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ABSTRACT

Wave energy offers substantial potential but has yet to reach
commercial viability due to high costs and reliability chal-
lenges. This study advances the Pendulum Wave Energy Con-
verter (PeWEC), an inertial device featuring a fully enclosed
Power Take-Off (PTO) to enhance survivability in harsh marine
environments. To improve techno-economic performance, this re-
search introduces a spline-based hull parametrisation, offering
greater geometric flexibility than previous simplified arc-based
designs.

An upgraded optimisation model is presented, employing a
genetic algorithm to minimise the ratio of Capital Expenditure
(CapEx) to Annual Energy Production (AEP). The design space
encompasses hull geometry, mass distribution, and PTO settings,
subject to robust physical constraints. A frequency-domain ap-
proach simulates device dynamics across 128 representative sea
states for a case study off Pantelleria Island, Italy.

Computational results demonstrate the efficiency of the

model, with parallelised runs completing within 96 hours. Com-
parative analyses indicate that spline-based designs significantly
outperform benchmark arc-based geometries. Specifically, the
spline parametrisation unlocks up to 33% increase in maximum
energy vield compared to the limit of the arc-based designs for
a comparable investment. These findings validate that advanced
hull shaping is critical for accessing superior techno-economic
configurations.
Keywords: Ocean Renewable Energy, Inertial WEC, Geome-
try Optimisation, Hull Design, Multi-Objective Optimisation,
Genetic Algorithm, Techno-Economic Analysis, Frequency-
Domain Modelling, AEP
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Symbols
A(w) Hydrodynamic added mass matrix
B,.s(w) Hydrodynamic radiation damping matrix

B,:o PTO damping vector

Crunr Cost of the floating hull [€]
F"b ;i Objective function value

F... Excitation force vector [N, Nm]

H, Significant wave height [m]

Kjya Hydrostatic stiffness matrix
K,:o PTO stiffness

M System mass and inertia matrix
P,ye  Average absorbed power [W]

q Generalized displacement vector
Sy Wave energy spectrum [m? s]

T, Wave energy period [s]

Tgen,max Rated generator torque [Nm]

o Hull pitch angle [rad]

£ Relative pendulum rotation angle [rad]
n:or  Electrical and mechanical efficiency [-]
w Wave angular frequency [rad s™!]
Acronyms

aCLR Annual Capture Length Ratio

aCWR  Annual Capture Width Ratio

AEP  Annual Energy Production [MWh]
BEM Boundary Element Method

CapEx Capital of Expenditure [€]

CoP  Capital expenditure over AEP ratio [€/MWh]
GA  Genetic Algorithm

PeWEC Pendulum Wave Energy Converter
PTO Power Take-Off

RAO Response Amplitude Operator

WEC Wave Energy Converter
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1. INTRODUCTION

The global transition toward a carbon-neutral energy port-
folio requires a diversification of renewable sources to mitigate
the variability of wind and solar power and reduce energy storage
requirements. Among the available options, ocean waves offer
a dense and highly predictable resource. Although numerous
Wave Energy Converter (WEC) concepts have been proposed,
none have reached a full commercial development stage. Among
the most promising concepts, favoured for their mechanical sim-
plicity and survivability, are Oscillating Water Columns (OWCs),
which are particularly suited for fixed-to-shore solutions [1-3].
However, for offshore deployment, where the energy resource
is significantly higher and spatial constraints are fewer, point
absorbers [4—7] and inertial devices [8—10] are often preferred.
But moving offshore introduces severe reliability challenges. To
minimise expensive marine maintenance, the Pendulum Wave
Energy Converter (PeWEC), investigated in this study, utilises a
fully enclosed Power Take-Off (PTO). Typical of inertial WECs,
this configuration ensures that sensitive electromechanical com-
ponents are shielded from the corrosive marine environment [11].

The design process for WECs is inherently a complex task.
Historically, common WEC design approaches have been sequen-
tial and, therefore, suboptimal: the hull geometry is often defined
first based on hydrodynamic principles, followed by the selec-
tion of the PTO. However, an effective design requires a holis-
tic approach based on representative wave-to-wire mathematical
models [12]. This aspect is critical because the implementation
of an energy-maximising control strategy introduces strong non-
linearities and fundamentally alters the dynamic response of the
device [13]. As a result, energy absorbed-wise optimal solutions
for uncontrolled versus controlled conditions can differ signifi-
cantly [14]. Furthermore, the hydrodynamic behaviour depends
mainly on shape, dimensions, linked to volume and mass, which
are the primary drivers of capital cost (CapEx) [15, 16]. Navi-
gating this trade-off between energy production and cost requires
Multidisciplinary Design Optimisation (MDO). Yet, a practical
implementation of an all-encompassing MDO is challenging due
to the vast, multi-dimensional search space. In this context, both
the cost function and the physical constraints often behave as
’grey’ or ’black’ boxes, since the system cannot be described
by a single mathematical formula or a simple combination of
equations. Consequently, Genetic Algorithms (GAs) have be-
come a common choice. As metaheuristic optimisation codes
based on evolutionary theory [17], GAs rely on the "survival-of-
the-fittest" principle. They are particularly well-suited for high-
dimensionality problems where the mathematical structure of the
objective function is unknown or non-differentiable [18]. Thanks
to their stochastic nature, GAs favour the identification of global
optima, reducing the risk of converging to local minima inherent
in deterministic methods. To date, the application of GAs within
the wave energy sector has been relatively limited. While other
metaheuristic approaches such as particle swarm optimisation
or differential evolution exist in the general marine engineering
field, their application in wave energy has often been limited to
array layout optimisation. Device-specific optimisation has seen
limited but notable efforts. Shadman et al. [19] optimised the
radius and draft of an archetypal cylinder, while Kurniawan and

Moan [20] considered fixed-axis devices of conventional shapes.
More recently, efforts have been made to break away from simple
primitives; for instance, McCabe [21] attempted to generalize the
geometry using B-splines, and Cordonnier et al. [22] proposed
a newer optimisation of the SEAREV device (initially optimised
in [23]).

This paper extends the existing GA-based MDO model of
the PeWEC, developed at the MORE research group of Politec-
nico di Torino. The primary advancement lies in integrating a
spline-based parametrisation for the WEC hull. Previously, the
optimisation model relied on a simplified hull geometry defined
by basic arcs. By employing a spline-based method, this study
provides greater geometric flexibility, making it possible to in-
vestigate complex shapes that— as demonstrated, for instance, by
Garcia-Teruel [24]—can substantially outperform conventional
geometries in terms of hydrodynamic efficiency. The following
sections detail the PeWEC device and previous work (Section 2),
the mathematical and numerical model setup (Sections 3, 4), the
definition of hull parametrisations and applied constraints (Sec-
tions 5, 6), the comparative results between the new spline-based
hull and previous geometries (Section 7) and conclusions (Sec-
tion 8).

2. PEWEC DEVICE

The PeWEC is a floating inertial WEC developed by the
MORE research group (Politecnico di Torino) and the Italian
National Agency for New Technologies, Energy and Sustain-
able Economic Development (ENEA). It harvests energy from
the wave-induced pitch motion of a floating hull. Its architec-
ture consists of a generic hull enclosing a pendulum oscillating
around a horizontal hinge. As incident waves pitch the hull,
the internal pendulum is excited into oscillation, Figure 1. This
relative rotation is converted into electricity by a PTO system
(comprising a multistage gearbox and generator) connected to
the hinge, which applies torque to extract energy and control the
pendulum’s response. A key advantage of the PeWEC is that
all electromechanical components are housed inside the sealed
hull. This isolates sensitive equipment from the corrosive ma-
rine environment, significantly enhancing reliability and reducing
maintenance compared to devices with external moving parts.

Electrical generator

Floating hull

Pendulum

Waves
Jumper {

Mooring line Seabed
Seabed

Mass

FIGURE 1: Schematic representation of the PeWEC working princi-
ple. The relative rotation between the pitching hull and the internal
pendulum drives the fully enclosed PTO.

The technological advancement of the PeWEC relies on rig-

orous numerical modelling and experimental validation. Hy-
drodynamic testing was conducted at the INSEAN facility (CNR,
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FIGURE 2: Experimental testing of the PeWEC scaled prototype
at the wave tank of the University of Naples Federico Il, used for
numerical model validation.

Rome) [25] and the University of Naples Federico I1 [26, 27]. The
latter, shown in Figure 2, depicts the physical model in calm water
(a) and dynamic wave tests (b, ¢). These campaigns subjected
1:12 and 1:20 scaled prototypes [28] to diverse regular and irreg-
ular wave conditions. The empirical data identified non-linear
damping contributions [29] and validated the full-scale numeri-
cal models [30]. These validated models are now integrated into
the holistic optimisation strategy presented in this study.

3. MATHEMATICAL AND NUMERICAL MODELLING

The numerical modelling framework is shown in Figure 3.
The process begins by defining the wave energy resource via a
site-specific scatter diagram and establishing design space bound-
aries. An iterative loop evaluates system parameters selected
by the algorithm. For each candidate, the model computes hy-
drodynamic coefficients and assesses power generation using a
frequency-domain spectral response model. A constraint han-
dling mechanism applies a "death penalty" to configurations vio-
lating physical or geometric limits. This effectively removes in-
feasible solutions. Finally, a Genetic Algorithm (GA) minimises
the objective function to find optimal techno-economic configu-
rations. The model investigates a design space of 16 variables.
These include hull geometry, mass distribution, pendulum prop-
erties, and PTO settings (torque, velocity, gearbox ratio). Unlike
studies using idealized modelling, this approach computes costs
based on material consumption and catalogued PTO components
[31]. The loop employs a tournament-based NSGA-II algorithm
(MI-LXPM) [32]. This handles the high mortality rate caused
by strict physical and structural constraints. System dynamics
use a spectral-domain approach [33], derived from experimental
and numerical validation of the PeWEC [28, 30]. This estimates
Annual Energy Production (AEP) rapidly. The objective func-
tion minimises the ratio between Capital Expenditure and Annual
Energy Production (CapEx/AEP).

3.1. Mathematical model

The device is modelled as a multibody system with a floating
hull and internal pendulums oscillating around a horizontal hinge.
A frequency-domain approach ensures computational efficiency.

This allows the evaluation of thousands of configurations without
the high cost of time-domain solvers. A Cartesian reference frame
(x,y,z) is defined with the origin at the still water level and the
z-axis pointing vertically upwards. Power production analysis
focuses on planar motion aligned with the wave direction. The
generalized coordinates vector q describes hull surge (x), heave
(2), pitch (0), and the relative pendulum rotation (g). The angle
¢ is the primary degree of freedom for energy extraction, as the
PTO couples to the relative motion between the hull and the
pendulum. Assuming linear wave theory and small oscillations,
the dynamic equilibrium of the coupled system is

[~w?(M + A(w)) + iw(Bag () + Bpro)+

R 1
(Khyd + Kpto + Kmoor)] Q =Fexc (w) M
where w denotes wave angular frequency. § and F, . (w) are
complex amplitudes of displacement and wave excitation force,
respectively. M accounts for mass and inertia of the hull and pen-
dulum, including coupling terms. A(w) and B, ,4(w) represent
added mass and radiation damping. These are computed using the
BEM solver Nemoh [34]. Viscous damping is neglected. This is
considered acceptable for typical WEC sizes and speeds in oper-
ational sea states. B, represents linear damping torque applied
by the generator. System stiffness includes hydrostatic stiffness
Kjya and PTO stiffness K,;,. The latter tunes the resonance
frequency. Mooring stiffness K,,,,,, is omitted, being negligible
compared to Ky 4. For each sea state, optimal B;, and K., are
found via a multi-variate simplex algorithm. Crucially, this inner
optimisation strictly bounds pendulum stroke and PTO torque to
prevent unrealistic responses, rejecting unfeasible combinations.

3.2. Power and Energy Production Estimation

The model quantifies AEP. First, it calculates the Response
Amplitude Operator (RAO), H(w). Sea states are defined by a
wave spectrum S, (w), significant wave height Hy, and energy
period T,. The average power absorbed in a sea state is

Pa,,g(Hs,Te):L Cprow?|He (w)*S)) (w)dw )

where H(w) is the relative pendulum motion RAO. C,;,, is
the scalar PTO damping coefficient extracted from B;,. Total
AEP sums the weighted power contributions of all sea states,
multiplied by annual hours and an efficiency factor 77;,;.

4. TECHNO-ECONOMIC METRICS

To evaluate the economic viability of different PeWEC con-
figurations, the optimisation model extends beyond simple hydro-
dynamic efficiency. The model employs a set of techno-economic
metrics that relate the physical performance of the device to its
material costs. The primary objective is to minimise the ratio be-
tween capital expenditure and AEP. The AEP represents the total
electricity generated by the device over one year of operation at
the selected deployment site, it is calculated by aggregating the
mean power output, P,;;, obtained for each sea state i in the
scatter diagram, weighted by its probability of occurrence p; (in

Copyright © 2026 by ASME; reuse license CC-BY 4.0

9202 1890300 L0 uo 3senb Aq jpd-g8e ./ L-920zoBWO- 1 ¥0BE0IIL0N LLZSY9L/L¥OVE0.LE L 0N/S9S68/92023VINO/PA-sBUIpaadoid/3vINO/BI0"awse uoos||0jefipawse wouy papeojumoq



Hydro & Control

Feasible»|  BEM &PTO

Geo & Inertial Tuning
Mass, Vol,
Feasibility

Init & Gen Pop
Defi &
efine Space eval Loop
Waves
Generate P_0 \

|| Perf & Objective No—»
AEP, CAPEX, CoP
Optimal
S Sifeasible— | Desth Penalty Yes»|  solution
Infinite Cost Pareto Front

Selection
(Tournament)

Crossover
(Laplace)

Mutation
(Power)

Elitism

Convergence?

FIGURE 3: Flowchart of the genetic algorithm optimisation model.

hours), Eq. 3.

Nis

AEP =101+ ) Peri(Hyis o) - pi (3)
i=1

where, N, is the total number of sea states considered, and
N:0¢ Tepresents the efficiency of the power and mechanical conver-
sion systems (simplified to the constant value of 0.90). The AEP
ensures that the design is optimised for the specific wave climate
of the installation site, rather than a theoretical wave climate. The
CapEx is estimated using a parametric cost model that links the
physical attributes of the device to component costs. Since the
device is in a preliminary design phase, costs are aggregated into
three main categories: structural steelwork, electromechanical
PTO components, and ballast or auxiliary systems, Eq 4.

CapEx = Cpu + Cgen (Tgen,max) + Cpar + Cfix 4

The structural cost (Cp,,;;) constitutes the largest portion of
the investment. It is determined by the total mass of the floating
hull, which is computed by multiplying the hull’s total surface
area—derived directly from the geometry function—by a refer-
ence steel thickness and material density. A specific unit price for
manufactured marine-grade steel is then applied to obtain the to-
tal structural value. The PTO cost (Cg,y,) is assessed based on the
sizing of the power conversion chain. The model assumes that the
investment cost for the PTO group is primarily driven by the rated
generator torque (Tgen,max ), as this parameter directly dictates the
physical size and volume of the electrical machine. Based on a
database of commercial components, a linear regression model
is employed. This function aggregates the costs of the entire
drivetrain, including the electric generator, multistage gearbox,
variable frequency drive, mechanical brake, and encoder. The
total cost is composed of a fixed value (cpyse), representing the
baseline cost for the smallest available units, and a variable com-
ponent scaled by a specific torque coefficient (k;orque), Which
captures the marginal cost increase per unit of torque capacity.
Finally, the inertial and ballast costs (Cp4;) are computed based
on the mass required. This calculation distinguishes between
the active pendulum mass (metal) and the fixed ballast (concrete
or sand) used to adjust the center of gravity. A fixed overhead
cost is added to account for assembly, sensors, and other minor
subsystems.

4.1. Optimisation Criterion

The optimisation algorithm seeks to minimise a single ob-
jective function, the Capital of Expenditure over Productivity
ratio (CoP), defined as the ratio of investment cost to energy

generation, Eq. 5.

_ CapEx
~  AEP

CoP

€
MWh ] ®)

By minimising this ratio, the GA naturally selects designs
that balance high energy absorption with reasonable dimensions
and component ratings. This prevents the selection of physically
enormous devices that might capture slightly more energy but
would be economically prohibitive to build. The GA parameters
shown in Table 1 are set for both hull geometries adopted, en-
suring that the comparison between the these two types of hull
parametrisation is consistent. The minimisation process of the
CoP is driven by the GA with settings detailed in Table 1. A
population size of Np,, = 70 was selected to ensure sufficient
diversity and avoid local minima.

TABLE 1: Genetic Algorithm (GA) configuration parameters.

Parameter Val.
Population Size 70

Description

Number of individuals (design can-
didates) per generation.

Maximum allowed evolutionary it-
erations.

Termination limit for consecutive
generations without fitness im-
provement.

Max Generations 150

Max Stall Gen. 150

5. ARC-BASED HULL FORMER PARAMETRISATION

Prior to the introduction of the spline-based method, the op-
timisation of the PeWEC device relied on a simplified geometric
parametrisation, e.g. Figure 4. This approach, detailed in previ-
ous studies [11, 31], defined the hull profile using a combination
of two arcs. The primary objective was ensuring a design easy to
analyse and manufacture while maintaining acceptable hydrody-
namics. The hull geometry is generated by extruding a symmetric
two-dimensional cross-section along the transverse y-axis, con-
structed from two tangential arcs: (1) two side arcs with a smaller
radius (R), located at the bow and stern, connecting the bottom
arc to the deck level; and (2) a bottom arc with a large radius (R>),
defining the curvature of the keel.

This configuration ensures a smooth surface with continuous
curvature, avoiding sharp edges that could induce vortex shedding
or viscous drag losses. Furthermore, the absence of re-entrant
angles minimises the risk of slamming events during operation in
rough seas. To allow the GA to modify this shape, the geometry
was defined by a set of dimensionless parameters rather than ex-
plicit coordinates. The overall size is set by the length (L), width
(W), and height (H). The specific curvature of the profile is con-
trolled by two shape factors: the bow/stern circumference ratio
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FIGURE 4: Example of arc-based hull and its design building
points.

(h), which determines the horizontal position of the side arcs, and
the height ratio (k), which relates the hull height to the curva-
ture radius. While this arc-based parametrisation offers a refined
mathematical framework and structural simplicity, it inherently
limits the design space. The rigid constraint of constant-radius
arcs prevents the optimiser from exploring subtle variations in
volume distribution that could enhance hydrodynamic coupling.
A spline-based approach overcomes these limitations by intro-
ducing higher degrees of freedom in the hull profile.

6. B-SPLINE BASED 2D-HULL PARAMETRISATION

The geometric definition of the WEC hull significantly in-
fluences its hydrodynamic response and, consequently, its energy
absorption capability. A spline-based approach is adopted here
to overcome the limitations of simple arc formulation used in
previous studies, Figure 5. It allows the optimiser to explore
shapes that are better tuned to the local wave climate without
being restricted to constant-radius arcs. The hull profile is gen-
erated using a cubic B-spline curve, denoted as S(u). The curve
is constructed as a weighted sum of control points, where the
weights are determined by basis functions, Eq. 6.

6
S(u) =) Pi-Bi(u) (6)
i=1

In this formulation, u represents a parametric variable rang-
ing from O to 1. The terms P; = (Pjy, P;,) refer to the control
points in the two-dimensional plane. B;(u) are the cubic B-spline
basis functions defined over a knot vector. These basis functions
are piecewise polynomials of degree three. They satisfy the unity
condition shown in Eq. 7.

6
Z Bi(u)=1 forallu e [0,1] 7)
i=1

A clamped knot vector is employed. This ensures the gener-
ated curve starts exactly at the first control point P and terminates
at the last point Pg. Bow-stern symmetry is enforced to reduce
the number of control points and enable a direct comparison with
the original arc-based hull. The six control points are derived
from the overall dimensions of the hull, Length (L) and Height
(H), and three dimensionless shape parameters s1, s2, s3 € [0, 1].
The coordinates are calculated as, Eq. 8.

B-spline Hull Profile XZ-plane

o

X (m)

FIGURE 5: Example of spline-based hull and its design building
points.

L
A=P] = (—E, 0)
B = P2 = (le - 2, —HSz)
L
S
8
, L ®)
C:P4 :LS3+E,—H
, L
B' =P; = (le + E, —HSz)
, L
A :P6 :(5, O)

This parametrisation effectively reduces the complex prob-
lem of shape optimisation to the three variables s1, 52, s3. P1 and
P fix the waterline beam. The intermediate points P, and Ps
are the main driver of the curvature of spline (can change in both
x and z axes). P3 and P4 can change only on the x-axis and de-
pends on Hg;q r; (hull draft). While, variables s and s3 control
the horizontal distribution of P,, P3, P4 and Ps and s, modifies
the vertical position of P, and Ps.

6.1. Spline-based Hull Profile Validation Criteria

GA’s selected control points can result in shapes that are
mathematically valid but physically impractical for a floating
WEC. Strict geometric constraints are necessary to ensure man-
ufacturability and hydrostatic stability. Two primary validity
checks are applied to the profile function S(u) representing the
internal and external hull surfaces. Any design candidate vio-
lating these rules is immediately discarded by the optimisation
process.

6.1.1. Monotonicity Constraint: The hull profile must
curve consistently to avoid creating pockets or re-entrant shapes
that would be difficult to manufacture and hydrodynamically un-
suitable (e.g. shapes inducing slamming or excessive drag loads).
The first condition enforces monotonicity on the submerged pro-

Copyright © 2026 by ASME; reuse license CC-BY 4.0

9202 1890300 L0 uo 3senb Aq jpd-g8e ./ L-920zoBWO- 1 ¥0BE0IIL0N LLZSY9L/L¥OVE0.LE L 0N/S9S68/92023VINO/PA-sBUIpaadoid/3vINO/BI0"awse uoos||0jefipawse wouy papeojumoq



file from the waterline to the keel. For the left half of the sym-
metric hull (x € [-L/2,0]), the slope of the profile must never
be positive. The mathematical formulation for this constraint is
provided in Eq. 9.

f'(x) <0 forallx €

L
-3 0] ©))

This derivative condition is verified by evaluating the B-spline
at discrete intervals along the curve. The model verifies that for
every step from the waterline downwards (from the left to the cen-
tre of the hull), the vertical coordinate does not increase, and the
horizontal coordinate rises progressively toward the centreline.

6.1.2. Geometric Consistency and Height Constraint:
The second constraint ensures the relative vertical positioning
of the control points remains consistent. The parameter s, con-
trols the vertical position of the intermediate point P;. If P, were
allowed to drop below P3 (the bottom of the hull), the resulting
curve would produce a keel extending deeper than the intended
draft H. Conversely, if P; is placed too high, it creates an ex-
cessively sharp corner at the waterline. Therefore, the vertical
coordinate of P; is constrained to lie strictly between the water-
line and the draft. This is enforced by the bounds on s, and an
additional check shown in Eq. 10.

0> Pay > Py, (10)

This condition guarantees the hull maintains a convex or semi-
convex shape appropriate for a pitching body. Furthermore, this
constraint indirectly secures sufficient internal volume for the
pendulum swing. With additional geometry numerical checks,
it is prevented that the hull walls curve excessively inward. The
model also ensures the internal cavity remains large enough to
house the PTO mechanism and ballasts.

7. RESULTS

The optimisation model evaluated two distinct hull
parametrisations: the benchmark arc-based geometry and the
proposed spline-based one. The reference wave climate is the
offshore site of Pantelleria Island, Italy, selected for its high
energy potential and need for on-site energy solutions. Table 2
summarizes the boundaries for the optimisation variables, which
rely on preliminary sensitivity analyses and historical data
from previous PeWEC studies. Variables cover general hull
dimensions, shape coefficients, inertial mass distribution, and
PTO settings. The ranges are intentionally broad to allow the
GA to explore unconventional designs, while strict upper bounds
ensure compatibility with manufacturing, transport, and port
infrastructure.

The computational effort for GA simulations was significant,
with each full run taking approximately 96 hours on a high-end
workstation. The most time-consuming step was the Nemoh
code execution for calculating hydrodynamic coefficients. To
manage constraints and reduce the impact of infeasible solutions,
the NSGA-II effectively stabilized the population. Figure 6 il-
lustrates the mortality rate for both hull types, representing the
percentage of individuals failing to meet physical or geometric
requirements per generation. The arc-based optimisation started

TABLE 2: Boundaries and definitions of the design variables for
the optimisation problem.

Variable Range Unit  Description

General Hull Parameters

Length (L) [10,30] m Hull length parameter.

Width (W) [5,25] m Hull width ratio.

Draft param («) [15,25] deg Hull draft parameter.

Height Ratio (k) [0.4,1.0] - Hull height ratio.

Arc Hull Specific

Shape Ratio & [0.4,1.0] - Hull shape ratio.

Spline Hull Specific

S [0.0,0.2] - Hull spline parameter 1.

52 [0.15,0.8] - Hull spline parameter 2.

53 [0.2,0.5] - Hull spline parameter 3.

Inertial & Ballast

Ballast (BFR) [0.1,1.0] - Ballast filling ratio.

Inertia (J,) [5,30] - 10>  kgm? Pendulum mass/inertia.

Arm (1) [0.5,5.0] m Pendulum arm length.

Shape W/L [0.5,2.5] - Pendulum shape factor
(width/length).

Shape H/L [0.45,2.5] - Pendulum shape factor
(height/length).

System Setup

Pendulums (n) [1,4] - Number of pendulums.

PTO ID [1,37] - PTO identification num-

ber.

1 T T

—e— Spline-based Hull
——%—— Arc-hased Hull

Mortality Rate (-)

Generation

FIGURE 6: Mortality rate comparison: spline vs arc-based hull GA
optimisation runs.

with a 93% mortality rate, dropping to 30% by the third gen-
eration. The spline-based optimisation began at 99%, reflecting
the difficulty of randomly generating valid spline shapes, but
stabilized between 30% and 50%. The persistent mortality in
later generations indicates the algorithm continues pushing de-
sign boundaries rather than stagnating in safe, suboptimal local
minima.

To understand the physical drivers behind the numerical re-
sults, Table 3 details the characteristics of high-performing in-
dividuals (5th ranked by CoP). The spline-based optimiser con-
verged toward a more slender hull configuration, featuring slightly
greater length (19.99 m) but significantly reduced width (7.56 m)
compared to the arc-based design (18.74 m and 9.19 m). This
indicates that spline parametrisation allows finer hydrodynamic
tuning without requiring a large waterplane area. A narrower
beam directly reduces structural steel mass and CapEx. Further-
more, the Ballast Filling Ratio (BF R) differs notably. The spline
design has a BFR of 0.13 compared to 0.30 for the arc design,
indicating that the spline geometry possesses better hydrostatic
properties, reducing the need for deadweight ballasts. The op-
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TABLE 3: Design parameters of the selected optimal individuals (5th lowest CoP) for Arc-based and Spline-based geometries.

Geometry L w @ k h S1 $2 s3 BFR Jp lp  ShwyL Shyy n PTO
[m] [m] [deg] [1 [1 [1 [[1 [[1 [1 [kgm’] [m] [-] [l [1 ID
Arc-based 18.74 9.19 249 099 051 - - - 030 29371 238 1.71 0.49 1 10
Spline-based 19.99 7.56 155 1.00 - 0.15 022 046 0.13 28489 2.60 1.23 0.79 1 10
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FIGURE 7: Coefficient of Performance: (a) results for former arc-
based hull; (b) results for spline-based hull.

timisation also affected internal pendulum parameters. While
pendulum inertia (J,) remains comparable (= 29,000 kg m?),
the spline-based solution adopted a longer arm (2.60 m vs 2.38
m), suggesting the spline hull is tuned to a lower frequency band.
Both optimisations selected the same PTO unit (ID 10), indicat-
ing generator sizing is driven primarily by the Pantelleria wave
resource power density rather than hull parametrisation. The
algorithm finds a larger generator would not be utilised often
enough to justify the cost.

The primary metric for this study is the CoP. Figure 7 maps
the population in terms of AEP versus CapEx. The color gradient
represents the CoP value, with darker colors indicating more
efficient designs. The plot demonstrates a smooth gradient where
CoP decreases as the design moves toward higher AEP and lower
cost. The difference between the two populations is distinct. The
arc-based best individuals generally provide an AEP between 30
and 60 MWh with costs between 1.5 and 2.3 M€. The "Pareto
front" for the arc geometry is limited to around 60 MWh. In
contrast, the spline-based population expands the feasible design
space, identifying configurations with CoP below 0.04, AEP up to

0 2 1 6 8 10
CapEzx (MEuro)

FIGURE 8: Annual Capture Width Ratio: (a) results for former arc-
based hull; (b) results for spline-based hull.

80 MWh, and costs ranging from 1.5 to 2.5 M€. Crucially, for a
similar upper-bound investment, the spline-based parametrisation
allows a 33% increase in AEP capacity (from 60 to 80 MWh)
compared to the arc-based saturation point, extending design
regions with higher energy yield potential.

Figure 8 illustrates the Annual Capture Width Ratio (aCWR).
The arc-based geometry limits the optimal AEP to a band between
45 and 55 MWh. Conversely, the spline-based results show a
broader distribution, with maxima ranging from 30 to 70 MWh.
This spread suggests that spline parametrisation offers greater
flexibility, allowing the optimiser to find a larger variety of near-
optimal configurations suitable for specific site characteristics.

To normalize performance against device length, Figure 9
shows the aCLR. The spline-based hull achieves significantly
higher aCLR values, approximately 0.2 higher than the arc-based
equivalent. Physically, this indicates that for a set L the spline
shape generates hulls with better coupling to the wave pitch mo-
ment, converting wave slope into hull rotation more efficiently.
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FIGURE 9: Annual Capture Length Ratio: (a) results for former arc-
based hull; (b) results for spline-based hull.
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FIGURE 10: Example of optimal hulls shapes: (a) side view with
design elements and bounds of an arc-based hull; (b) relative top
view of the arc-based hull; (c) side view with design elements and
bounds of an spline-based hull; (d) relative top view of the spline-
based hull.

Figure 10 visualises the layout of optimal individuals. The
bounding boxes indicate strict geometric constraints for the PTO,
ballast, and pendulum trajectory. The visual comparison high-
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FIGURE 11: Pitch added mass, radiation damping and RAOs for the
arc-based hull.
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FIGURE 12: Pitch added mass, radiation damping and RAOs for the
spline-based hull.

lights the difference in wall slope and bottom curvature; the arc-
based hull (a) is constrained to a rounded bottom, while the
spline-based hull (c) adopts sharper bow and stern profiles.
Finally, Figures 11 and 12 shows hydrodynamic coefficients
and RAOs for the arc and spline-based hulls, respectively. Both
pitch added mass and radiation damping are lower for the spline
hull. A lower radiation damping indicates the hull is less damped
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by its own motion. Consequently, the pitch RAO peak is higher
and narrower for the spline-based design. This increased reso-
nant response is likely the primary factor contributing to superior
energy capture, as the hull acts as a higher-quality resonator.

8. CONCLUSIONS

This study advances PeWEC techno-economic optimisation
by minimising the CapEx over Productivity ratio (CoP) for a
Pantelleria Island case study. A genetic algorithm coupled with
a frequency-domain model navigated the design space, by means
of a cubic B-spline hull parametrisation to replace rigid arc-based
geometries.

Comparative analysis shows spline-based designs reach an
AEP of 30-80 MWh for 1.5-2.5 M€, surpassing arc-based limits
(30-60 MWh at 1.5-2.3 M€). This unlocks a 33% AEP gain
for a comparable investment. Splines improve the Annual Cap-
ture Length Ratio (aCLR) by approximately 0.2. These slender
spline shapes reduce unnecessary volume, lowering pitch added
mass and radiation damping, thereby significantly enhancing the
resonant pitch RAO.

While the frequency-domain approach neglects non-linear
viscous and mooring effects, its computational efficiency is ab-
solutely vital for evaluating thousands of design candidates in a
practical time-frame. Although these linear assumptions require
subsequent high-fidelity time-domain and physical validation, the
spline-based formulation shows to be advantageous for early-stage
exploration. Future work will include nonlinear hydrodynamics,
PTO efficiency mappings alongside higher-order and asymmetric
spline profiles.
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