
ranges between 2 m/s and 4 m/s depending on the converter and
gearbox. Table 1 shows some of the commercial tidal turbines that are in
operation at the time of the draughting of this paper. For the water
depth, at least 5 m of clearance must be preserved above and below the
turbine blades to prevent the device from colliding with marine debris or
bottom sediment [52].

The SIS has an average depth of 38 m [50]. Large ports and industrial
cities are experiencing active shipping movements. Therefore, the

Table 1
Proposed commercial tidal turbines for tidal farms in the Seto Inland Sea with specifications for each turbine.
Turbine Design Cut-in velocity (m/s) Rated power Rated velocity Power coefficient Diameter Reference
(kW) (m/s) (Cp) (m)
SAE Renewables Bottom fixed 1 500-2000 2-3 0.45 10-20 [42,89]
Nova M 100 Bottom foxed 0.5 100 2 0.42 9 [42,90]
Bluenergy Floating 0.5 (7 x4) 2.5 0.4 2 [86]
Orbital 02 Floating 1 (1000 x 2) 2.5 0.4 22 [91]
Magallanes ATIR Floating 1 (1000 x 2) 2.9 0.5 19-21 [35,92]
Andritz-Hydro HS Bottom fixed 1 500-2000 2-3 0.4 18-21 [93]
Sabella D10 Bottom fixed 0.5 1000 34 0.38 10 [27,94]
RivGen Truss 0.5 50-80 2.25-3.5 0.4 ~ [95-97]
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optimal locations were identified in the vicinity of the high tidal velocity
zones [44]. Tidal currents have high spatial variability in the horizontal
direction, and a high resolution of 50 m or more is needed to select the
installation location. Since the purpose of this study is feasibility
assessment, the tidal farm design and calculation are based on the
available high tidal velocity at optimal sites at a 100 m spatial
resolution.

The tidal turbine SAE Renewables is considered for all tidal sites
because it offers a range of diameters and rated velocities that are
currently operating in the UK and Japan [29,66]. Moreover, the
mentioned tidal sites in Japan and the UK have already published
project budgets, which facilitate the calculation of LCOE.

2.2. Tidal power calculation

The tidal current velocity in the SIS was obtained from a high-
resolution coastal and ocean circulation model by Jeong et al. [67].
The semi-implicit cross-scale hydroscience integrated system (SCHISM)
model was used for the numerical simulation. SCHISM is a 3D ocean
model based on the hydrostatic Navier-Stokes equations and a semi-
implicit finite-element/volume method. The model was built with un-
structured grids, and the spatial resolution ranged between approxi-
mately 30 m in upstream rivers and approximately 7000 m at the Pacific
Ocean boundary. Thirty vertical layers were used, and an 80 s timestep
was used. The simulation period considered was 56 days between
August 12th and October 7th, 2011. For the feasibility assessment, the
European Marine Energy Centre Ltd. [52] recommended a minimum
tidal current simulation period of 30 days to capture the full monthly
tidal cycle under normal conditions. The simulation period in this study
overlaps with the typhoon season in the SIS. Therefore, the period was
extended beyond 30 days to accommodate tidal velocity variation. For
detailed explanations of the coastal and ocean circulation models,
modelling results, validations, and applications for hazardous events,
refer to [43,44,67]. The power output was calculated as follows:

The power for each turbine is as follows:

1
P= EpCpAturbine Ug (@)

The power per farm P is as follows:

P;=Pxn, 2)

where p is the seawater density (1024 kg/m®), C, is the power coefficient
(0.4), Aurpine is the swept area of the turbine, Uy is the dominant tidal
current velocity (the velocity in the dominant flow direction within the
tidal site), and n, is the number of turbines on the farm. To identify Uy, a
harmonic analysis was performed at each tidal site via the U-tide func-
tion in Python. Then, the elliptical orientation of the M2 tide was ana-
lysed. The major axis angle of the M2 tide was extracted, and the
velocity field was projected in the dominant direction. The absolute
value of the dominant velocity U; was then used for power calculations.
Some tidal sites in the SIS are unidirectional and dominated by flood or
ebb tides. Therefore, the direction with the highest velocity was used for
accurate power estimation.
The annual energy production (AEP) is as follows:

AEP = 8760 x Cq x Py 3)

where C,, is the coefficient of availability. It is the percentile of hours
per day when the tidal current velocity exceeds the cut-in velocity of the
tidal turbine. For each site, the number of hours when the tidal velocity
V > 1m/s was calculated for six days, three days during the spring tide
and three days during the ebb tide. The selection of the days was to
accommodate the highest and lowest tidal velocities during the peak
spring and neap tides. The average number of hours for six days was
subsequently calculated and used to obtain Cy,.

The AEP from all tidal farms was summed and used to calculate the
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number of households supplied with electricity (N) and the carbon di-
oxide reduction per year (R.) as follows:

N = AEP/AAECH (€]
R. = N x ACDEH (5)

where AAECH is the average annual electricity consumption per
household (4175 kWh/year), and ACDEH is the average annual carbon
dioxide emission from electricity per household (1.85 ton-COy/year),
obtained from a report published by the Ministry of Environment [68].

2.3. Levelised cost of energy (LCOE)

The LCOE is the most practically used metric to optimise and
compare several types of energy [69]. The LCOE is a proxy used to
determine the cost incurred by the developer to acquire and dispatch
electricity. The LCOE is the proportion between the cost and the output
energy, which is calculated as follows:

Cost  CAPEX x P; + >_f |OPEX; x P; x (L +1)"'

LCOE = = i L
Energy S AEP x (1+7)

©

The CAPEX is paid once at the commencement of the tidal project,
and it encompasses the turbines price, cabling, vessel time, and so on.
The OPEX is paid annually, and it includes scheduled and unscheduled
maintenance, environmental impact assessment, and operation. P; is the
power per farm in MW and AEP is calculated annually in MWh/year. r is
the discount rate, and the project lifetime was proposed to be 25 years.

Three scenarios were considered for the LCOE calculation.

Scenario (I) uses Japanese market prices. A feasibility assessment
report was published by NEDO [56] and suggested that CAPEX should be
565,000 ¥/kW. This assumption was adopted since it is close to the Goto
tidal site budget [66]. The OPEX was not mentioned in previous reports.
However, after calculating the proportion of the OPEX/CAPEX in several
studies, including the MeyGen report, it was found that the OPEX ranges
from 3 to 5 % of the CAPEX [69-72]. Thus, the OPEX was considered to
be 4 % of the CAPEX, and it is 22,600 ¥/kW.

Scenario (II) uses MeyGen prices. The CAPEX was £51.3 m, and the
OPEX was £1.4 m per 6 MW rated power [29]. These prices were con-
verted to the JPY using the exchange rate between the GBP and JPY as of
2019 before the COVID-19 pandemic (1 GBP equal to 140 JPY). Thus,
CAPEX is 1,197,000 ¥/kW, and OPEX is 32,620 ¥/kW.

Scenario (III) uses the UK market price assumption after converting
to the JPY via the same postulation as in the second scenario [47,73].
The third scenario includes the number of turbines in each farm in the
calculation, which is a vital factor for turbine selection. Since tidal
turbines are expensive to build and install, having a smaller array with
large-scale turbines is beneficial. Therefore, the assumption was as
follows:

CAPEX = CAf+CA; xn, =£56m+£24mxn,
=¥784m+¥336mxn 7

OPEX = OP; + OP; xn, = £0.27 m+£0.094 m x n;
=¥378m+¥13.16 mxn, (8)

where CAy and OPy are the fixed CAPEX and OPEX (vessels, cables,
foundation, installation, fixed maintenance, etc.), CA; and OP; are the
costs that increase with the number of turbines, and n, is the number of
turbines.

LCOE is heavily affected by the discount rate, and since the discount
rate represents technology risk and accountability, two discount rates
are considered: pessimistic (10 %) and optimistic (5 %) [19].
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3. Results
3.1. Gross tidal power production

The optimal TPG sites in the SIS were divided into four tidal farms on
the basis of three criteria:

e Regional grouping — Sites within the same administrative region
(Chugoku, Kansai, Shikoku, and Kyushu) were grouped together
(Fig. 1).

e LCOE balance — If multiple sites were located in one region, they
were split into two groups to ensure a balanced LCOE.

e Site proximity — The distance between sites was considered for effi-
cient deployment.

Among the optimal locations, those with limited areas for installa-
tion or limited frequent high tidal current velocities were excluded. The
four proposed tidal farms are (I) Akashi (Kansai region); (II) Matsushima
+ Obatake (Chugoku region); (III) Shimanami Islands (Shikoku region);
and (IV) Kurushima + Tsuwaji (Shikoku region) (Fig. 2). The values in
the legends of Fig. 2 are the rankings of the optimal sites, indicating that
three is the best. The resolution of the tidal sites is 100 x 100 m. The
turbines are aligned facing the dominant flow direction. This alignment
is to maximise energy capture. The recommended spacing between
turbines is 2.5 times the turbine diameter and 10 times the diameter
between rows [52]. However, site-specific conditions influence these
distances according to simulation and measurement results [74,75].
Since the simulation is outside the framework of this study, two place-
ment strategies were adopted: (1) for turbine diameters close to 20 m,
each cell accommodates one turbine, and (2) for diameters near 10 m,
each cell accommodates two turbines. A cut-in velocity of V. =1m/s
was adopted for all turbines.

3.2. Akashi strait

The Akashi Strait is a vital passage connecting Osaka Bay with the
inner part of the SIS in Harima Nada (Nada means basin in Japanese
[50]). The two proposed tidal sites (Ak1l and Ak2) are located near Awaji
Island (Fig. 2a). Akl has an average depth of 29 m, and the highest
current velocity is 2.5 m/s. The selected diameter (D) was 18 m, and the
rated velocity was V; = 2.3 m/s. The turbine hub height was —15 m.
Ak1 had 15 cells and could accommodate 15 turbines. To calculate C,
the number of hours when the tidal current velocity exceeded V. was
extracted during the spring tide on Aug 29th = 12 h; Sep 13th = 11 h;
Sep 29th = 12 h; and during the neap tide on Aug 20th = 5 h; Sep 6th =
5h; Sep 23rd = 5.66 h. The mean hours for the six days were 8.44 h, and
Cay = 0.35%.

Ak2 has an average depth of 35 m, and the highest current velocity is
2.36 m/s. The selected D was 20 m, V, = 2m/s, and the turbine hub
height was —15 m. The number of turbines was 9, the mean hours for the
six days was 9.2 h, and C,, = 0.39%. Table 2 shows the site specifica-
tions for all tidal farms in the SIS.

A harmonic analysis was conducted to extract the dominant flow
velocity. The elliptical orientation of the M2 tide is illustrated in Fig. 2a,
and the major angle for M2 tides is Akl = 83.13° and Ak2 = 134.017°.
Using the major angle, the dominant velocity was projected in the Y
direction. Then, the absolute value of the dominant velocity was used to
construct the occurrence likelihood. The occurrence likelihood presents
the distribution of the tidal current and the frequency of occurrence of
the tidal current velocity. The boxplot shows the range of the tidal
current velocity between the minimum and maximum values, the weight
of the distribution, and the median tidal velocity at the location. The left
edge of the box is the first quartile, which is greater than 25 % of the data
within the box. The red line inside the notch is the median, which is 50
% of the data. The right edge of the box is greater than 75 % of the data.
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The two whiskers extending from the edges represent the range of the
data between the maximum and minimum values. Finally, the power
was calculated via Eq. (1). Fig. 3 depicts the results for sites Akl and
Ak2.

The power per site for Akl was Py, = 643 x 15 = 9.645 MW, and
that for Ak2 was Pgars = 516 x 9 = 4.644 MW. Hence, the power per
farm was Py = 14.3 MW, and AEPy; = 29.6 GWh/year and AEPi, =
15.86 GWh/year. Hence, the AEP from Akashi Farm was 45.44 GWh/
year. Using Eq. (6), the LCOE from the Akashi tidal farm was calculated.
Table 3 shows the LCOE for all tidal farms. For the Akashi tidal farm, the
LCOE for the Japanese market was approximately 84,000 ¥/MWh for a
10 % discount rate, and it dropped to approximately 31,000 ¥/MWh for
a5 % discount rate. The UK market assumption was similar to that of the
Japanese market case. However, the MeyGen prices were the highest,
with approximately 173,000 ¥/MWh for 10 % and approximately
61,000 ¥/MWh for the 5 % discount rate. The MeyGen project represents
the first commissioned tidal farm with four turbines, resulting in high
initial costs and elevated prices. Insights gained from MeyGen have
contributed to significant cost reductions, as demonstrated at the Goto
tidal site. MeyGen prices are essential, as they represent the most un-
certain case with high CAPEX and OPEX.

3.3. Matsushima Island and the obatake strait

Matsushima Island is situated in the Bisan Strait, which connects
Harima Nada to the middle part of the SIS in Hiuchi Nada. Two sites
(Mal and Ma2) were identified near the island close to the Shimotsui-
Seto Bridge (Fig. 2b). The Obatake Strait is in Yamaguchi Prefecture,
and it connects Hiroshima Bay with Iyo Nada.

The dominant velocities for the two sites on Matsushima Island were
projected in the Y and X directions following the major angle (Mal =
118.23° and Ma2 = 169.11°). The dominant velocity in the Obatake
Strait was projected in the X direction following the major angle of
6.58°. Table 2 shows the specifications of the sites. The likelihood of
occurrence and tidal power for Matsushima Island were subsequently
calculated (Fig. 4). The power per site from Mal and Ma2 was Ppyq =
330 x 2 =0.66 MW and Pp2 = 640.54 x 7 = 4.5 MW, respectively.
AEPy, = 2.3 GWh/year, and AEPy,; = 23.6 GWh/year. From the
Obatake Strait, the power per site was Py = 7MW, and AEP,, =
47 GWh/year [44]. Thus, the total power per farm from the three sits
was Py = 12.16 MW, and AEP = 73 GWh/year. For LCOE, the optimum
scenario was the third scenario with the UK market assumption since the
number of turbines was small and the AEP was large. The LCOE was
44,320 ¥/MWh for the 10 % discount rate and 16,440 ¥/MWh for the 5
% discount rate. Japan’s market prices were close to those in the third
scenario. Owing to the large AEP, the MeyGen price was lower than that
in the Akashi Strait, especially with a 5 % discount rate (Table 3), and
the LCOE was 32,450 ¥/MWh. Although the two tidal farms, Matsush-
ima Island and the Obatake Strait, are distant, both farms are located
within the Chugoku region. Furthermore, both locations are far from the
active shipping routes, especially the Obatake Strait, and they could
contribute generously to the TPG due to their energetic tidal currents.

3.4. Shimanami Islands

The Shimanami Islands are a small archipelago located between
Hiuchi Nada and Aki Nada. The archipelago consists of connected
islands that form a popular tourist cycling destination from Honshu Is-
land until Shikoku Island. High tidal current flows across the straits that
develop within the archipelago. Three locations were identified as
optimal for the TPG: the Hanaguri Strait, the Funaori Strait, and two
sites near Taizaki Island (Fig. 2c). Table 2 lists the specifications for the
four sites. The major angles were 46.23°, 18.12°, 130.55°, and 25.54°
for the Hanaguri strait SH1, Funaori strait SF1, Taizaki Island ST1, and
ST2, respectively. SH1 site accommodates only one turbine. The four
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Specification of tidal sites in the Seto Inland Sea starting with two sites on the Akashi tidal farm (Ak1, Ak2), three sites on the Matsushima-Obatake tidal farm (Mal,
Ma2) and (Ob1) [44], four sites on the Shimanami tidal farm (Hanaguri Strait (SH1), the Funaori Strait (SF1), Taizaki Island (ST1, ST2), and six sites on the Kurushima-

Tsuwaji tidal farm (Kul ~ Ku5), and (Tsul). The cell resolution of the tidal sites is 100 x 100 m.

Tidal Site area  Average depth Highest current Turbine diameter Turbine hub- Rated velocity V;, Number of Coefficient of

site (10* x (m) velocity (m/s) D (m) height (m) (m/s) turbines availability(Cqy)
m?)

Ak1 15 29 2.5 18 -15 2.3 15 0.35

Ak2 9 35 2.2 20 -15 2 9 0.39

Mal 2 26 2.16 16 -13 2 2 0.4

Ma2 7 29 2.43 18 -15 2.3 7 0.6

Obl 37 22.5 35 13 -10 3 9 0.78

SH1 1 31 2.62 20 -15 2.5 1 0.55

SF1 10 34 2.6 20 -18 2.5 10 0.32

ST1 8 29 2.62 18 -15 2.5 8 0.37

ST2 1 32 2.18 20 -15 2 1 0.3

Kul 12 36.7 3 20 -18 2.8 12 0.655

Ku2 2 21.5 3.22 12 -11 3 4 0.6

Ku3 4 64.7 3.56 20 -35 3 4 0.7

Ku4 2 32.7 3.6 20 -16 3 2 0.58

Ku5 5 52 2.84 20 —25 2.5 5 0.565

Tsul 1 26.7 2.6 16 -13 2.4 1 0.613
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Fig. 3. Occurrence likelihood of the dominant velocity at Akashi Farm, the best fitted curve for the velocity distribution (Foldcauchy and Foldnorm) and the boxplot
for the tidal velocity range and distribution along with the median velocity at the notch: (a) site Akl, (b) site Ak2, (c) power calculation at site Akl, (d) power

calculation at site Ak2.

Table 3

Levelised cost of energy (LCOE) for four proposed tidal farms in the Seto Inland Sea under three scenarios (Japanese market assumption (JM), MeyGen prices (MG), and
UK market assumption (UKM)) and two discount rates (r = 10% and r = 5%) along with the turbine count, the power per farm (P¢) and the annual energy production

(AEP).
Tidal farm JM MG UKM JM MG UKM Turbine count Py AEP
¥/MWh ¥/MWh ¥/MWh ¥/MWh ¥/MWh ¥/MWh (MW) (MWh/year)
Discount rate (r) = 10% Discount rate (r) = 5%
Akashi 84,111 173,413 92,176 31,175 61,262 34,160 24 14.3 45,440
Matsushima & Obatake 44,553 91,855 44,320 16,513 32,450 16,440 18 12.16 73,000
Shimanami 87,117 179,609 63,449 32,288 63,451 23,526 20 18.24 56,000
Kurushima & Tsuwaji 48,095 99,159 24,093 17,826 35,030 8925 28 36 200,200
Average 65,969 136,000 56,000 24,450 48,048 20,763
LCOE,ye 85,990 31,088
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power calculation at site Ma2.

tidal sites are close in distance, and the relatively large installation
volume in the SF1 (10 turbines) and Taizaki Island (ST1 and ST2) (9
turbines) balances the economy of the farm. Fig. 5 presents the likeli-
hood of occurrence and the power calculation for the four sites. The
power per turbine differed between the SH1 and SF1 even though the
turbine specifications were the same. The reason is that the power was
calculated on the basis of the velocity in each bin of the histogram.

For each site, the 56-day dominant current velocity at the hub height
of the turbine was divided into 200 bins to provide an identical base for
all calculations. The bin count was chosen to ensure that the upper limit
of the final bin closely aligned with a whole number. Therefore, the
power calculation was slightly different depending on the velocities
stored in each bin. The power output was higher than the rated power
for the SAE turbine (for a 2.5 m/s current velocity, the rated power was
1 MW; see Table 1). In reality, turbines might surpass the specification
design or remain within it. The active tidal sites in MeyGen and Goto
reported that power production was greater than expected [29,76].

The power per site for the SH1 was Py = 1015.44 x 1 = 1 MW,
that for the SF1 was Pgp; = 1012.3 x 10 = 10.12 MW, that for ST1 was
Prgr1 = 822 x 8 = 6.6 MW, and that for ST2 was Py = 520 x 1 =
0.52 MW. Thus, the total power per farm was Py = 18.24 MW. For SH1,
AEPgy; = 4.82 GWh/year; for SF1, AEPs;; = 28.4 GWh/year; for ST1
and ST2, AEPst; = 21.4 GWh/year; AEPsr; = 1.4 GWh/year. Thus, the
total AEP = 56 GWh/year. The power per farm was greater than that of
the Matsushima and Obatake tidal farms and greater than that of the
Akashi tidal farm because of the larger number of 20 m diameter tur-
bines. This increase negatively affected LCOE for Japanese market prices
and for MeyGen prices (Table 3). Despite the greater diameter, the
Shimanami tidal farm produced less AEP than the Matsushima and
Obatake tidal farms did. The highest LCOE was 179,609 ¥/MWh for r =
10% with the MeyGen Prices, and it dropped to 63,451 ¥/MWh for r =
5%. On the other hand, the UK market price provided improved results
because of the large turbine scale and sparse number. The LCOE was
63,449 ¥/MWh for r = 10%, and it decreased to 23,526 ¥/MWh for r =
5%.

3.5. Kurushima strait and tsuwaji strait

The Kurushima Strait is in the southern part of the Shimanami
Islands between Oshima Island and mainland Shikoku Island. The Kur-
ushima Strait is the largest among all straits within the archipelago and
is approximately 1 km wide and 4 km long [77]. The Kurushima Strait is
well known for its energetic tidal current, with velocities exceeding 3.5
m/s [78]. For shipping movements, the Kurushima Strait is the major
connection between Hiuchi Nada and Aki Nada. Six optimal sites were
identified in the Kurushima Strait. Tidal power calculations were con-
ducted at five sites only because one site has a low frequency of high
tidal velocity (Fig. 2d). The Tsuwaji Strait is in Ehime Prefecture be-
tween Tsuwaji and the Nuwa Islands. It is one of the straits that connects
Aki Nada with Iyo Nada in the southern part of the SIS. One site was
identified as a potential candidate for TPGs near the northern tip of
Tsuwaji Island (Fig. 2e). The specifications for all tidal sites are dis-
played in Table 2. The major angles for M2 in the Kurushima Strait were
162.21°, 111.16°, 107.2°, 67.17°, and 118.55° for sites Kul, Ku2, Ku3,
Ku4, and Ku5, respectively. For the Tsuwaji site (Tsul), the major angle
for M2 was 75.73°. Twenty-seven turbines with a diameter of mostly 20
m could be installed in the Kurushima Strait alone, and one turbine
could be installed in the Tsuwaji Strait. The occurrence likelihood and
the power calculation are shown in Figs. 6 and 7. The power per farm
was Py = 36 MW, with 32.5 MW only from the Kurushima Strait. The
total AEP = 200.2 GWh/year. Power production was the highest among
all farms in the SIS, leading to a competitive LOCE of 8925 ¥/MWh for
r = 5% with UK market prices. The Japanese market price was also low,
with LCOE equal to 17,826 ¥/MWh for r = 5% and 48,095 ¥/MWh for
r = 10%. The highest LCOE was in the MeyGen price scenario, with
99,159 ¥/MWh for r = 10% and 35,030 ¥/MWh for r = 5%.

3.6. Integrated annual energy production and tidal phasing effect

The synthesis of AEP from all tidal farms was approximately
374,640,000 kWh/year. Using Egs. (4) and (5), the number of
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Fig. 5. Occurrence likelihood of the dominant velocity at Shimanami Farm, the best fitted curve for the velocity distribution (Foldnorm, Loglaplase, and Foldcauchy)
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calculation in Taizaki (site ST1), (h) power calculation in Taizaki (site ST2).

households that dispensed electricity was approximately N = 89,735,
and the CO4 reduction was approximately R, = 166,000 ton CO- /year.

The SIS is connected to the Pacific Ocean through the Bungo Channel
and Kii Channel and to the Japan Sea through the Kanmon Strait (Fig. 1).
The water circulation in the SIS is contributed mainly by the Bungo and
Kii channels, with a minor effect from the Kanmon Strait [67]. The tidal

phase is almost coincident at all optimal locations (Fig. 8). This coinci-
dence results in concurrent power production at all sites. Some tidal sites
have flood tide dominance, such as SF1, where the velocity during the
ebb tide is less than 1 m/s; some sites have ebb tide dominance, such as
Ku4; and other sites have bidirectional tidal velocities, such as Ma2.
Similar to tidal lagoons [79], the power output is consistent, which
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Fig. 6. Occurrence likelihood of the dominant velocity for the Kurushima and tsuwaji tidal farm, the best fitted curve for the velocity distribution (Foldnorm,
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facilitates operation and demand control. Thus, uninterrupted power
output is expected, especially if the cut-in velocity per turbine is reduced
to 0.5 m/s. For TPGs, studies have shown that more than 90 % of the
extracted tidal power can be exported to the grid, which limits the need
for backup battery systems [80]. This power output improves the inte-
gration and management within the electricity grid, contributing to the
overall renewable energy mix.

4. Discussion
4.1. Tidal power competitiveness

The capital cost of the TPG decreases with increasing installed ca-
pacity and learning rate. For example, increasing the cumulative ca-

pacity from 10 MW to 1 GW reduces the capital cost by approximately 3
% [39]. The learning rate is the reduction percentile in costs per
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doubling of installed capacity. For example, the learning rate is 10 % if
the cost of power decreases by 10 % from the first MWh to the second
MWh [30]. The tidal stream velocity also plays a critical role in deter-
mining the LCOE. A reduction in tidal velocity of 20 % can double the
LCOE, underscoring the sensitivity of the TPG to site-specific conditions
[35]. The design and deployment also contribute to cost reductions. For
example, the development of a customised barge for turbine installation
reduces the number of expensive dynamic positioning vessels. These
innovations are expected to lower the installation costs for larger-scale
tidal arrays [19].

Rodrigues et al. [81] reported an LCOE of 428 €/MWh for a small-
scale turbine (35 kW) in Ria Formosa, Portugal. For a larger scale tur-
bine (1200 kW), the estimated LCOE was 165 €/MWh [34]. Lamy et al.
[82] estimated that the LCOE of the TPG for 2050 will range between 74
$/MWh and 330 $/MWh. A 10 MW tidal array in Tacoma Narrows in the
USA is expected to have an LCOE of 400 $/MWh [83]. Bricker et al. [51]
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Fig. 7. Power calculations at the Kurushima and Tsuwaji tidal farm: (a) Kurushima site Kul, (b) Kurushima site Ku2, (c) Kurushima site Ku3, (d) Kurushima site Ku4,

(e) Kurushima site Ku5, and (f) Tsuwaji Strait (site Tsul).

evaluated tidal energy farms in western Japan and reported that the
LCOE could fall below 20,000 ¥/MWh, assuming farms with 1.2 MW
turbines. Tidal farms with smaller turbines (38 kW) presented LCOE
values below 16,000 ¥/MWh. The turbine price is lower for small-
diameter turbines, but the installation and maintenance costs are not
[19]. Therefore, it is more efficient to have larger turbines with higher
rated power. Furthermore, the selection of a turbine must be based on
site properties such as depth and tidal current velocity [84].

In this study, the average LCOE per discount rate (10 % and 5 %) for
each scenario was calculated. The LCOE was then averaged for the 10 %
discount rate and for the 5 % discount rate (LCOE,ye) (see Table 3). The
LCOE,ye for a 10 % discount rate was 85,990 ¥/MWh, and the LCOEy.
for a 5 % discount rate was 31,088 ¥/MWh. At its current stage, TPG
remains more expensive than wind and solar energy. However, with
progressive technological advancements and industry maturation, these
costs are anticipated to decline over time. Renewable energy in Japan
relies on solar and onshore wind, with offshore wind expected to gain
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prominence in the coming years. According to the Ministry of Economy,
Trade, and Industry (METTI), the LCOE for solar power is 12,900 ¥/MWHh,
that for onshore wind is 19,800 ¥/MWh, and that for offshore wind is
30,000 ¥/MWh [85]. In comparison, the target LCOE for TPG in Japan at
early consideration was higher at 36,000 ¥/MWh [46]. This study
demonstrated that competitive LCOE is attainable and is affected mainly
by AEP and supportive policies to lower risk and encourage large-scale
investment.

4.2. Prospects of tidal power in Japan

The main barrier for TPGs in Japan could be the high cost. Other
barriers might be market penetration and social impact, which are under
addressed in the case of Japan. Effective strategies must be implemented
to lower the cost and encourage the development of TPGs. At the
MeyGen tidal site, a government subsides of approximately 20 % of the
CAPEX was provided for the development of phase Al. It is more
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efficient for Japanese developers to manufacture tidal turbines, which
will lower the total cost of tidal farms and create opportunities for in-
vestment [86].

For TPGs, installation, maintenance, and operation have negligible
environmental impacts across all device types [87]. In contrast, the
environmental footprint of fossil fuel plants is primarily concentrated in
the operational phase. Japan consists of numerous remote islands with
small communities, especially in the SIS, and the TPG offers positive
economic and social benefits [88]. Furthermore, the TPG eliminates the
cost of cable connection with the mainland. These advantages, com-
bined with cost-reduction strategies and site-specific optimisation,
illustrate the significant potential of TPG as a sustainable and econom-
ically viable renewable energy source.

4.3. Sensitivity analysis for LCOE

The LCOE is affected by many factors, and it is difficult to predict an
exact number, especially for the TPG. The results of the above analysis

suggest that the LCOE is influenced mainly by the AEP and discount rate
(r). In the case of the SIS, farm four (Kurushima and Tsuwaji) had the
optimal scoring LCOE of 8925 ¥/MWh and AEP of 200.2 GWh/year for r
equal to 5 % under the third scenario (the UK market assumption)
(Table 3). Therefore, farm four, with the optimal LCOE, was used to
discuss the sensitivity of several parameters. Fig. 9 presents the results of
the sensitivity analysis. As expected, for r values ranging between 5 %
and 15 %, the change in LCOE was the most extreme (Fig. 9 a). Whenr is
equal to 15 %, the LCOE reaches 69,000 ¥/MWh, which is approximately
eight times the optimal value. For AEP, the analysis encompassed a
reduction percentile between 10 % and 50 % from the original AEP. The
AEP is calculated using the output power from the farm, which is
compromised by the tidal current available for power generation. At this
time, there are no fully commissioned tidal farms in the world, and the
information regarding the optimal positioning and distribution of the
turbines inside the farm remains at the research level. The LCOE was less
influenced by AEP than by r. For a 10 % reduction in AEP, the LCOE was
approximately 9917 ¥/MWh. The LCOE increased to approximately

70000 ]
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—— OPEX Idx
—— rldx
< 50000 —— AEP Idx
S
$ 40000
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Change rate
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Fig. 9. (a) Sensitivity analysis of the levelised cost of energy (LCOE) with increasing capital expenditure (CAPEX), operation expenditure (OPEX), and discount rate
(r) and decreasing annual energy production (AEP). (b) Sensitivity of the LCOE for the exchange rate between the GBP (£) and JPY (¥).
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17,850 ¥/MWh for a 50 % reduction in AEP (Fig. 9.a). Fig. 9.a shows
that the influence of increased CAPEX and OPEX had the smallest effect
on the LCOE. For 80 % increases in CAPEX and OPEX, the LCOEs were
14,442 ¥/MWh and 10,549 ¥/MWh, respectively.

The exchange rate between the GBP and JPY causes uncertainty in
the cost analysis due to sharp fluctuations over time. The choice of 1 GBP
equal to 140 JPY is based on a relatively stable period before COVID-19.
Therefore, an exchange rate between (1 GBP equal to 120 JPY) and (1
GBP equal to 250 JPY) was used to investigate the influence of the ex-
change rate on the LCOE. Fig. 9.b shows that even for the highest rate of
250, the LCOE was 15,938 ¥/MWh. This effect remains small compared
with that of AEP and r.

5. Conclusion

The TPG presents a promising addition to the renewable energy
portfolio, offering reliable and predictable energy generation that can
complement variable sources such as solar and wind. This study pro-
vides a feasibility assessment of the potential of the TPG in the SIS in
Japan. Four tidal farms were proposed. The Akashi Strait; Matsushima
Island and Obatake Strait; Shimanami Islands; Kurushima Strait and
Tsuwaji Strait. The integrated AEP from all farms was 374.64 GWh/
year, which can supply approximately 89,735 households and results in
an approximately 166,000 tons of CO5 reduction per year.

The LCOE was used to conduct economic analysis for each tidal farm.
Three scenarios were used for the CAPEX and OPEX assumptions, and
two discount rates of 10 % and 5 % were used. The LCOE,y,. among the
three scenarios for a 10 % discount rate was approximately 85,990
¥/MWh, and the LCOE,. for a 5 % discount rate was 31,088 ¥x/MWh.
Despite the current higher cost for TPG, continued technological ad-
vancements, scaling of installed capacity, and innovations in installation
and maintenance processes are expected to reduce the LCOE.

The 100 m resolution of the tidal model may introduce uncertainties
in LCOE estimation by limiting the accuracy of flow dynamics at finer
scales. Additionally, the wake effect on power production was not
considered in this study, which led to an underestimation of energy
losses and impact cost projections. Currency exchange rates also influ-
ence LCOE calculations, as fluctuations affect capital and operational
expenditures, particularly for imported components. Furthermore, the
discount rate assumption significantly impacts LCOE, with lower rates
improving economic feasibility.

In Japan, the deployment of TPGs faces unique challenges, including
high initial costs and limited specialised infrastructure. Addressing these
barriers requires governmental support to modernise infrastructure,
streamline permitting processes, and incentivise private investment. As
Japan continues to transition to a low-carbon energy system, integrating
TPG alongside solar, wind, and other renewables could play a crucial
role in achieving energy security and environmental sustainability.
While there is still much to be done to overcome the current economic
and logistical challenges, the long-term potential of TPG to contribute to
decarbonisation efforts and enhance grid stability makes it a valuable
area for continued research, development, and policy support.
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