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 A B S T R A C T

Tidal energy represents a promising yet underexploited source within the marine renewable sector, offering 
predictable and sustainable generation potential that aims to increase interest in offshore energy alternatives. 
This study presents a detailed bottom-up techno-economic optimisation assessment model adapted to tidal 
energy converter (TEC) systems. The proposed novel methodology breaks down component-level costs for TECs 
into three foundational types: Gravity-Based Substructures (GBS), floating platforms, and monopiles. A key 
achievement of this work lies in departing from traditional macroscopic economic aggregates by dynamically 
coupling these structural requirements with local hydrodynamic and bathymetric data to evaluate energy 
yield and economic performance. The model is applied to five different locations, namely Fall of Warness 
(UK), Fromveur and Raz Blanchard (France), Punta Pezzo (Italy), and Cozumel (Mexico), to assess how 
local parameters affect the feasibility of the TEC plant. Validation against real-world data from the ATIR 
floating platform project shows strong agreement with actual deployment costs. Supported by a multi-variable 
sensitivity analysis, results from the case studies indicate that monopile and floating TECs typically achieve 
higher capacity factors and lower Levelised Costs of Energy (LCoE) compared to GBS systems. The monopile 
configuration is more suitable for shallow water, while floating platforms prove more cost-effective in deep-
water sites. By highlighting the importance of tailoring TEC configurations to specific site conditions, these 
insights provide a robust and scalable tool for informing early-stage design and policy-making.
Introduction

Increasing pressure to reduce fossil fuel consumption and mitigate 
climate change has accelerated the expansion of renewable energy 
systems [1]. However, land availability and conflicts with agriculture 
and urban development limit further onshore deployment, increas-
ing costs in land acquisition. Offshore renewable technologies offer a 
promising alternative due to the vast extent of marine areas, higher 
and more stable wind and current resources, and reduced visual im-
pact [2]. Among them, tidal energy provides additional benefits such 
as high predictability, limited surface footprint, and consistent energy 
production [3,4].

Despite their potential, Marine Renewable Energy (MRE) technolo-
gies, such as Tidal Energy Converter (TEC) and Wave Energy Converter 
(WEC), remain at early deployment stages [5]. Their commercialisation 
is hindered by low learning rates, limited operational experience [6], 
and the scarcity of detailed techno-economic data. To overcome these 
commercialisation barriers, recent literature strongly emphasises the 
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need for comprehensive techno-economic assessments. Recent inves-
tigations on hydrokinetic farms have highlighted how specific design 
parameters, such as turbine layout, capital expenditures (CapEx), and 
fluctuations in electricity prices, directly dictate key financial indicators 
like the LCoE and Net Present Value (NPV) [7]. However, while the 
importance of these parameters is well-established, linking them to 
specific foundation technologies remains a challenge. Existing cost 
models often rely on the Top-down Approach (TdA), which allocates 
total project cost across high-level components [5], offering limited 
flexibility in assessing alternative device configurations. The Bottom-
up Approach (BuA) estimates the cost of each subcomponent, enabling 
more detailed and scalable evaluations. However, its application to 
tidal technologies is still limited. To date, only one BuA model ex-
ists [8], but it lacks sufficient detail and adaptability for practical 
use. The present work addresses this gap by developing comprehensive 
parametric BuA cost functions for TEC systems.

Tidal currents arise from periodic water level variations influenced 
by bathymetry and coastal geometry, with stronger flows in constrained 
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channels [4]. High-velocity sites include Saltstraumen (up to 10 m/s), 
Pentland Firth (>2.5 m/s) [9], and Fall of Warness (up to 4 m/s) [10]. 
Tidal energy benefits from water’s high density, yielding greater energy 
per unit volume than wind, and predictable cycles enabling up to 20 
h/day of generation [11].

At a macro level, the strategic importance of this high predictability 
is increasingly recognised in contemporary energy planning. Recent 
techno-economic optimisation studies have demonstrated that inte-
grating tidal energy into regional power systems can significantly en-
hance grid stability, reduce dispatch-down costs, and accelerate the 
achievement of net-zero emission targets under deep uncertainty [12].

TECs are broadly classified into tidal range and tidal stream tech-
nologies. Tidal stream systems, which extract kinetic energy from 
currents, are the focus of this work. Among them, Horizontal Axis Tur-
bines (HATs) are the most mature, reaching TRL 8–9 with rated powers 
between 100 kW and 2 MW, while alternatives such as tidal kites 
are at TRL 7–8 [4]. HATs can be deployed using different foundation 
systems [13]:

• Gravity-Based Substructures (GBS) approach employs massive 
structural foundations that maintain seabed positioning through 
frictional forces generated by their substantial weight, typically 
composed of steel or concrete.

• Monopile foundations utilise drilled seabed penetration tech-
niques, analogous to offshore wind installations, and can accom-
modate dual TEC units mounted on adjustable crossarms that 
enable operational flexibility for maintenance procedures.

• Floating platform systems utilise seabed-anchored mooring ar-
rangements with heavy anchor systems, supporting dual TEC 
units positioned beneath the platform to capture energy from 
elevated water column flows.

Available economic data show substantial variability between tidal 
energy configurations. For GBS installations, capital expenditure
(CapEx) is estimated at 3.65 M€/MW with operational expenditure 
(OpEx) of 0.18 M€/MW for a 40 MW deployment [14]. Floating plat-
form configurations present lower capital requirements, with industry 
projections indicating costs of 2.6 M£/MW (CapEx) and 0.20 M£/MW 
(OpEx) for 10 MW arrays [15]. In contrast, monopile systems demon-
strate higher capital requirements; the MeyGen Phase 1C development 
(73.5 MW capacity) project’s investment costs of 6.8 M€/MW, although 
operational cost data for this configuration remain unavailable [16]. 
Performance data from UK installations indicate an average capacity 
factor (CF) of 29.9% for GBS systems [17]. Reported Levelised Cost 
of Electricity (LCoE) values for tidal stream technologies range be-
tween 0.11–0.48 €/kWh, with current estimates of 0.125 €/kWh for 
floating TEC systems [18] and projections of 0.10 €/kWh by 2030 as 
deployment scales increase [4].

Commercialisation of tidal energy faces strong competition from 
mature technologies such as wind and solar; therefore, supportive 
policy frameworks and long-term deployment programmes remain es-
sential [19]. TECs may play an important role, especially in remote or 
island communities, where they can enhance energy independence and 
reduce fossil fuel reliance [20], stimulating economic growth through 
job creation and reduced energy costs.

The work presented in this paper addresses a clear gap in the exist-
ing literature by developing a systematic bottom-up techno-economic 
modelling framework for the three main HAT configurations, applied 
to five potential case studies. Specifically, the primary novelty of this 
work lies in the development of a parametric BuA framework that 
dynamically scales with specific local bathymetry and hydrodynamic 
profiles. Unlike traditional top-down methods that rely on macroscopic 
economic aggregates, this data-driven methodology systematically links 
foundation-specific structural requirements with site-specific environ-
mental data. This provides a continuous representation of costs across 
different technologies, rated powers, and installation sites, offering 
2 
Fig. 1. Workflow of the techno-economic tidal model.

unprecedented transparency for early-stage techno-economic assess-
ments. Tidal resource availability, energy production, and cost metrics 
are quantitatively evaluated and compared against available literature 
data.

The remainder of the paper is structured as follows: Section ‘‘Meth-
ods’’ presents the materials and methods, including study areas, the 
state of the art of BuA, the tidal resource and power assessment, and the 
techno-economic assessment; Section ‘‘Results and discussion’’ presents 
and discusses system performance and competitiveness across sites, in-
cluding a sensitivity analysis; and Section ‘‘Summary and conclusions’’ 
provides the summary and main conclusions of the research.

Methods

This study conducts a comprehensive techno-economic feasibility 
assessment across five distinct locations, evaluating three TEC foun-
dation technologies: Gravity-Based Substructure (GBS), monopile, and 
floating platform configurations. The analysis integrates site-specific 
environmental parameters with TEC technical specifications to deter-
mine total project costs through the developed cost model. Subse-
quently, power generation estimates are derived by applying device-
specific power curves to local tidal resource characteristics, enabling 
the calculation of key techno-economic performance indicators. The 
complete analytical framework, from input parameters to final outputs, 
is illustrated in Fig.  1.

Study areas

The study focuses on five distinct marine locations selected for their 
potential in tidal energy exploitation. These sites were chosen based 
on the availability of tidal current data, existing tidal energy projects, 
and their diversity in geographical characteristics: the Fall of Warness 
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(Scotland), Fromveur and Raz Blanchard (France), Punta Pezzo (Italy), 
and Cozumel (Mexico). The selected sites differ significantly in terms 
of tidal current velocity, water depth, and proximity to shore, encom-
passing both nearshore, easily accessible locations and deeper offshore 
conditions. Fall of Warness is characterised by high tidal velocities (up 
to 4 m/s [10]), making it an established reference location for device 
testing and commercial array development. Raz Blanchard exhibits 
exceptional tidal currents due to the constriction between Alderney 
Island and Cap de la Hague [21], with depths of approximately 55 m 
at 11 km from shore. Fromveur provides comparable flow intensity 
at moderate depths, with particular interest for local off-grid power 
supply to Ushant Island [22]. Punta Pezzo, in the Strait of Messina, 
combines strong currents (≈3 m/s) with greater depths (≈100 m), 
offering logistical advantages due to its coastal proximity [23]. Finally, 
the Cozumel channel in Mexico represents the shallowest and highly 
accessible case in this study (≈19 m) [1]. Detailed site descriptions are 
provided in the Supplementary Material.

These locations were chosen based on accessible tidal data avail-
ability, as direct measurements via Acoustic Doppler Current Profilers 
(ADCPs) present substantial financial constraints [24].

State-of-the-art bottom-up approach

Cost estimation methodologies for technological development can 
be categorised into two approaches: the Top-down Approach (TdA) 
and the Bottom-up Approach (BuA). TdA starts from the total project 
cost and allocates percentages to major system components based on 
historical data. Although simple to apply, it offers limited insight into 
how design parameter variations affect component-level costs due to 
its aggregated structure. Conversely, BuA disaggregates the system 
into individual subcomponents and technical parameters, enabling the 
development of detailed cost functions and reducing estimation uncer-
tainty [5]. While TdA provides a high-level perspective, BuA yields 
more accurate and configuration-specific estimates, although it requires 
extensive technical data and is less suited to early design stages. Few 
cost functions specifically designed for TECs are available in the liter-
ature. Due to high similarity with wind turbines, many wind turbine 
component cost functions have been adapted for TEC applications 
when validity ranges are satisfied. To address this literature gap, this 
study presents the first comprehensive BuA cost model specifically 
developed for tidal energy systems, enabling detailed techno-economic 
comparison of three TEC foundation technologies across five diverse 
tidal sites and providing technology-specific economic insights through 
parametric cost functions tailored to marine environments.

Assessment of tidal energy resource

One of the most significant advantages of tidal energy is its high pre-
dictability, which follows regular cycles, making precise forecasting of 
tidal currents and energy generation possible. Due to the high costs of 
ADCPs, real measurement datasets were not publicly available; instead, 
only statistical results or a single value were provided. Therefore, four 
different cases of tidal energy resource assessment were evaluated to 
present different methodologies in data usage.

1. Model data and bias correction: Tidal velocity data are retrieved 
from the Global Ocean Physics model provided by the Coperni-
cus Marine Service [25]. The dataset is subsequently corrected 
using available field measurements, specifically the annual av-
erage velocity 𝑈𝑧𝑚𝑒𝑎𝑛 = 1.5 m/s recorded by the ATIR floating 
platform at a rotor depth of z = 13.9 m [18]. To assess current 
speeds at the depth of interest, a power law equation is applied, 
expressed as (1) [26], 

𝑈 (𝑧) = 𝑈𝑚𝑒𝑎𝑛 ⋅
(

ℎ − 𝑧
)

1
𝛼
, (1)
𝛽 ⋅ ℎ

3 
where the bed roughness 𝛽 = 0.4 and power law exponent 𝛼
= 7 are given parameters from the study that proposed the 
equation [26], while 𝑈𝑚𝑒𝑎𝑛 is the depth-averaged velocity, h is 
the water depth, and z is the rotor depth. This equation is later 
used in all case studies.

2. Tidal current time series: in this case, a dataset from the DTO-
ceanPlus project database was retrieved [27], obtained from the 
HOMERE model developed by Ifremer, using an unstructured 
grid, and already validated with ADCP measurements [27].

3. Tidal current harmonic analysis: In this case, the harmonic com-
ponents of the tidal current were provided. Specifically, an ADCP 
measurement campaign was conducted at the site of interest 
over a 24-day period. A time-domain harmonic analysis was then 
carried out, allowing the tidal stream velocity to be estimated as 
the superposition of sine functions [28].

4. Yearly current frequency analysis: In this case, the use of numer-
ical models such as the Copernicus dataset is not appropriate. 
This is mainly due to the model’s low spatial resolution, which 
makes it unsuitable for accurately capturing rapid bathymetric 
variations and the dynamics occurring near the shoreline. There-
fore, data for this site were retrieved from the literature. The 
available data consist of the yearly relative frequency of the 
depth-averaged current velocity 𝑉𝑚𝑎𝑔 , derived from ADCP mea-
surements [1]. For this specific case, a different, yet comparable, 
power law velocity profile is used, as it was directly provided 
together with the velocity data. The vertical velocity distribution 
is defined as (2), 

𝑈 (𝑧) = 𝑈𝑚𝑒𝑎𝑛 ⋅ (ℎ − 𝑧)
1
𝑏 , (2)

where the power law exponent is 𝑏 = 6.14. The depth-averaged 
velocity is expressed as 

𝑉𝑚𝑎𝑔 =
∫ 0
ℎ 𝑈 (𝑧)𝑑𝑧

ℎ
(3)

Extractable tidal power

TEC power curves are implemented to estimate the amount of 
extractable tidal power based on the annual tidal resource dataset, as 
defined in (4) [7], 

𝑃 = 1
2
𝜌𝐴𝐶𝑝𝑈

3 , (4)

where 𝜌 is the water density, set to 1025 kg∕m3, A is the rotor swept 
area, Cp is the power coefficient, and U is the tidal current speed. Each 
turbine operates within a specific range of velocity, generating power 
from the cut-in speed (𝑈𝑖𝑛) to the cut-out speed (𝑈𝑜𝑢𝑡), and delivering 
rated power (𝑃𝑟𝑎𝑡𝑒𝑑) between the rated speed (𝑈𝑟𝑎𝑡𝑒𝑑) and 𝑈𝑜𝑢𝑡.

Based on the derived tidal power dataset, the annual energy pro-
duction (AEP) and capacity factor (CF) can be computed [29].

In this analysis, it is assumed that all generated power is transmitted 
to the onshore substation without accounting for losses through the 
generator or export cables, and wake effects are neglected. Although 
omitted in the capacity factor calculations to maintain foundation-
independent comparisons, the potential impact of these combined 
losses on the project’s economic viability is rigorously evaluated in the 
Sensitivity Analysis (Section ‘‘Sensitivity analysis’’).

Techno-economic assessment

This study adopts a techno-economic assessment approach for TECs, 
in which the overall capital cost is evaluated through a modular cost 
breakdown based on the primary subsystems of the device. Each sub-
system is associated with a specific cost function that reflects the 
corresponding design parameters, allowing for scalable and flexible cost 
estimation across different configurations. The main input variables and 
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Table 1
Main input variables of the BuA-based cost model, with typical ranges of values 
and assumed values for some parameters.
 Parameter Symbol Value Units 
 Water depth ℎ – /  
 Distance to the shore 𝑑 – /  
 No. of blades 𝑁𝑏𝑙𝑎𝑑𝑒𝑠 2–6 /  
 Rated current 𝑈𝑟𝑎𝑡𝑒𝑑 2–4.5 m/s  
 Rotor diameter 𝐷 5–24 m  
 Rated power 𝑃𝑟𝑎𝑡𝑒𝑑 100–2000 kW  
 No. of turbines per structure 𝑁𝑡𝑢𝑟𝑏,𝑠𝑢𝑏 1 or 2 /  
 No. of structures 𝑁𝑠𝑢𝑏 Array dep. /  
 Export voltage 𝑉𝑒𝑥𝑝𝑜𝑟𝑡 11–33 kV  
 No. of export cables 𝑁𝑐𝑎𝑏𝑙𝑒,𝑒𝑥𝑝 Array dep. /  
 No. of rows for array 𝑁𝑟𝑜𝑤 Array dep. /  
 No. of columns for array 𝑁𝑐𝑜𝑙𝑢𝑚𝑛 Array dep. /  
 Output voltage from generator/array voltage 𝑉𝑎𝑟𝑟𝑎𝑦 0.69 kV  
 Power factor 𝑃𝐹 0.95 /  
 Gearbox ratio 𝑖 1/98 /  
 Thrust coefficient 𝐶𝑇 0.9 /  
 Ratio of cover and rotor diameter 𝐷𝑐𝑜𝑣𝑒𝑟∕𝐷 0.1333 /  
 Floating platform mass 𝑀𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 360 tons  
 Anchor weight 𝑀𝑎𝑛𝑐ℎ𝑜𝑟 140 tons  
 Chain diameter 𝐷𝑐ℎ𝑎𝑖𝑛 0.076 m  
 Steel price for mooring 𝑃𝑠𝑡𝑒𝑒𝑙,𝑚𝑜𝑜𝑟𝑖𝑛𝑔 0.5 €/kg  
 Steel price for floating platform 𝑃𝑠𝑡𝑒𝑒𝑙,𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 2.5 €/kg  
 Steel price for GBS 𝑃𝑠𝑡𝑒𝑒𝑙,𝐺𝐵𝑆 0.8 €/kg  
 A36 steel price for monopile 𝑃𝑠𝑡𝑒𝑒𝑙,𝑚𝑜𝑛𝑜 1.2 €/kg  
 Monopile outer diameter 𝐷𝑜𝑢𝑡 3.5 m  
 No mooring lines 𝑛𝑚𝑜𝑜𝑟𝑖𝑛𝑔 4 /  

assumed parameters are listed in Table  1, together with their respective 
typical ranges of values. A complete list of cost functions related to each 
TEC component is reported in Tables S1, S2, and S3. Only Development 
Expenditures (DevEx) were assumed to be 5% of total CapEx without 
using the BuA [30]. Additionally, nacelle cover cost is considered 21% 
of nacelle cost (rotor + PTO + yaw system) as derived from the case 
study in [8].

Some cost functions require input parameters not previously de-
fined, such as the thrust coefficient 𝐶𝑇  (used to evaluate the thrust 
force 𝐹𝑇 ), low-speed shaft angular velocity 𝜔𝑙𝑠𝑠(B.4) and the tip-speed 
ratio (TSR), set to 4.5 for three-bladed [31] and 6.0 for two-bladed 
turbines [32].

The assumed values of cost metrics and parameters used in this 
analysis were retrieved from real tidal energy projects and used as 
inputs to the corresponding cost functions.

Steel price represents a critical parameter in foundation cost esti-
mation and must be selected according to application-specific require-
ments. For floating platforms, a steel price of 2.5 €/kg was adopted to 
reflect the high-quality materials and fabrication requirements typical 
of offshore structures. The mooring system employs lower-grade steel 
at 0.5 €/kg, consistent with chain and anchor manufacturing standards. 
Monopile foundations utilise A36 structural steel, priced at 1.2 €/kg by 
incorporating an 80% mark-up over base material costs to account for 
processing and fabrication [33]. GBS structures employ a cost of 0.8 
€/kg, reflecting the use of lower-grade steel primarily for ballast pur-
poses, with pricing positioned between raw steel commodity rates [34] 
and structural steel costs.

Installation costs represent a significant component beyond equip-
ment manufacturing, encompassing turbine substructure, turbine as-
sembly, electrical infrastructure, and mooring system deployment. 
These costs primarily depend on installation duration and vessel speci-
fications, with rates varying substantially among different vessel types. 
The general installation cost function for turbines and substructures can 
be expressed as [35], 

𝐶𝑖𝑛𝑠𝑡 =
𝑁

𝑁𝑡𝑟𝑖𝑝

(

𝑡𝑖𝑛𝑠𝑡 + 2 𝑑
𝑉𝑣𝑒𝑠𝑠𝑒𝑙

)

𝐶𝑣𝑒𝑠𝑠𝑒𝑙

= 𝑁
(

𝑡𝑖𝑛𝑠𝑡 + 2 𝑑
)

(

𝐶𝑟𝑒𝑛𝑡 + 𝐶𝑓𝑢𝑒𝑙
)

,
(5)
𝑁𝑡𝑟𝑖𝑝 𝑉𝑣𝑒𝑠𝑠𝑒𝑙
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where 𝑁 represents the total number of elements to be transported, 
𝑁𝑡𝑟𝑖𝑝 is the number of elements per trip, 𝑑∕𝑉𝑣𝑒𝑠𝑠𝑒𝑙 is the transit time 
based on port distance and vessel speed, 𝑡𝑖𝑛𝑠𝑡 is the on-site installation 
time, and 𝐶𝑣𝑒𝑠𝑠𝑒𝑙 encompasses vessel rental costs, depending on type 
of vessel and domain of validity of cost variable (see Table S4 [36]), 
and fuel cost. Environmental factors affecting vessel operations are not 
modelled due to their complexity and site-specific variability. Addition-
ally, 3 workers are assumed to be on each vessel, with a cost rate of 50 
€/h. [5].

The installation time represents the remaining variable needed to 
complete Eq.  (5), and all the installation phases’ durations are detailed 
in Table S5.

Within the installation cost framework, the workers’ cost for on-
shore elements (𝑁𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠) preparation is evaluated based on a crew of 
6 workers, with each element requiring 1 h of preparation time.

For clarity and computational efficiency, the power cable installa-
tion cost was estimated following the methodology of [37], assuming 
one-third of the cable is buried beneath the seabed (282 €/m), and 
two-thirds is surface-laid (100 €/m).

OpEx comprises all operational and maintenance expenses incurred 
throughout the plant’s operational lifetime, with maintenance activities 
predominantly executed during suitable weather windows. These costs 
are conventionally divided into maintenance operations and insurance 
coverage [8]. The evaluation of maintenance costs presents significant 
challenges due to their strong dependency on maritime and weather 
conditions. While many studies quantify OpEx as a fraction of CapEx 
or per unit of installed capacity, these methodologies cannot adequately 
reflect the cost variations arising from different system configura-
tions. Although comprehensive modelling frameworks coupled with 
statistical analysis would provide the most accurate OpEx assessment, 
the present study prioritises computational simplicity while preserving 
reasonable cost estimation accuracy. Consequently, maintenance costs 
are determined through consideration of annual failure rates of key 
components, associated spare parts expenses (set at 15% of the original 
component cost), and required repair durations (see Table S6) [38]. 
Given the absence of specific repair time data for floating and monopile 
configurations in the available literature, these values were estimated 
by applying a 30% time reduction compared to the corresponding GBS 
TEC repair schedules. This reduction was hypothesised based on the op-
erational advantages of floating and monopile systems, which allow for 
direct surface accessibility, avoiding the complex and time-consuming 
interventions of a subsea diver or Remotely Operated Vehicle (ROV), 
typically required for GBS maintenance. Insurance costs are also in-
cluded in OpEx, assumed to be 1% of CapEx, which aligns closely with 
findings from the Meygen project [39].

Decommissioning costs (𝐷𝑐) refer to the expenses associated with 
the removal of the tidal plant at the end of its operational life. These 
costs depend on the type of TEC foundation, as different removal 
techniques and vessel specifications are necessary (see Table S7) [40].

Cost function adjustments

The cost functions and datasets used in this analysis originate from 
different studies spanning various years, regions, and currencies. To 
enable consistent economic comparison, all costs were adjusted using 
the Consumer Price Index (CPI), which accounts for inflation over 
time and across regions. Economic data were normalised to 2024 
values (𝐶𝑃𝐼2024) for each country and expressed in euros for consis-
tency. Each reference cost was scaled according to the corresponding 
𝐶𝑃𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑦𝑒𝑎𝑟, following the CPI-based adjustment provided in Eq. 
(B.7) [41], with CPI data summarised in Table S8.

Techno-economic parameters

The evaluation of different TEC configurations requires a robust 
techno-economic framework. Several financial indicators are employed 
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Table 2
CapEx and OpEx comparison between model results and real project data.
 Component Model cost [€] Real cost [€] 
 Platform 2,801,801 2,876,562  
 Structure 900,000 912,787  
 Mechanical 911,900 1,217,391  
 Electrical 360,779 327,244  
 Control 231,538 102,448  
 Auxiliary 270,808 123,258  
 Blades 126,777 193,434  
 Installation 654,377 519,169  
 Mooring design – 10,000  
 Mooring materials 374,238 200,000  
 Cable 107,576 106,830  
 Installation 113,681 83,339  
 Transport 44,801 100,000  
 Blade installation 14,080 19,000  
 Engineering (DevEx) 181,904 158,747  
 Design – 100,909  
 Construction – 57,838  
 Total CapEx 3,638,083 3,554,478  
 Maintenance 89,656 –  
 Insurance 36,377 –  
 Total OpEx 126,033 96,000  

to estimate plant profitability and feasibility, including the Levelised 
Cost of Energy (LCoE), Net Present Value (NPV), Return on Investment 
(ROI), Payback Period (PP), and the amount of avoided CO2 emissions 
𝐸CO2

. All techno-economic parameter equations are reported in Ap-
pendix ‘‘Equations’’. The discount rate 𝑟 was assumed to be equal to 
5%, and the project lifetime 𝑛 = 25 years [18].

LCoE, NPV, ROI, and PP were calculated according to equations 
provided in Appendix ‘‘Equations’’, assuming constant annual revenues 
(𝑅𝑡) and OpEx over the project lifetime. Electricity revenues were 
evaluated using an electricity selling price 𝑝𝑒𝑙 = 207 €/MWh, consistent 
with UK tidal energy support schemes [42]. The environmental benefit 
was quantified through 𝐸CO2

, calculated using an emission factor 𝐸𝐹
of 532 g  CO2,eq/kWh, representative of electricity production from 
natural gas [43].

To evaluate model robustness, a multi-variable sensitivity analysis 
is applied to the most favourable scenario (Fromveur, 32 turbines). This 
setup represents the highest commercial potential, providing critical 
insights into the economic viability of large-scale tidal farms.

Results and discussion

This section presents the outcomes of the techno-economic analysis 
based on the developed BuA model. First, the model is validated against 
real-world data from the ATIR floating tidal platform to assess its accu-
racy and consistency with existing project costs. Secondly, the validated 
model is applied to five selected sites to evaluate and compare the 
performance and economic feasibility of different TEC configurations 
under varying environmental conditions.

Cost model validation through ATIR floating TEC

To validate the proposed cost model, a real-world case study was 
analysed: the ATIR floating tidal platform, developed by Magallanes 
Renovables and deployed at the EMEC test site in Scotland [44]. 
Platform characteristics and cost data were collected from technical 
literature and public sources (see Tables S9 and S10). The export cable 
was excluded from the model since the ATIR platform was directly 
connected to EMEC’s infrastructure.

Table  2 presents the capital expenditures (CapEx) and operational 
expenditures (OpEx) estimated by the cost model versus the real costs 
of the ATIR tidal platform provided by Magallanes Renovables [45].
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Most of the cost categories align closely between the model and the 
real project. Larger deviations are observed in the control and auxiliary 
components, which include the power converter and wet-mate connec-
tors, respectively. These discrepancies may be present due to outdated 
cost references or project-specific supply chain conditions. For example, 
the power converter was reassigned to the control category instead of 
electrical to better reflect its role and to avoid overestimation.

A significant deviation was found in the mooring material cost. 
Based on the known mooring system mass and reported project cost, 
a steel price of approximately 0.26€/kg would be required to match 
the real expense. This value is unrealistically low compared to cur-
rent raw steel prices. Thus, the cost model used 0.5€/kg, which is 
consistent with the cost of raw steel [34]. While the total OpEx estima-
tion is reasonably close, the breakdown was not fully available from 
the developer, so direct comparison of individual components is not 
possible.

A single case study validation is insufficient to ensure model reliabil-
ity, necessitating comparison with additional projects of different TEC 
types. The MeyGen project, comprising four fixed tidal turbines in Scot-
land’s Pentland Firth, represents one of the earliest commercial tidal de-
velopments [39]. However, direct cost comparison proves challenging 
due to the project’s pioneering nature. As one of the world’s first large-
scale tidal arrays, MeyGen encountered significant risks associated with 
unproven technology, resulting in elevated insurance premiums and 
contingency costs. The fractured rock seabed and extreme tidal forces 
required custom engineering solutions for cable stability, further inflat-
ing project costs. Additionally, operational expenses were dominated by 
lease payments and insurance costs, reflecting the high-risk profile of 
early-stage tidal energy deployment. Consequently, MeyGen’s costs sub-
stantially exceed both the floating platform case study and the present 
cost model results, limiting its utility for model validation. Relying 
solely on the ATIR platform for validation is a recognised limitation 
due to the current scarcity of commercial data. However, the model’s 
expected reliability for emerging TEC designs and data-scarce sites 
remains high. By utilising physical and geometric parameters rather 
than empirical top-down aggregate costs, this bottom-up framework 
scales effectively. Furthermore, as demonstrated in Section ‘‘Sensitivity 
analysis’’ , uncertainties in literature-based parameters have a marginal 
impact on the LCoE compared to the available site-specific energy 
resource. To systematically address data constraints, future validation 
efforts will focus on iteratively calibrating the model. As new com-
mercial arrays mature, actual component-level costs and OpEx logs 
will be statistically aggregated to update the baseline cost functions, 
thereby reducing overall estimation uncertainties. Beyond its valida-
tion scope, the model demonstrates high adaptability to other TEC 
technologies, alternative sites, and future cost-reduction scenarios, sig-
nificantly enhancing its practical utility. Its modular structure allows 
for the seamless integration of emerging devices (e.g., tidal kites), 
new geographical locations, and projected cost reductions by simply 
updating the relevant power curves, structural mass equations, and 
local techno-economic inputs.

Application of the techno-economic model to selected tidal sites

The application of the techno-economic model to selected tidal 
locations yields various results and techno-economic metrics, which are 
better listed in Table  A.5, and the main insights derived from it are 
briefly discussed below. Water depth ranges from 19 to 100 metres, 
with deeper locations such as Punta Pezzo experiencing reduced energy 
production and increased installation costs for the GBS configuration. 
Similarly, greater distances from shore, such as the 11 km distance at 
Raz Blanchard, result in higher power export cable costs, as well as 
installation and maintenance procedures.

The capacity factor (CF) is computed for each location, with floating 
and monopile configurations achieving higher values compared to GBS 
TEC systems, as well as higher annual energy production (AEP). This 
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(a) CapEx distribution for 32 TEC array (19.2 MW) in Punta Pezzo.

(b) CapEx distribution for 32 TEC array (32 MW) in Raz Blanchard.

Fig. 2. Comparison of CapEx distributions for Punta Pezzo and Raz Blanchard sites.
improved performance results from the higher positioning of the rotor 
relative to the seabed, which enables the extraction of stronger current 
velocities and optimises turbine operation. The exception is Cozumel, 
where the tidal plant operates in shallow water depths. In this case, the 
GBS rotor must be positioned higher to satisfy the minimum clearance 
constraint of 6 m between the blade tip and seabed [46]. Additionally, 
different minimum clearance requirements must be met between the 
blade tip and sea level: 8 m for GBS configuration and 4.4 m for floating 
and monopile configurations [47]. Conversely, Punta Pezzo exhibits the 
lowest CF due to its significant depth, which forces the GBS TEC to 
operate at considerably lower velocities compared to surface currents, 
thereby limiting the turbine’s operational potential.

Table  3 presents the techno-economic results for the maximum array 
size considered in this study (32 turbines), which was chosen due to the 
natural trend of LCoE reduction as the array capacity increases, as later 
demonstrated in Fig.  4. This corresponds to 32 MW for Fall of Warness, 
Fromveur, and Raz Blanchard, 19.2 MW for Punta Pezzo, and 3.3 MW 
for Cozumel. The latter two locations exhibit lower array capacity due 
to less powerful turbines, as detailed in Table  A.5. Cozumel exhibits 
the lowest OpEx due to its proximity to shore, in contrast to Raz 
Blanchard, which incurs higher costs due to its distance from land. 
Most case studies demonstrate profitability, with exceptions being the 
GBS configuration at Punta Pezzo and all configurations at Cozumel. 
The unprofitability at Cozumel stems from reduced energy production 
caused by the less powerful TEC, whose diameter is constrained by 
shallow water depth, and the site’s lower energy resource. In most 
cases, the monopile TEC achieves the lowest LCoE, except at Punta 
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Pezzo, where high water depth increases foundation costs, making the 
floating TEC more economically viable. Conversely, GBS consistently 
shows the lowest profitability across all locations, except at Cozumel, 
where shallow water depth favours GBS and monopile configurations 
over floating systems. It should be noted that the floating platform mass 
and mooring system design are assumed constant in this analysis; in 
reality, shallow depths and lower currents would reduce both mass and 
costs.

In Fig.  2, the CapEx distributions for Punta Pezzo and Raz Blan-
chard are represented for a 32-turbine array, whose tidal sites were 
selected for high water depth and large distance from shore, respec-
tively. As observed from the pie charts, foundation cost represents the 
predominant contribution at Punta Pezzo, since the high water depth 
increases both monopile height and mooring system length, while GBS 
remains unaffected by this environmental parameter. At Raz Blanchard, 
power cable cost represents the main contribution to CapEx due to 
the large distance from shore, except for the GBS configuration, in 
which the offshore substation allows for a single high-capacity export 
cable, increasing costs only slightly compared to a nearshore location. 
Conversely, installation costs are elevated due to the large distance, 
resulting in longer transit times to reach the tidal plant. Fig.  3 reports 
the ROI and NPV for these two sites. GBS configurations do not yield 
a positive return, with the Raz Blanchard GBS TEC achieving only 
marginal profitability (ROI = 0.004%). In contrast, both floating and 
monopile configurations show increasing profitability as the array size 
increases.
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(a) NPV and ROI at different installed capacity and configurations in Punta Pezzo.

(b) NPV and ROI at different installed capacity and configurations in Raz Blanchard.

Fig. 3. NPV and ROI as a function of Installed Capacity generated by GBS, Floating, and Monopile TECs in Punta Pezzo and Raz Blanchard. Bars and dashed 
lines represent ROI and NPV values, respectively.
As already observed in Table  3, Fromveur proved to be the most 
convenient tidal site for a TEC array installation. For this convenient lo-
cation, the LCoE trend is reported in Fig.  4. The results demonstrate that 
increasing turbine array capacity leads to a reduction in LCoE values. 
This trend is most pronounced for GBS TECs, where export cable cost 
savings become more significant as the turbine number increases. In 
contrast, floating and monopile TECs exhibit only marginal LCoE reduc-
tions because each foundation incorporates its transformer, requiring 
individual export power cables per foundation. However, this LCoE 
monotonic decrease may be altered when environmental constraints 
are explicitly incorporated into the optimisation framework. With their 
inclusion, the optimal configuration often features fewer turbines than 
the solution that maximises power output alone. This suggests that the 
incorporation of site-specific environmental restrictions could result in 
an optimal array size with a minimum LCoE at intermediate capacities 
rather than at maximum deployment scales [48].

To place these findings in perspective with other work in the 
field and benchmark the outcomes of the proposed BuA methodology, 
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the techno-economic results were directly compared against literature 
estimates derived from top-down approaches and real-world array pro-
jections (Table  4). As observed, Fall of Warness and Fromveur achieve 
CF values close to the UK average (29.9%), while other locations show 
suboptimal performance due to insufficient resources or mismatched 
technology. The LCoE targets set by the JRC are only met at Fall of 
Warness and Fromveur using floating or monopile systems. GBS TECs, 
representing first-generation devices [17], fail to achieve LCoE below 
100 €/MWh due to higher CapEx and OpEx. Literature cost estimates 
vary significantly and sometimes conflict. The model confirms that 
floating systems generally incur lower OpEx than GBS, although bench-
mark values diverge due to high OpEx uncertainty [18]. The modelled 
CapEx for monopiles differs from the 6.8 M€/MW literature value [16], 
likely influenced by the high-cost assumptions from the MeyGen Phase 
1C project, which in turn was based on elevated costs from the earlier 
Phase 1A.
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Fig. 4. LCoE trends for GBS, floating, and monopile TEC arrays at Fromveur as a function of installed capacity, with JRC target of 100 €/MWh.
Table 3
Techno-economic assessment results for different configurations.
 Parameter Fall of 

Warness
Fromveur Raz 

Blanchard
Punta 
Pezzo

Cozumel 

 GBS configuration
 Installed power 
[MW]

32 32 32 19.2 3.296  

 Capacity factor 
[%]

26.17 31.83 20.24 9.76 12.3  

 AEP [MWh] 73444 89142 56793 16427 3554  
 CapEx [M€] 97.93 100.6 128.9 57.58 24.25  
 OpEx [M€] 2.02 2.01 2.41 1.11 0.398  
 LCoE [€/MWh] 124.9 104.9 207.0 328.9 653.1  
 NPV [M€] 85.01 128.3 0.006 −28.22 −22.35  
 ROI [%] 65.77 97.33 0.004 – –  
 PP [years]a 10 8 24 – –  
 𝐸CO2

 [𝑡CO2𝑒𝑞]
b 39072 47423 30214 8739 1891  

 Floating configuration
 Installed power 
[MW]

32 32 32 19.2 3.296  

 Capacity factor 
[%]

33.24 39.35 28.49 20.83 11.51  

 AEP [MWh] 93066 110166 79891 35040 3325  
 CapEx [M€] 64.15 74.77 126.6 48.56 30.56  
 OpEx [M€] 1.60 1.78 2.99 1.09 0.577  
 LCoE [€/MWh] 66.7 64.8 150.5 131 840.9  
 NPV [M€] 184.1 220.8 63.64 37.51 −29.7  
 ROI [%] 210.6 219.4 37.56 57.97 –  
 PP [years]a 5 5 13 11 –  
 𝐸CO2

 [𝑡CO2𝑒𝑞]
b 49511 58608 42502 18641 1769  

 Monopile configuration
 Installed power 
[MW]

32 32 32 19.2 3.296  

 Capacity factor 
[%]

33.24 39.35 28.49 20.83 11.51  

 AEP [MWh] 93066 110166 79891 35040 3325  
 CapEx [M€] 47.98 68.24 117.9 57.85 14.78  
 OpEx [M€] 1.24 1.64 2.81 1.24 0.27  
 LCoE [€/MWh] 52.6 61.1 143.1 159.8 396.5  
 NPV [M€] 202.5 226.5 71.99 23.29 −12.45  
 ROI [%] 293.6 238.6 44.69 29.51 –  
 PP [years]a 3 4 12 14 –  
 𝐸CO2

 [𝑡CO2𝑒𝑞]
b 49511 58608 42502 18641 1769  

a PP: Payback Period.
b 𝐸CO2

: Environmental impact of decarbonisation.
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Table 4
Comparison of main techno-economic results and literature values.
 TEC Tidal site CF [%] CapEx 

[M€/MW]
OpEx 
[M€/MW]

LCoE 
[€/MWh]

 

 

GBS

A 26.17 3.06 0.24 124.87  
 B 31.83 3.14 0.20 104.90  
 C 20.24 4.03 0.37 206.99  
 D 9.76 3.00 0.59 328.88  
 E 12.3 24.25 0.98 653.09  
 Benchmark

[14]
29.9 3.65 0.18 100 [4]  

 

Floating

A 33.24 2.00 0.15 66.65  
 B 39.35 2.34 0.14 64.82  
 C 28.49 3.96 0.33 150.48  
 D 20.83 2.53 0.27 131.04  
 E 11.51 7.36 1.52 840.93  
 Benchmark

[15]
29.9 3.12a 0.234a 100  

 

Monopile

A 33.24 1.50 0.12 52.59  
 B 39.35 2.13 0.13 61.14  
 C 28.49 3.69 0.31 143.06  
 D 20.83 3.01 0.31 159.83  
 E 11.51 9.27 0.71 396.45  
 Benchmark

[16]
29.9 6.8 – 100  

A = Fall of Warness, B = Fromveur, C = Raz Blanchard, D = Punta Pezzo, E = Cozumel.
a Currency conversion of 1£ = 1.2€ (January 2025).

Sensitivity analysis

To address uncertainties in key input parameters and evaluate the 
robustness of the cost model, a sensitivity analysis was conducted on 
the LCoE. Specifically, this analysis was applied to the maximum array 
capacity configuration considered in this study (32 turbines) at the 
most favourable location (Fromveur). The analysis evaluated varia-
tions of −20%, −10%, +10%, and +20% across critical drivers. These 
drivers include the Capacity Factor (CF), discount rate, steel prices, 
failure rates, and the assumed repairing time reduction for floating and 
monopile configurations. The resulting percentage variations in LCoE 
for GBS, floating platforms, and monopile foundations are presented in 
Fig.  5.

The results indicate that LCoE is primarily governed by the Ca-
pacity Factor. A 20% reduction in CF results in an LCoE increase of 
approximately 25%, while a 20% increase in CF lowers the LCoE by 
over 15%. In contrast, all other evaluated parameters, such as discount 
rate, steel prices, and failure rates, exhibit a much lower influence. 
They drive LCoE variations of less than 10% even at extreme variation 
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(a) LCoE sensitivity to input parameters for the GBS configuration.

(b) LCoE sensitivity to input parameters for the floating configuration.

(c) LCoE sensitivity to input parameters for the monopile configuration.

Fig. 5. Sensitivity analysis of the LCoE as a function of percentage variations in key techno-economic parameters (Capacity Factor, Discount rate, Steel prices, 
Failure rates, and Repairing time reduction).
ranges. Furthermore, the magnitude of these sensitivity trends remains 
highly consistent across the GBS, floating, and monopile configurations. 
The only notable exception is the steel price, which exhibits a slightly 
different sensitivity profile across the technologies due to the distinct 
baseline material costs assigned to each foundation type, as detailed in 
Table  1.

Importantly, the sensitivity analysis justifies the OpEx assumptions 
made in Section ‘‘Techno-economic assessment’’. Due to the scarcity of 
literature data, a 30% reduction in repair time was assumed for floating 
and monopile configurations compared to GBS systems. The sensitivity 
plots demonstrate that LCoE is poorly sensitive to variations in the 
repairing time reduction, yielding a nearly zero percentage change. 
Consequently, while precise empirical data for these specific configu-
rations remains limited, the baseline assumptions do not compromise 
the techno-economic viability and the final LCoE estimates.
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The profound sensitivity of LCoE to CF also contextualises some of 
the highly competitive baseline results, for example, the 52.6 €/MWh 
for monopiles at Fall of Warness. As stated in the methodology, the 
current model assumes that all generated power is transmitted without 
accounting for losses through the generator or export cables, and wake 
effects are neglected. Because wake interactions and electrical losses 
are omitted, the effective CF is treated as independent of the TEC 
array configuration. In a real-world deployment, particularly for large 
arrays with 32 turbines, wake interactions would incrementally reduce 
the energy yield of downstream devices. Simulations on a hypothetical 
large tidal farm (58 turbines) demonstrate that wake losses can induce 
an error in the active power up to 3%, depending on ambient turbu-
lence [49]. Furthermore, transmission losses would further lower the 
net electricity delivered to the grid.

Based on the sensitivity findings, if wake effects, electrical losses, 
and resource estimation uncertainties were to collectively reduce the 
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Fig. 6. Sensitivity analysis of the NPV as a function of percentage variations in selling electricity.
effective CF by 10% to 20%, the LCoE would experience a propor-
tional upward shift of 10% to 25%, bringing the estimates closer to 
conservative literature benchmarks. Furthermore, the inclusion of these 
losses could slightly influence the comparative advantages between 
foundation types. For instance, floating systems access higher veloc-
ities near the surface and might experience different wake recovery 
profiles compared to deeper GBS systems. Nonetheless, the overall 
hierarchy of cost-effectiveness across the tested sites is expected to 
remain consistent.

Finally, a sensitivity analysis was also applied to the electricity sell-
ing price (𝑝𝑒𝑙) to evaluate the variability of financial profitability since 
𝑝𝑒𝑙 directly impacts the NPV rather than the LCoE. As illustrated in Fig. 
6, a 20% fluctuation in 𝑝𝑒𝑙 drives an NPV variation of approximately 
30% for floating and monopile configurations, and up to 40% for the 
GBS system due to its higher investment cost. These results highlight 
that, in addition to technological optimisation, securing stable govern-
ment tariffs remains crucial to guarantee the commercial viability of 
tidal projects.

Environmental and social aspects

The environmental advantages of tidal energy, particularly in terms 
of CO2 emission reductions, must be carefully balanced against its 
social and ecological impacts. Ecologically, differently from floating 
WECs [50], tidal turbines can affect marine wildlife through colli-
sion risks, underwater noise, and electromagnetic fields [51]. Further-
more, turbine arrays can significantly alter regional hydrodynamics 
by redistributing flow and modifying tidal ranges, which may disrupt 
sediment and nutrient transport [52]. To account for these factors, 
future developments of the model can integrate spatial environmental 
constraints. By including environmental sensitivity maps, the techno-
economic model can restrict the available deployment areas. This spa-
tial restriction will directly influence the techno-economic outputs by 
limiting the maximum number of installable structures and poten-
tially increasing the export cable length to bypass marine protected 
areas, thereby altering both the optimal array capacity and the final 
LCoE [53,54]. Conversely, optimisation models can integrate positive 
externalities by monetising the evaluated avoided CO2 emissions; as-
signing an economic value to decarbonisation, for example, through 
carbon credits, can effectively reduce costs, lower the LCoE, and en-
hance the technological competitiveness of the project [54]. From a 
social perspective, successful site selection heavily relies on community 
engagement to secure public acceptance [55]. Incorporating struc-
tured stakeholder consultations into Environmental Impact Assessment 
(EIA) frameworks is essential to address local concerns and enhance 
project sustainability. While the current model evaluates DevEx as a flat 
percentage of CapEx (Section ‘‘Techno-economic assessment’’), future 
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iterations will extend the bottom-up approach to formulate dedicated 
cost functions for permitting, EIA procedures, and community engage-
ment activities. This refinement will accurately quantify the financial 
impact of regulatory compliance and social acceptance. Ultimately, 
coupling these metrics with tangible socioeconomic benefits, such as 
local electricity supply, will be crucial to secure community support 
and align deployments with national energy goals [56].

Summary and conclusions

This study presented a novel, fully parametric bottom-up (BuA) 
techno-economic framework for evaluating three key tidal energy 
converter (TEC) configurations: Gravity-Based Substructures (GBS), 
monopile foundations, and floating platforms, across five distinct
coastal sites. A major achievement of this methodology is its ability 
to overcome the limitations of traditional top-down approaches by em-
ploying detailed cost functions derived from physical, geometric, and 
industry data. This provides unprecedented transparency in identifying 
the primary cost drivers for different foundation-site pairings.

The analysis showed that monopile and floating TECs generally 
achieve better performance in terms of capacity factor and Levelised 
Cost of Energy (LCoE), especially at sites such as Fall of Warness and 
Fromveur, where LCoE values dropped below 65 €/MWh. These results 
meet the European Commission’s cost targets for tidal energy. Floating 
platforms proved most suitable for deep-water locations like Punta 
Pezzo, while monopile configurations were more cost-effective in shal-
lower waters. GBS systems, although less competitive overall, showed 
relative advantages in shallow, nearshore sites like Cozumel. The model 
was successfully validated against the real-world ATIR floating plat-
form, showing good agreement in terms of capital and operational 
costs, thus reinforcing the robustness of the proposed methodology.

Regarding future research perspectives, the modular architecture of 
this bottom-up framework lays the groundwork for several critical ad-
vancements. First, future iterations will quantitatively integrate spatial 
environmental constraints directly into the optimisation loop, which 
will dynamically affect array sizing and cable routing. Second, the 
model will be expanded to formulate dedicated, parametric cost func-
tions for Development Expenditures (DevEx), thereby translating social 
acceptance into the cost-optimisation process. Finally, future work will 
focus on multi-technology validation, cross-referencing model outputs 
with operational data from maturing commercial arrays to continuously 
calibrate probabilistic failure models and capture OpEx uncertainties in 
extreme marine environments.

Overall, the methodology developed here represents a highly adapt-
able and scalable tool to support decision-making in early-stage design 
and site selection. It contributes to advancing the economic viability 
of marine renewables by providing realistic, component-based cost 
assessments tailored to environmental and technological variability.
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Table A.5
Summary of main characteristics of selected tidal sites and tidal turbines.
 Parameter Fall of Warness Fromveur Raz Blanchard Punta Pezzo Cozumel  
 Site location Latitude 59.14◦ 48.44◦ 49.76◦ 38.23◦ 20.51◦  
 Longitude −2.82◦ −5.03◦ −2.01◦ 15.63◦ −86.95◦  
 Environmental parameters Water depth [m] 49 51.3 55 100 19.1  
 Distance from shore [m] 1600 2500 11100 600 19.1  
 

Tidal turbine characteristics

Turbine name Orbital O2 Seagen S-2 MW Seagen S-2 MW Seagen S-1.2 MW Tocardo T2 
 Foundation Floating Monopile Monopile Monopile Tidal range 
 Rotor diameter [m] 20 20 20 16 9.9  
 Rated power [kW] 1000 1000 1000 600 103  
 Rated current [m/s] 2.65 2.5 2.5 2.35 2  
 Cut-in velocity [m/s] 1 1 1 0.7 0.4  
 Cut-out velocity [m/s] 4 4 4 4 2.6  
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Appendix A. Data of selected tidal sites and turbines

See Table  A.5.
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Appendix B. Equations

Here’s a list of equations of variables/techno-economic parameters 
involved in this study [14,29,37,43,57,58,58,59]. 
𝐴𝐸𝑃 = 𝑃𝑦𝑒𝑎𝑟𝑙𝑦𝑚𝑒𝑎𝑛 ⋅ 8760 , (B.1)

𝐶𝐹 =
𝑃𝑦𝑒𝑎𝑟𝑙𝑦𝑚𝑒𝑎𝑛

𝑃𝑟𝑎𝑡𝑒𝑑
(B.2)

𝐹𝑇 = 1
2
𝜌𝐴𝐶𝑇𝑈

2 , (B.3)

𝜔𝑙𝑠𝑠 =
𝑈 ⋅ 𝑇𝑆𝑅
𝐷∕2

(B.4)

𝑁𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 = 𝑁𝑏𝑙𝑎𝑑𝑒𝑠 +𝑁𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 +𝑁𝑐ℎ𝑎𝑖𝑛 𝑙𝑖𝑛𝑒𝑠

+𝑁𝑎𝑛𝑐ℎ𝑜𝑟𝑠 +𝑁𝑠ℎ𝑎𝑐𝑘𝑙𝑒𝑠
(B.5)

𝐶𝑐𝑎𝑏𝑙𝑒,𝑖𝑛𝑠𝑡 = 100 ⋅ 2
3
⋅ 𝐿 + 282 ⋅ 1

3
⋅ 𝐿 , (B.6)

𝐶𝑂𝑆𝑇2024 = 𝐶𝑂𝑆𝑇𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑦𝑒𝑎𝑟 ⋅
𝐶𝑃𝐼2024

𝐶𝑃𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑦𝑒𝑎𝑟
, (B.7)

𝐿𝐶𝑜𝐸 =
𝐶𝑎𝑝𝐸𝑥 +

∑𝑛
𝑡=1

𝑂𝑝𝐸𝑥𝑡
(1+𝑟)𝑡 + 𝐷𝑐

(1+𝑟)𝑛
∑𝑛

𝑡=1
𝐴𝐸𝑃𝑡
(1+𝑟)𝑡

, (B.8)

𝑁𝑃𝑉 = −𝐶𝑎𝑝𝐸𝑥 +
𝑛
∑

𝑡=1

𝑅𝑡 − 𝑂𝑝𝐸𝑥𝑡
(1 + 𝑟)𝑡

+
𝐷𝑐

(1 + 𝑟)𝑛
, (B.9)

𝑅𝑡 = 𝐴𝐸𝑃𝑡 ⋅ 𝑝𝑒𝑙 , (B.10)

𝑅𝑂𝐼 [%] = 𝑁𝑃𝑉
𝐶𝑡𝑜𝑡

, (B.11)

𝐶𝑡𝑜𝑡 = 𝐶𝑎𝑝𝐸𝑥 +
𝑛
∑

𝑡=1

𝑂𝑝𝐸𝑥𝑡
(1 + 𝑟)𝑡

+
𝐷𝑐

(1 + 𝑟)𝑛
, (B.12)

𝑃𝑃 =
ln
(

𝑅−𝑂𝑝𝐸𝑥
𝑅−𝑂𝑝𝐸𝑥−𝑟⋅𝐶𝑎𝑝𝐸𝑥

)

ln(1 + 𝑟)
, (B.13)

𝐸CO2
= 𝐸𝐹 ⋅ 𝐴𝐸𝑃 , (B.14)
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