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HIGHLIGHTS

» Co-design framework couples WEC design with energy system planning.

« Multi-objective optimisation reduces CO, and renewable energy mismatch.

« Optimal WECs designs enhance system-level performance, not just device-level ones.

« The co-design method applied to La Gomera achieves 50 % CO, cut and 90 % RES share.
« The energy system co-design method is applicable to other systems and technologies.

ARTICLE INFO ABSTRACT

Keywords: The integration of wave energy into power systems is often hindered by a mismatch between device-level per-
Wave energy converter design formance and system-level needs. Conventional early-stage Wave Energy Converters (WECs) design frameworks,
Energy system planning typically guided by levelised cost of energy minimisation, overlook systemic benefits such as aligning renewable

Co-design optimisation

5 PLAN production with the system’s demand. This paper proposes a co-design framework that simultaneously optimises
nergy

WEC design and the renewable energy mix, ensuring that the selected design performs optimally within the
overall system while embedding the system’s constraints and performance targets into early-stage WEC design.
The approach is demonstrated for the Pendulum WEC (PeWEC) within La Gomera’s isolated grid, in the Canary
archipelago, a relevant testbed for microgrid decarbonisation. A multi-objective genetic algorithm couples the
PeWEC numerical model with the EnergyPLAN simulation tool to perform hourly-based annual simulations of
the whole energy system. The framework identifies Pareto-optimal solutions that reduce CO, emissions and cur-
tailment, reaching up to 50 % CO, reduction and 90 % renewable energy sources (RES) share. Results show
that optimal devices are not those with maximum stand-alone productivity but those providing power profiles
that stabilise the grid and improve RES integration. The methodology enables a comprehensive assessment of
wave energy value by embedding system-level constraints directly into the design process and provides practical
evidence of how wave energy can support the decarbonisation of isolated grids. The approach is generalisable to
other remote, hybrid, or high-RES systems and RES technologies.

1. Introduction EU vision is articulated in what has been referred to as “the most am-
bitious EU research and innovation programme ever” [1]. In the transition
towards a sustainable energy system, the replacement of fossil-based sys-
tems with renewable energy sources (RES) presents a wide consensus

Acknowledging the pressing need for climate action, the European
Union (EU) governments have set forth an ambitious agenda to achieve
carbon neutrality and establish a fully decarbonised energy system. The
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Nomenclature

Acronyms

AEP Annual Energy Production

BEM Boundary Element Method

BESS Battery Energy Storage System

BFR Ballast Filling Ratio

CapEx Capital Expenditure

EU European Union

GA Genetic Algorithm

ISTAC Instituto Canario de Estadistica
JONSWAP JOint North Sea WAve Project
LCoE Levelized Cost of Energy

NSGA-II Non-dominated Sorting Genetic Algorithm II
OpEx Operational Expenditure

OWT Offshore Wind Turbine

PeWEC Pendulum Wave Energy Converter
PP Power Plant

PV Photovoltaic

REE Red Eléctrica de Espana

RES Renewable Energy Source

TRL Technology Readiness Level

TPL Technology Performance Level

TSO Transmission System Operator

WEC Wave Energy Converter

WT Wind Turbine

Variables

d Design vector

D Design space

D, Design space lower bound
D, Design space upper bound
f(d) Objective functions vector
g(d) Sets of inequality constraints
h(d) Sets of equality constraints
OPgrps Annual RES overproduction

Cco, Carbon dioxide

Cres, Installed capacity for the i-th RES
NrEes Number of distinct RES integrated into the energy system
Ny e  Number of WEC’s design parameters
N, Number of hours in the year
¥ Ideal storage system size
',1( Es, Energy produced by the i-th RES during hour h
1" Hourly indicator function
E'}{ Es, Energy produced by the PP during hour
e Energy system state vector
w WEC’s design vector
& Energy system’s design space
w WEC’s design space
Cave Wave energy installed capacity
Cpy PV installed capacity
Coind Wind turbine installed capacity
Cowt Offshore wind turbine installed capacity
Cpp Conventional PP installed capacity
CpgEss BESS installed energy capacity
npp PP conversion efficiency
Nggs Natural gas demand
F, Fuel consumption for transport sector
D, Annual electricity demand
D, Annual cooling demand

20 e oxe 4T

2z
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o
R
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=

Annual heating demand

Annual electricity demand normalised distribution
Annual cooling demand normalised distribution
Annual heating demand normalised distribution
Annual WT energy production normalised distribution
Annual OWT energy production normalised distribution
Annual PV energy production normalised distribution
Annual WEC energy production normalised distribution
Storage charge capacity

Storage discharge capacity

Storage charge efficiency

Storage charge efficiency

Storage discharge efficiency

WEC’s mean absorbed power

Significant wave height

Energetic wave period

WEC's state of motion vector

Surge

Heave

Pitch

Pendulum oscillation

Mass matrix

Added mass

Radiation damping

Waves’ excitation coefficients

Frequencies

Hydrostatic stiffness matrix

Pendulum restoring force

Wave amplitude

Tpro PTO torque

Hull mass

Pendulum mass

Gravitational acceleration

Hull moment of inertia

Pendulum moment of inertia

Distance between WEC’s center of gravity and e-axis
Pendulum arm length

Applied control torque

Gearbox ratio

First control parameter

Second control parameter

Power spectral density of the e-axis rotational velocity
Non-zero occurring waves

Number of simulated waves for the control loop
Wave’s occurrences in percentage

Hull length

Hull width

Hull shape ratio

Hull height ratio

Hull draft parameter

Pendulum arm length

Pendulum mass width

Pendulum mass height

Number of pendulum units

Unit position

Hull steel density

Pendulum mass density

Ballast sand density

and highlights the pivotal role played by RES in such context [2-6].
However, as RES penetration increases, the intermittent nature of these

sources calls for robust and accurate energy planning strategies [7-10].
Moreover, given the global scale of the challenge and considering the
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Earth’s climatic variations, new emerging clean energy technologies
and energy system planning strategies should be designed in order to
efficiently operate across different environmental conditions.

In this context, RES integration in islands holds a relevant position
as a testing ground for the employment of novel decarbonisation strate-
gies, system architectures or technologies [11]. Cross et al. [12] present
a literature review on the potential for RES penetration in islands, high-
lighting that they represent ideal testbeds for pilot projects on emerging
energy technologies. This is attributed to their compact scale, power
systems where the interaction between producers and end-users is more
direct and involves fewer intermediaries, and their cohesive communi-
ties. All this facilitates consumer engagement and allows customers to
directly perceive the value and effectiveness of the tested energy supply
solutions. Accordingly, EU also involves islands in the development of
its sustainable transition paths [13-15].

Scenarios for off-grid energy systems sited in remote areas have to be
designed not only with the aim to minimising the system cost but also
in order to ensure compliance with the network technical operational
requirements, i.e. maintaining power reserves and balancing the energy
grid [7,16]. Therefore, significant challenges arise for high-RES penetra-
tion energy systems, especially non-interconnected ones, which is often
the case for islands. One of the main issues is the mismatch between
the discontinuous energy produced by RES and the actual energy de-
mand of the grid [17,18]. Although storage systems can help to stabilise
and synchronise the fluctuating behaviour of RES with the system de-
mand [19,20], oversizing storage systems results in the risk of high costs
and low storage efficiency. Therefore, it is essential to diversify installed
RES to effectively cope with the grid instability issue and increase the
distributed energy system reliability [18].

1.1. Wave energy conversion technologies and their integration into energy
systems

Besides well-established technologies like photovoltaics (PV) and
wind energy, an emerging sector is wave energy. In this area, developers
are trying to exploit the very large untapped potential of wave energy
[21,22], especially for islands, where the waves’ resource is abundant.
Among its main advantages, Ringwood [23] highlights its high energy
density (over ten times higher than both wind and solar), its availabil-
ity levels (90 % compared to 20-30 % for wind and solar [24,25]), and
its low environmental impact. Moreover, wave energy can help smooth
overall power production when combined with other RES [26-29] and
can be statistically forecasted 1-2 days in advance [30].

Wave Energy Converters (WECs) are devices designed to harvest
wave motion and generate electricity. A generic WEC power train can
be divided into four stages: wave absorption, mechanical transmission
to the Power Take-Off (PTO), power generation, and power condition-
ing for grid delivery [31]. Since 1799, a wide variety of wave energy
conversion patents have been registered, with remarkable improvement
of the technology readiness level (TRL) and the performance level (TPL)
over the last decades [32]. Nevertheless, WECs are still at an early stage
of development and not yet commercialised. The main barriers to in-
dustrialisation are the lack of design convergence, the wide variety of
archetypes and operating principles, and the strong dependence on site-
specific conditions [23]. For interested readers, comprehensive surveys
are provided in [23,32,33].

Early-stage research tends to prioritise technical performance (78 %
of studies) over economic (8 %) or techno-economic (14 %) aspects
[32]. While many studies focus on maximising annual energy production
(AEP), this metric alone is insufficient to ensure economic feasibility. As
for other energy technologies, WECs are also evaluated based on their
cost of energy, and design optimisation plays a key role in improving
both performance and cost-effectiveness [32,34,35]. However, the lack
of standardised optimisation methodologies remains a major challenge
[32], partly because of the diversity and complexity of WEC designs.
Although the levelised cost of energy (LCoE) is a recognised metric, it is
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seldom used in early-stage design, where alternative indicators such as
displaced mass, installed power, or capital expenditure per unit of AEP
are often preferred [36-38].

A brief review of the literature reveals that key research directions
include geometric optimisation [32,35], manufacturability, and reliabil-
ity studies [39-41], as well as multidisciplinary approaches combining
engineering, economics, and policy [42]. Furthermore, Trueworthy and
DuPont [43] underscore the absence of standardised methodologies for
assessing WECs’ grid integration and call for the development of frame-
works that incorporate ancillary benefits beyond conventional metrics
such as the LCoE.

Despite these advances, a major gap remains: the lack of energy
system-aware WEC design optimisation frameworks. Some recent works,
e.g [44], propose optimisation approaches that incorporate wave en-
ergy, planning models and system-level metrics (such as avoided costs
and environmental externalities [45-47]), but do not evaluate specific
WEC designs. Similarly, studies include WECs in hybrid energy systems
for isolated grids and consider curtailment, storage, and stability issues
[48,49], but do not embed WEC design in scenario-based planning.

1.2. Objectives

Despite the growing interest in WECs, their transition from research
to deployment remains hindered by several persistent challenges and
research gaps. Unlike more mature renewable energy technologies such
as PV panels and wind turbines (WTs), WECs are characterised by high
design heterogeneity and remain in a pre-commercial stage, with limited
consensus on standard evaluation metrics.

A review of the literature reveals a significant gap: while energy sys-
tem planning models are increasingly used to inform the role of wave
energy in future energy mixes, they do not provide feedback to the
WEC design process [50-54]. Similarly, most WEC design optimisation
studies disregard energy system information, treating the device in isola-
tion. As a result, most WECs’ optimisation strategies focus on improving
device-level performance without considering how WECs interact with
the broader energy system in which they are deployed.

To the best of the authors’ knowledge, no existing work formulates
an energy-system-informed optimisation framework that directly cou-
ples WEC design with energy system dynamics under realistic planning
scenarios.

Despite being generally relevant, this limitation is particularly crit-
ical for isolated energy systems, such as non-interconnected islands,
remote mainland microgrids, hybrid off-grid communities, or weakly
supported grids. In these contexts, optimal renewable integration re-
quires a careful alignment between resource availability, system demand
and storage needs. Neglecting these interactions in both WEC and en-
ergy system’s design stages may lead to suboptimal WEC’s and system
performance.

This paper aims to bridge this gap by proposing a general and mod-
ular co-design methodology that simultaneously optimises the design of
the WEC system and the configuration of the renewable energy port-
folio within the target energy system. The approach is grounded in
scenario-based energy planning and explicitly incorporates system-level
information, demand profiles, and renewable resource availability. By
embedding this data directly into the WEC design optimisation process,
the proposed framework enables the joint evaluation of device-level
characteristics and their broader impact on energy system performance.
This co-design perspective allows for the identification of WEC config-
urations that not only perform well in isolation, but also enhance the
performance of the energy system as a whole.

To verify the effect of the proposed grid-informed design approach,
the methodology is applied to a case study involving the island of La
Gomera and the Pendulum Wave Energy Converter (PeWEC) device. The
local energy system is modelled using EnergyPLAN, a scenario-based
simulation tool that captures hourly dynamics of electricity generation,
demand, storage, and curtailment. The model is calibrated and validated
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using real operational data to ensure realistic representation of system
behaviour. Through this application, the paper demonstrates how co-
design can inform strategic decisions on WEC sizing and operation that
are aligned with system-level planning goals.

A key strength of the proposed methodology lies in its versatility and
scalability. While demonstrated in the context of a non-interconnected
island, the modular structure and energy-system-aware logic make
the framework readily applicable to a wide range of energy system
scenarios. Therefore, the proposed methodology serves as a flexible
decision-support tool for the broader energy transition, particularly in
systems where planning and design must be closely coordinated.

In summary, the main contributions of this work are:

The formulation of a general, energy-system-informed optimisation
framework for WEC design, integrating device and system-level
metrics within a unified structure.

The application of this framework through a representative case
study, coupling detailed physical modelling of a WEC with validated
energy system simulations.

The provision of a replicable approach to support decision-making
in WEC development that is aligned with real-world energy plan-
ning needs, enhancing the viability and strategic deployment of wave
energy technologies.

1.3. Structure of the manuscript

The remainder of the paper is organised as follows. In Section 2, the
overall co-design framework adopted in this study is introduced, outlin-
ing the multi-objective optimisation problem formulation. Moreover, in
Section 2.1.1, the EnergyPLAN tool and energy system model are pre-
sented together with a focus on the framework employed to solve the
energy system co-design WEC optimisation. The case study of La Gomera
is described in Section 3, including details on the island’s current energy
system, renewable resource availability, and relevance as a testbed for
high-RES scenarios. Furthermore, this section includes a validation of
the EnergyPLAN energy system model using real-world data. The same
section reports the WEC’s governing equations and mathematical model,
followed by a description of the design parametrisation employed dur-
ing the performance evaluation, along with the optimisation. The section
also details the algorithm used to identify Pareto-optimal WEC configu-
rations. Section 4 presents a comprehensive analysis of the results, with
emphasis on both WEC design trends and impacts on the energy sys-
tem. Finally, Section 5 provides the main conclusions of the study and
outlines possible paths for future investigations.

1.4. Notation

The standard notation used throughout this paper is reported in this
section. R denotes the set of real numbers, C refers to the complex one
(with Re referring to the real part and Im to the imaginary one), while
the imaginary unit is reported as j. Any null element, regardless of its
dimension, is reported as 0. A set of positive natural numbers up to
n, is defined as N, = {1,2,...,n}. Matrices and vectors are shown as
variables in upper and lower case, respectively, both in boldface letters.
Then, given a matrix M € R™¢ with r rows and ¢ columns, its ab-entry is
denoted as M, , with a € N, and b € N,.. Similarly, given a vector v € R*
with s elements, its a-entry is denoted as v, with a € N. The transposi-
tion operator is denoted as T, while the normalisation of a vector with
respect to the maximum among its elements (e.g. the peak value of a
time series) is defined by".

2. Methodology
2.1. Energy system co-design framework

As previously outlined, the primary objective of this framework is to
identify the optimal energy mix for the analysed energy system, while
concurrently refining the design of the considered WEC within such
scenarios. Given the significant interactions between the WEC and the
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i Energy system

Fig. 1. Schematisation of the applied energy system co-design paradigm, adapted
from Ringwood [55]. The horizontal black bar shows that WEC and energy
system models are jointly optimised.

energy system in which it operates, it is essential that the device design
is optimised to ensure suitability and high performance within a spe-
cific energy system. Following the approach proposed in [55], this work
adopts a simultaneous and co-design philosophy, which is schematically
illustrated in Fig. 1.

To this end, the proposed framework is built upon the formulation
and resolution of a general optimisation problem, defined as:

inf(d),
g
s.t.

g(d) <0,
h(d) =0,

®

where d represents the overall design vector (obtained by concatenating
the WEC design vector with the energy system state vector), D is the
design space, f(d) is the objective function vector, while g(d) and h(d)
represent the sets of equality and inequality constraints, respectively.

As anticipated in Section 1, one of the strengths of the proposed
energy system co-design framework lies in its generality and modular
structure. Fundamentally, the framework requires only the mathemati-
cal representations of two components: the WEC device and the energy
system in which it operates. These models must be parametrised in a
way that allows them to interact meaningfully, enabling the formula-
tion of objective functions and constraints that reflect the performance
and feasibility of the overall integrated system.

Once a suitable mathematical model for a given WEC is defined,
along with a formulation for how it interacts with the surrounding en-
ergy system, the same co-design methodology here presented can be
extended and applied to any device-system configuration. The structure
of the optimisation problem remains unchanged, it is the models and
parameter mappings that define its specific application. This flexibility
makes the proposed approach highly transferable across different con-
texts, WEC technologies, and energy system topologies, from standalone
island systems to remote microgrids or even interconnected regional
networks.

In this study, to suggest the feasibility and effectiveness of the frame-
work, a classic linear frequency-domain model has been employed to
represent the WEC dynamics, while the energy system has been mod-
elled using EnergyPLAN, a scenario-based simulation tool widely used
for detailed energy system analysis. The energy system model has been
validated using real-world operational data to ensure the reliability and
credibility of the co-simulation results.

Similarly to [56,57], as system-wide performance metrics, the pre-
sented framework proposes the CO, emissions and the difference be-
tween the annual RES overproduction (OPgrrg) and the annual PP
production, namely U,. The path to achieving complete carbon neutral-
ity requires a severe reduction of greenhouse gas emissions. Due to this
reason, it is straightforward that the motivation behind the choice to
set the CO, emissions as the first framework objective function. Instead,
while increasing renewable energy capacity is often seen as a key strat-
egy for reducing reliance on conventional power plants (PP), doing so
without consideration of system constraints can lead to inefficiencies. In
general, overdimensioning renewable installations purely to cover peri-
ods of low resource availability may result in underutilised assets and
unnecessary costs. This issue becomes even more critical in small and
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A
RES excess production
E
=
=
<
(@) PP production
W >
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Fig. 2. Generalised representation of the defined objective function.

isolated energy systems, where limited space, infrastructure constraints,
and higher integration costs make it impractical to rely solely on over-
sized renewable capacity to ensure supply continuity in the absence of
conventional power sources.

To address this issue, a similar approach to the one presented by
Cabrera et al. in [56] has been adopted. With the aim to represent such
adopted approach, in Fig. 2 the annual cumulative PP production (yel-
low line in Fig. 2) and RES excess production trends (blue line in Fig. 2)
are represented for a single RES case. In the x-axis of the plot, Cgp, de-
notes the installed capacity for the i-th RES, with i € Ny, - and Nggg
representing the total number of distinct RES lntegrated lnto the en-
ergy system. O represents the point of intersection between cumulative
RES and PP productions, i.e. where the total RES generation matches the
annual cumulative demand and making the PP unnecessary under the as-
sumption of ideal storage. As anticipated, the contextual CO, emissions
minimisation is equivalent to reducing the size of such assumed ideal
storage system (¥) when RES excess of production and PP production
are equal (i.e. the point O).

In the present study we measure the absolute value of the differ-
ence between the cumulative RES excess of production, defined as the
electricity generated in excess by the RES with respect to the demand,
and the annual PP production. This indicator is denoted as Uy, and in
this work it has been chosen as second system-wide objective function
aiming to identify a balanced energy system configuration through the
solution of the co-design optimisation problem. Therefore, the mathe-
matical calculation of U, starts with the evaluation of the annual RES
overproduction (O Pgp):

NRes
OPrps = Z [[[" Z ERES] ] 2

h=

in which E};z Es, and D’ denote the energy produced by the i-th RES (out
of Nrps sources) and the electical demand during hour h-th of N, hours
in a year, and where the hourly indicator function I? dlstlngmshes the

hours of overproduction and those when the PP needs to be activated:

Nges
I it ) (Ejp)-Di>0,
h_ i=1
1= Nges ®)
0, if )} (Bhps) - Dl <0.
Then, U, is evaluated as the absolute value of the difference between

y
the annual RES overproduction OPg¢ and the annual PP production

Ny gh .
2l Eppt
Ny
U, =[0Pggs— ) EAI. 2))
h=1
In Fig. 2, each point of the blue curve represents the annual RES over-
production O Py, while each point of the yellow curve represents the
annual PP production Z e E pp> @s a function of the reference energy
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system scenario. In this example, the scenario is described by a single
RES technology, whose capacity is progressively varied to span the de-
sign space. Reducing U,, to zero (point O, in Fig. 2) would imply an
equal amount of annual RES’ overproduction for both RES and PP. In
such condition, assuming an ideal storage system (of size ¥, in Fig. 2),
the PP would no longer be necessary.

Despite referring to the cumulative data is a simplification of real-
world, referring to U, as an additional objective function would help
to avoid overdimensioning the size of installed RES capacity while con-
textually reducing CO, emissions. Such choice aligns with increasing
RES penetration along with reducing their overproduction by matching
the hourly system energy demand with RES production. In this way, the
optimisation moves towards a scenario where to the installed RES pro-
duction corresponds to the minimum mismatch with the demand, i.e.
a balanced energy system. Referring again to Fig. 2, the optimisation
problem would tend to reduce ¥, by the translation of point O toward
0 along the y-axis (i.e. following the reduction of CO, and therefore of
annual PP production), indicating a reduction of the mismatch between
annual RES overproduction and PP production.

Therefore, the actual formulation of the optimisation problem for the
present investigation is expressed as:

min [CO,(d). Uy(),
s.t. %)
Dl <d< Du’

where the design vector is the concatenation between the energy sys-
tem state vector e € £ C RMres and the WEC’s design vector w €
W c RNwec, where Ny, g is the number of WEC’s design parameters.
Namely, the design vector of the entire the energy system co-design
optimisation is d = w || e and belongs to the design space d € D C
RNwEec+NrEs | Moreover, each element of d is comprised between the
lower and upper bound arrays, D, and D, respectively.

The following subsections detail the modelling strategies and tools
used in this work, beginning with the energy system model developed us-
ing EnergyPLAN, and then reporting on the actual framework employed
to solve the energy system co-design optimisation problem is described.

2.1.1. Energy system model

In the context of energy transition, energy system migration towards
a maximised RES penetration needs to be supported by customised plans.
With the aim to account for a reliable and accurate tool to support the
development of such strategies, in literature, a plethora of energy sys-
tems modelling approaches and software have been developed [10]. As
anticipated, the present study employs EnergyPLAN [58] as an energy
system analysis tool.

EnergyPLAN is a deterministic input/output freeware developed by
Aalborg University [9], it is widely employed in literature to perform
hourly-based simulations of a designed energy system [9,59,60] and
it is able to emulate with the same hourly resolution the complex
interactions of the various energy sectors for entire energy systems
[6,56,57,59,61]. The software receives as general inputs the electrical
demands and the set of employed RES with their installed capacity and
hourly-based generation distributions. Such distributions can be derived
from empirically measured data or from modelling each RES power pro-
duction considering their capacity to exploit the relative environmental
resource.

In EnergyPLAN, it is also possible to easily design and integrate in
the analysis other areas of interest of the investigated energy system,
i.e. heating/cooling, industrial and other fuel consumption, desalination,
transport and gas sectors, each one with its relative specifications and
demand distributions. In addition to variable RES and traditional PP,
the software is designed to also model different sources to supply the
defined energy demands, including: waste to energy, liquid and gas al-
ternative fuels (e.g. biofuel, biogas, electrofuel, hydrogen, hydrothermal
liquification and pyrolysis). EnergyPLAN is also programmed to handle
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various regulation strategies to deal with a critical excess of production
or import/export necessities. After specifying additional energy system
parameters in the software, such as costs and storage utilisation, the tool
generates outputs including energy balances, annual production levels,
fuel consumption, electricity import/export, and total costs, including
cost and revenue from electricity exchanges. Moreover, the computa-
tional burden of simulating one year of operation for a given energy
system in EnergyPLAN requires only a few seconds [10].

Therefore, given its characteristics, EnergyPLAN is an appropriate
tool for modelling scenarios with high RES penetration interacting with
other primary sectors of the energy system. Detailed description regard-
ing the EnergyPLAN’s mathematical model and algorithm can be found
in the software documentation, available online at [62-64]. Together
with the above mentioned characteristics, the fast computation capa-
bilities of EnergyPLAN motivate the choice to employ this software in
the present study with the aim to explore a wide range of potential en-
ergy system design in which integrate wave energy RES. On the other
hand, despite the user friendly interface of the tool, it only allows a
constrained number of subsequent simulations using its manual mode,
ranging a limited number of design parameters for a defined energy sys-
tem. To cope with the described limitations, the MATLAB Toolbox for
EnergyPLAN [65] have been developed and successfully applied in pre-
vious studies [56,57,66], enabling the users to leverage EnergyPLAN’s
energy system analysis capabilities alongside MATLAB’s computational
advantages.

The present study employs the EnergyPLAN MATLAB tool in or-
der to explore the search space of potential energy system designs that
integrate ocean energy RES within a selected case study.

Accordingly, during the optimisation routine, the exploration of pos-
sible energy system configurations is performed in a MATLAB environ-
ment by researching over the set of possible energy systems’ scenarios
& C RNres, where Ngpg represents the total number of distinct RES
integrated into the energy system. Therefore, each energy system sce-
nario is univocally defined by the energy system state vector e € &,
which elements are the RES installed capacity (Cggs,, with i € Ny, ).
The installed capacity considered in the present study are the onshore
and offshore wind energy (C,;,q and C,,,), solar photovoltaic (C,), and
wave energy (C,qe)-

In order to quantify the overall CO, emissions of the system,
EnergyPLAN requires a detailed description of both energy supply and
demand profiles with hourly resolution. This information are shaped by
the energy system annual electrical demand (D, ), as well as the system’s
heating (D;,) and cooling (D,) energy demands and their normalised
hourly distributions (D,,D, and D,, respectively, with {D,,D,,D.} ¢
RM») with respect to the distribution’s peak value. In addition, also the
potentially exploitable production from the environmental resources,
dependent from the investigated energy system’s location, have to be im-
posed as constraints in the simulation. For these reasons, EnergyPLAN
request to define the normalised hourly-based annual distribution for
each involved RES, Pppg € RM*Nres, Consistently with the previ-
ous mentioned installed capacity, in the present study we consider
the normalised operative curves of both onshore and offshore wind

(P ing- P} € RM), solar (P, € RM>) and wave (P, € R">) power

i D, D. D;, Dy, D. D,
i Pres Fi Ngas

i Cpp NPP MNch Ndis

i Cprss Sen Sais

Energy system

e >
model

—_—

Fig. 3. Schematisation of the energy system model via EnergyPLAN. In the figure, e is the energy system state vector, while Py, ¢ = {P
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production. Also in this case the curves are normalised with respect to
the distribution’s peak value. In the present work, P,;,, has been ob-
tained by normalising the wind hourly power production downloaded
from the measured data given by the Red Eléctrica de Espaina (REE)
in [67]. Due to the lack of annual hourly-based production data, the
normalised PV generation curve f’pu is modeled directly based on solar
irradiation as a general assumption, given that a more detailed rep-
resentation within EnergyPLAN would have been excessively complex
or unfeasible and beyond the purpose of the present study. The solar
irradiation data have been obtained from Ref. [68]. Similarly, the oper-
ational curve of the offshore wind P,,,, is derived from the offshore mean
wind speed resource, appropriately combined with the power curve of
the wind turbine proposed in [69]. Regarding P,,,,, the energy model
receives the actual operational curve of the isolated WEC design as input
directly from a previous WEC parametrisation stage; therefore it depends
directly by each specific WEC design integrated in the energy system.

Spanning over each A-th hour among the N, hours of the year, the
energy production for any i-th RES is evaluated as:

hoo_ h
ERES, - CRESi'PRES,’ (6)

where P! is the normalised power produced by the i-th RES at the
h-th hour, and therefore each RES’s AEP as:

N

¥y
AEPggs, = Z EgES,' ™
h=1

Subsequently, the RES’ installed capacities have to be considered as an
effective value. Therefore, for each h-th hour, the EnergyPLAN model

evaluate EﬁESiVi € Npgs and if their sum is lower than the A-th hourly

value of the electricity demand (Zi’:” EgEs, < DM, it employs a con-
ventional power plants (modeled by set an installed capacity Cpp and
plant efficiency #pp) to fulfill the energy demand. In this way, the CO,
emission can be calculated based on the PP power production, the trans-
port fuel consumption F,, and the natural gas demand (Ng,) requested
by the energy system. Furthermore, each simulation includes the inter-
action of a Battery Energy Storage System (BESS) characterised by an
installed energy capacity Cppgg, and maximum charge and discharge
power capacities S, and Sg;, respectively. The system operates with
charge and discharge efficiencies denoted by 7., and #,;,, respectively.

In Fig. 3 is shown the block flowchart for the energy system simu-
lation via EnergyPLAN is shown, while in Table 1, the list of involved
parameters is reported.

2.1.2. Co-design optimisation framework

Now that all the essential components of the energy system model
have been defined and declared, it is possible to describe its interaction
with a generic WEC and, ultimately, to depict the co-design optimisation
framework.

Generally, given a set Ny, o WEC’s design variables w € RNwec
in the WEC’s design space W C R, the geometry, inertial properties
and conversion system unit parametrisation of a single design are fully

< EnergyPLAN ¢ CO,
MATLAB
Tool

w0l EnergyPLAN —>-| U
y

PP roave ’sz; I

wind >
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Table 1

List of the data involved in the EnergyPLAN simulation for the current study.
Parameter Unit Description
Chave (MW) Wave energy installed capacity
Cp MwW) PV installed capacity
Cyind MwW) Wind turbine installed capacity
Come (MW) Offshore wind turbine installed capacity
Cpp Mw) Conventional PP installed capacity
Chgess (MWh) BESS installed energy capacity
Npp (%] PP conversion efficiency
Nogs (GWh) Natural gas demand
F, (GWh) Fuel consumption for transport sector
D, (GWh) Annual electricity demand
D, (GWh) Annual cooling demand
D, (GWh) Annual heating demand
D, ) Annual electricity demand normalised distribution
IA)C ) Annual cooling demand normalised distribution
ﬁh ) Annual heating demand normalised distribution
P ) Annual wind energy production normalised distribution
P, ) Annual offhshore wind energy production normalised

distribution

f’[w ) Annual solar energy production normalised distribution
P ) Annual wave energy production normalised distribution
Sch kw) Storage charge capacity
Sais kw) Storage discharge capacity
Hen kw) Storage charge efficiency
Ngis kw) Storage discharge efficiency

N
=
=
o) =
g =
o S
<
S
T, (s)

H; (m)

Fig. 4. Absorbed power map, interpolated over a H, — T, grid for a set of
representative waves for a generic WEC design.

identified and the analysis of the system can move towards the hydro-
dynamic and hydrostatic evaluation. Subsequently, the WEC dynamic
responses to a set of waves representative of the site are computed, and
the second-level PTO’s control optimisation loop is performed. By in-
terpolating the values of absorbed power for each of the representative
sea states, it is possible to recreate a power surface over a H,-T, grid
and therefore evaluate the expected value for each of the non-zero oc-
current N,, waves. Fig. 4 shows the interpolated power surface over
the H,-T, grid for an exemplary WEC design. Now, to compute the ab-
sorbed power for the occurring sea states along the investigated year
enables the estimation of the actual annual operational curve of the iso-
lated WEC device. Then, the obtained hourly-distributed mean power
absorbed Py, ;- is normalised (P,,,,) and, given the energy system state
vector e, the annual behaviour of the energy system is simulated with
the EnergyPLAN model and the energy system outputs, CO, emissions
and U, are calculated.

In the present work, the multi-objective optimisation problem is
solved in MATLAB environment by means of a Non-dominated Sorting
Genetic Algorithm II (NSGA-II) [70] performed via “gamultiobj” func-
tion, setting 70 individuals for 150 generations. While the proposed
co-design framework is agnostic to the specific optimisation algorithm

Applied Energy 402 (2025) 126846

employed and can accommodate alternative methods, in this case NSGA-
II was selected for its well-established ability to efficiently explore
complex design spaces. Its robustness in handling non-convex and dis-
continuous solution landscapes makes it particularly suitable for the
coupled WEC-energy system optimisation problem considered here.
Moreover, the NSGA-II uses standard GA operators (selection, repro-
duction, crossover and mutation) but introduces a fixed percentage of
elitism in the framework to enhance individual variability and facilitate
a wide exploration of the design space, thereby minimising the risk of
the optimiser to stuck in local minima. Instead, constraints have been
addressed through the use of penalty functions. Both geometrically un-
feasible and hydrostatically unstable solutions are managed using such
penalty functions to guide convergence towards feasible solutions.

Currently, based on the data provided by the Canarian government
concerning the installed battery capacity for the actually installed RES
[71,721, Cpges in La Gomera is 45 MWh. In the present work, such a
value is fixed and kept constant during the overall optimisation in order
to avoid BESS oversizing. Moreover, for the sake of simpicity the charge
and discharge capacity (S, and Sg;, respectively) have been set equal
to 22.5 MW, corresponding to a charging rate of 0.5 (i.e. 2 hrs), with
charging and discharging efficiency (4., and #,;,) set equal to 0.9.

At last, in Fig. 5 the complete outline of the approach followed in the
current article is shown. The presented structure is composed of 5 main
steps, which are:

Step 1. The reference energy system under study is identified based
on real-world scenario information for which official and ver-
ified data and reports are available. All key characteristics of
the system are analysed, including the energy demands of vari-
ous sectors, potential changes within each sector, and possible
energy supply sources that could be exploited.

Step 2. Using the collected information, the reference energy sys-
tem model is developed in EnergyPLAN. Then, the model is
tuned and validated with respect to the actual benchmark data
concerning CO, emissions and fuel consumption.

Step 3. Once the model has been validated, a set of possible alter-
natives for the energy system is identified together with the
boundaries of the WEC’s design space. In this way, the energy
system co-design optimisation problem given in Section 2 can
be formulated.

Step 4. The optimisation routine explores the design space D until the
maximum number of generations is exceeded. For each indi-
vidual, the relative WEC’s design operational curve is obtained
and used as input in the energy system annual simulation via
EnergyPLAN and the output (CO, and Uy) is collected.

Step 5. When the convergence criteria (i.e. the maximum number of
generations) are reached, the GA stops and the results are
collected and discussed.

3. Case of study: La Gomera

In the Canary archipelago, the minor island of La Gomera has been
chosen as a case study to test the presented optimisation framework.
Located near the African coast and about 1350 km far from Europe,
the Canary archipelago is a Spanish autonomous community and the
outermost region of the European Union. The geographical location of
the La Gomera island is illustrated in Fig. 6.

The Instituto Canario de Estadistica (ISTAC) reports that in 2023, the
La Gomera’s inhabitants were around 22,162 people [73], corresponding

1 According to the referenced documents, two battery packs of 4.5 MWh each
are installed for three out of the five wind turbines that make up the La Gomera
wind farm. In this study, it is assumed that the same BESS capacity per wind
turbine is installed uniformly across all five turbines currently operating in La
Gomera.
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Fig. 5. Outline of the proposed approach.

to an electrical demand of 71.69 GWh/y according to the open data
given by the local Transmission System Operator (TSO), i.e. REE [67].

Despite the considerable RES potential, according to the national an-
nual reports [74], the energy supply of the La Gomera energy system
deeply relies on the 21 MW of installed capacity at the El Palmar ther-
mal power plant. However, by the end of March 2023, the installation
of a 12 MW wind turbine power plant had been completed, but only
2.23 MW are now operative. Moreover, in [69] it is pointed out that La
Gomera presents the largest suitable area for offshore RES installation
with respect to the other islands of the archipelago. These carachteris-
tics of La Gomera make it a valuable case study for the purpose of the
present study.
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Fig. 6. Geographical location of La Gomera island.

Therefore, the first twelve months of wind turbines operations
have been chosen as reference time for the simulations performed, i.e.
between the fist day of April 2023 to the last day of March 2024. Such a
low level of RES penetration allows us to consider La Gomera as a good
benchmark study with the aim of providing data and proposing solutions
for its transition towards a more sustainable energy system.

Delving into the La Gomera energy system description, the analy-
sis of the transport sector focuses solely on road transport, as it is the
only mode exclusively related to the island. In contrast, aviation and
maritime transport, despite their fuel consumption, are considered in-
ternational concerns and are therefore excluded. Sources indicate that
La Gomera’s road transport sector is almost entirely dependent on oil,
with an annual consumption of 5.1 kt of gasoline and 6.8 kt of diesel,
while electricity contributes only 0.13 GWh/y [74]. Regarding natural
gas consumption on the island, the 2022 annual report of the Canarian
government reports a usage of 10.42 GWh/y. Moreover, since the ref-
erence documents do not specify the exact applications of natural gas,
some assumptions have been made. Given that La Gomera lacks a dis-
trict heating system due to its typical warm climate, it was inferred that
natural gas in private households is used exclusively for cooking and
not for heating. In contrast, within the broader category of hotels and
services, it is assumed to be partially used for heating as well. Based
on these assumptions and data from Ref. [73,75], the distribution of gas
consumption across different sectors was estimated. Due to lack of a gov-
ernment official report for 2023, the presented data concerning natural
gas and transport consumption refer to the government report of 2022
and have also been assumed for the timeframe under analysis. For what
concern the water treatment energy consumption, La Gomera lacked a
desalination plant in 2022, but a 3000 m3/day facility was installed in
March 2024, with its energy use included in general electricity demand.
Wastewater treatment processes 1.03 hm® annually, requiring an esti-
mated 0.9 GWh/y based on government reports and studies on other
islands [57,76]. To estimate the energy distribution for heating, cool-
ing, domestic hot water, and kitchen use, statistical data from ISTAC
[73] were cross-referenced with a government report in collaboration
with the University of La Laguna [75].

Two main consumer categories were identified: households and ho-
tels/services. Household electricity consumption was estimated at 27.3
GWh, with cooling accounting for 10.9 % and domestic hot water for
13.3 %. Hotels and services consumed 29.71 GWh of electricity and 5.41
GWh of natural gas, with 30.8 % used for cooling and 22 % for heat-
ing, covering domestic hot water, pool maintenance, and space heating.
Heating demand was assumed to be periodically distributed for each day
of the year, while cooling demand was distributed based on hourly tem-
perature data, activating when temperatures exceeded 22 °C, with 65 %
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Fig. 7. Sankey diagram of the La Gomera energy system. The diagram is based on the methodology and input data described in Section 3.
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Fig. 8. Electricity demand (D,) of La Gomera in 2022. Data from Ref. [67].

of demand evenly allocated to account for continuous air conditioning
use in service areas. The Sankey diagram of the La Gomera energy system
is illustrated in Fig. 7.

3.1. La Gomera energy system identification and reference model validation

Exploiting the hourly data shared by the REE [67] and the informa-
tion given in the national annual reports [74], an EnergyPLAN reference
model has been developed and validated.

At first, a 2022 energy system model of La Gomera has been devel-
oped with respect to the El Palmar PP fuel consumption (F) and the
overall energy system CO, emissions, in order to test and validate the
outcomes for what concern the natural gas and transport consumption
and emissions that are assumed also for the time period of interest. For
the 2022 EnergyPLAN model, the reference value have been set refer-
ring to [74] considering a electric demand of 69 GWh/y distributed as
described in Fig. 8, the same water treatment plant, while households
and hotels consumption are derived again from Ref. [73,75] and are
equal to 37.4 GWh/y and 34.1 GWh/y with the same proportion and
distributions described above. The results present a complete validation
of the model and are reported in Table 2.

Now, the EnergyPLAN system model can be validated by referring
to the fuel emissions and CO, emissions (referring to the kt,, given by
the local TSO in [67]) only for the hourly simulated PP production, con-
sidering the 2023-2024 electricity demand and the wind power supply
distribution reported in Figs. 9 and 10, respectively. The results demon-
strate a good reliability of the model, with levels of mismatch lower than

Table 2
CO, emissions (transport and electricity supplied by PP) and F consumption
validation for 2022. Reference value data are achieved from Ref. [74].

Parameter EnergyPLAN model Reference value Error
CO, 92.9 kt 98.3 kt 5.5%
F 186.5 GWh/y 186.2 GWh/y 0.2 %
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Fig. 9. Electricity demand (D,) of La Gomera between april 2023 and march
2024. Data from Ref. [67].

Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

Fig. 10. Normalised wind energy production distribution (P,,,,) between April
2023 and March 2024. data from Ref. [67].
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Table 3
CO, emissions (transport and electricity supplied by PP) and F consumption
validation for 2023-2024. Reference value data are achieved from Ref. [67].

Parameter EnergyPLAN model Reference value Error (%)
co, 888.6 kt,, 882.3 kt,, 0.71 %
F 177.4 GWh/y 173.1 GWh/y 2.5%
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Fig. 11. Map of the annual occurrences and the occurrences’ weighted annual
energy density map per meter of wavefront of La Gomera. Yellow dots identify
the set of representative waves employed in the PTO control optimisation. data
from Ref. [77].

the 3 % of the reference values. The validation outcomes are reported
in Table 3.

3.2. La Gomera wave energy resource

Focusing on La Gomera’s wave energy resource, the occurrences and
the occurrences’ weighted annual energy density map per meter of wave-
front are shown in Fig. 11. The two heatmaps reveal two area of major
occurrences: the first around 6 s of T, with roughly 2 m of H,, while the
second area lies around 10 s of T,. To balance map coverage and com-
putational time, a set of representative waves is identified and plotted
as yellow dots on both the energetic and occurrence maps. The selected
set of waves will then be employed in the optimisation phase of the PTO

Gearbox

Pendulum
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control parameters as discussed above. The occurrences’ weighted site’s
annual power density for meter of wavefront is 17.0 kW/m.

3.3. WEC numerical model

3.3.1. Working principle, governing equation and mathematical model

As anticipated, the energy-system aware optimisation framework
presented in this study aims to investigate the performance of possi-
ble design solutions for the PeWEC, in order to explore the optimal
designs able to provide benefits of wave energy to an off-grid island
energy system. The PeWEC, developed at the Marine Offshore Energy
Lab of Politecnico di Torino in collaboration with ENEA, presents a
well-established research literature [78-88], supported by extensive
experiments and numerical validations [89,90].

The PeWEC is an inertial-based floating device [91] in which the
floater pitch motion, induced by incoming waves, drives the spin of an
enclosed pendulum around its rotational axis (¢). The electricity con-
version is effected by means of a PTO unit, which is connected to the
pendulum by a gearbox. The fully enclosed design of the system en-
hances the WEC’s reliability in the harsh marine environment, while
four mooring lines are designed to guarantee simultaneously both the
pitching motion and the device’s station-keeping in both operational and
severe sea state conditions. Figs. 12 and 13 illustrate the PeWEC design
with its internal components schematisation and the system working
principle, respectively.

A state-of-the-art linear frequency domain approach has been em-
ployed, enabling to performance of the design optimisation routine with
a good trade-off between accuracy and computational burden. The nu-
merical model, experimentally validated [89,90], integrates the linear
frequency domain in order to simulate the WEC’s dynamics [81,92]
while the device’s floater hydrodynamics coefficients are evaluated
under linear potential-flow theory assumptions [30,93]. Moreover, it
is reasonable to investigate mono-directional waves and therefore to
represent the system state of motion u € R* as:
u= [x,z,é,E]T, (€)]
where x (surge) is the translation along the x-axis, z (heave) is the
translation along the z-axis, while the rotation with respect to y-axis
and pendulum axis are 5 and e, respectively. The main mathematical
equation governing the WEC dynamics is formulated as [81]:

[M+A@]i+B @i+ K, +K,|u=a,@F, @)+ Tpro. ©)
that in the frequency domain formulation becomes [82]:
-’ M+ A(@)]u () + joB(@u@) + K, +K,] u(@)

= a, (@) F, (0) + Tprg (0), (10)

Fig. 12. On the right, the full-size PeWEC 3D-render and on the left, a CAD schematisation of the internal WEC components.
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Fig. 13. PeWEC device’s working principle and its relative coordinates reference
systems. Adapted from Ref. [78].

where: (M, K, K,} c R** are the mass matrix, the hydrostatic stiffness
matrix and the pendulum restoring force, respectively, while a,, (0) € R*
is the wave amplitude and w is the frequency.

In this study, a boundary element method (BEM) solver, such as
NEMOH [94], is exploited to determine the hydrodynamic parameters
within the frequency domain. Specifically, the BEM computes the added
mass, radiation damping and waves’ excitation coefficients, expressed as
(A (@),B (@)} c R and F,, (») € C*, over a selected range of represen-
tative frequencies. In the equation, u () indicates the Fourier transform
of the WEC’s state of motion [30]. The pendulum-unit and hull cou-
pling can be depicted by the inertial and restoring force contributions
in [81,88]:

(mp, +m,) 0 my(d — 1) —ml
_ 0 (mp, +m,) 0 0
my(d —1) 0 Ih+Ip+mp(d—l)2 Ip+mp12—mpdl ’
—m,l 0 I,+m,l* —m,dl I,+m,l?
an
0 0 0 0
0 0 0 0
K, = . 12
P00 —gmyd—1) gm,l 12
0 0 gmyl gm,l

In the matrices, the hull and pendulum masses are represented by
my, and m,, respectively, while g denotes the gravitational acceleration.
1), and I, refer to the hull and pendulum inertia. Instead, d and 1 are

corresponding to GA and PA in Fig. 13, i.e. the distances between the
WEC’s centre of gravity and the pendulum’s oscillation axis, and the
length of the pendulum arm.

Moreover, Tprg (@) € R* represents the PTO torque action on the
pendulum’s rotational degree of freedom. In order to increase the en-
ergy harvested by the system, in the WECs area of research it is a widely
adopted practice to develop tailored control strategies to maximise the
absorbed energy [95-97]. Readers can found some previous studies re-
garding the development of control strategies for the PeWEC in [84-88].
However, in the present work, a first-order transfer function control law
is implemented, defined as:

Joapro

T w) = s
aur (@) Jjo+ Bpro

13

where apro € R and fppo € R are the optimised control parameters,
belonging to the positive set of real numbers (R*). Such formulation

11

Applied Energy 402 (2025) 126846

ensures the system stability, while achieving optimal energy extraction,
thanks to its passivity property [98]. The control action contributes to
the PTO control as follows:

Tt (@)
Tpro (@) = 21—,

Tgear

(14)

Tpro (@) = [0,0,0, Tpro (@], 15)

in which z,,,, is the pendulum-PTO’s unit gearbox ratio, Tprg (@) is the
torque generated by the PTO, and T, (w) is the control torque act-
ing on the e-axis. Therefore, the absorbed power Py, ;- of the system
is generally expressed as:

Py pe () = / Re{T,,;S;:(®)} do, (16)
0

with T, (w) as described in Eq. (13) and S;,(w) the power spectal
density [99] of the ¢-axis rotational velocity:
£ = jwe(w). a7
In the framework, a control optimisation process seeks to maximise the
WEC’s extracted power by adjusting the two control parameters for a set
of N, simulated representative waves, which are modelled according to
a joint north sea wave project (JONSWAP) spectrum [100,101]. During
the optimisation, an a posteriori validation is performed to ensure con-
sistency with the operational constraints imposed by the mechatronic
system. Any parameter pairs exceeding these limits are discarded. In
particular, the generator’s rotational speed must remain below its rated
threshold, and the PTO torque must not exceed its nominal specifica-
tion. Subsequently, after achieving a set of optimal control parameters

(a0 Brpo} € R¥Ne, the AEP for the PeWEC is evaluated as:

iPi

N,
3600 - 24 - 365
100 Z Occy, Py, pc (@),

AEPy pc = 10

(18)

i=1

with i as the index counting the N, simulated sea states with non-
Zero occurrences percentage (Occ,‘% ), and P;;V g (@) is the mean absorbed
power of the i-th occurrent sea state if the optimal control parameters
set (377 f7%) is applied.

Consistent with the methodology employed in the previous studies
[81,88], further assumptions have been made to ensure the linearity
of the numerical model, thereby enhancing computational efficiency.
In particular, drift and second-order forces, mooring effects, and vis-
cous damping are neglected, as well as PTO power losses. Despite these
simplifications, the proposed model is suitable for a preliminary design
exploration phase, consistent with the general techno-economic objec-
tives of this research. Moreover, the quite low computational burden of
the model allows us to explore a wide area of the design space by means
of a high number of simulations.

3.3.2. WEC design parametrization

In the present work a parameterised approach (already applied in
[81]) is employed to implement the PeWEC mathematical model and
evaluate its performance for a given system’s design along in each hour
of the simulated year.

Similarly to previous studies on PeWEC design optimisation, the hull
shape (i.e. a key driver of device performance optimisation [50] due to
its influence on the wave-hull hydrodynamic interaction [93]) is param-
eterised according to the schematisation shown in Fig. 14. The profile
section of the device in the x-z plane exhibits a curved geometry, con-
sisting of a bottom circumference that is tangential to two additional
circumferences positioned at the bow and stern. The floater is symmet-
ric with respect to both the y-z and x-z planes, and the full volume is
obtained by extruding the hull’s profile along the y-axis.
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The mass and inertia of the WEC, critical to both cost and perfor-
mance, are parameterised following established methodologies derived
from previous experiences [81]. The equivalent structural thickness is
derived based on the floater’s surface area and structural mass (m).
The hull is constructed from naval-grade steel (p, = 7800 kg/m?), while
sand (p, = 1400 kg/m3) is selected as ballast due to its favourable
cost-to-weight ratio.

Concerning the pendulum unit, its mass (m,) is defined by adding a
40 % mass housing coefficient to the pendulum mass (m,) to account
for the support structure, PTO, and gearbox. The unit consists of a steel
parallelepiped mass (p, = p,) with dimensions ¢ x ¢ x /,, positioned at
a distance / from the fulcrum. Setting m,, ¢, and ¢ as design variables,
the pendulum’s mass dimension /, is derived geometrically, while the
fulcrum height is correlated with the unit position parameter (4,), also
ensuring the complete pendulum rotation. The conversion stage employs
a PTO system with a permanent magnet synchronous motor and a high-
torque, low-speed gearbox. In the PeWEC parametrisation, the PTO is
defined by a specific ID, selecting one of 37 options characterised by
nominal speed, gearbox ratio, and torque.

In conclusion, each PeWEC device is fully defined by a set of 13
design variables:

the total WEC’s size along the x-axis, namely the hull length L;
the total WEC’s size along the y-axis, namely the hull width W;
the bow-circumference shape parameter, namely 4 = x,/ % ;

the height-draft ratio parameter, namely k = x,/ % ;

the hull-draft (Dr) parameter, namely «, which establishes a max-
imum pitch angle during operation to avoid excessive green water
from spilling over the device deck;

the ballast filling ratio (BFR), which quantifies the distribution of
ballast across the fore, aft, and keel tanks. The BFR, ranging from 0 to
1, compares the ballast in the stern and bow tanks to the total ballast
of the WEC. Fig. 14 illustrates how increasing the BFR influences
ballast inertia distribution;

the pendulum mass, namely m,;

the pendulum arm length, namely /;

the pendulum mass width, namely ¢;

the pendulum mass height, namely ¢;

the number of N, pendulum units;

the unit position 4;

the PTO unit ID.

Moreover, Table 4 reports the lower and upper boundaries among
which each element of d is comprised between.

sea water level

H
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Table 4
GA’s free variables for the definition of a singular individual.

Design parameter (d) Unit Lower bound Upper bound
D)) D,)

Hull length - L (m) 10 30

Hull width - W m) 5 25

Hull shape ratio - 1 ) 0.4

Hull heigth ratio - k ) 0.4 1

Hull draft parameter - « ) 15 25

Ballast filling ratio - BFR ) 0.1 1

Pendulum mass - m, (kg) 5000 30,000

Pendulum arm length - / (m) 0.5 5

Pendulum mass width - ¢ (m) 0.5 2.5

Pendulum mass heigth - ¢ (m) 0.45 2.5

Number of pendulum units - N, ) 1 4

Unit position - A, ) 1 1

PTO ID ) 1 37

PV installed capacity - C,, Mw) 0 150

Wind turbine installed capacity - C,,;,q mMw) 12 150

Wave energy installed capacity - C,,q,, (MW) 0 150

Offshore wind turbine installed capacity - C,,, (MW) 0 150

3.3.3. WEC costs

Regarding the parameterisation of WEC costs, they are formulated
referring to the bottom-up approach described in [83]. In assessing the
WEC’s cost major drivers, multiple factors are considered. Hull costs are
primarily dictated by the structure’s mass and material expenses, which
also include accessory costs. The PTO system’s cost depends on its type
and size, while mechanical components such as the pendulum, base-
ment, shaft, and joints are added to the total cost, including assembly.
Additionally, electronic component costs are determined by the power
rating of the WEC. Mooring and installation expenses are considered as
well, both assumed to account for 15 % of the total cost.

Given the early stage of their technological industrialisation, WECs
are not yet cost-competitive compared to more mature RES technolo-
gies. However, recognising the high potential of wave energy, ambitious
global targets have been set, supported by proactive strategies aimed
at reducing energy costs. Studies suggest that cost reduction can be
achieved through technological advancements and the development of
an innovative ecosystem that integrates policy support, financial incen-
tives, continuous innovation, and niche market expansion [102-106].
Based on the referred techno-economic projections, this study assumes a
50 % reduction in PeWEC’s current CapEx, driven by increased installed
capacity and improved learning rates in the industrialisation process
[104,107,108]. Additionally, a 100 % increase in absorbed power
is considered, reflecting advancements in technological performance,

k=05

——h =06
< ——h =108
I

H [ sea water
level

Fig. 14. Schematisation of geometric PeWEC design variables.
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Fig. 15. Energy system co-design optimisation outcomes. In red, the Pareto
frontier. In the window, the area of major interest for the analysis.

particularly through the implementation of optimised control strategies
[87,109].

The lack of long-term operational data for offshore WEC plants lim-
its the reliability of OpEx estimates [110]. OpEx depends on device
characteristics, such as design and size, as well as external factors like
resource variability, extreme events, maintenance strategies, and indus-
try learning [111-115]. Typically, OpEx is estimated as a percentage
of total investment, with reported values ranging from 1.4 % to 7 %
[110,113-115]. In this study, OpEx is assumed as a fixed 5 % of the
total cost.

4. Results

The collected outcomes from the optimisation stage are depicted in
Fig. 15. The optimisation problem solutions reveal a marked trade-off
between the CO, emissions and the unexploited energy due to a mis-
match between RES production and electric demand. Looking to the
overall results, the set of solutions forming the Pareto frontier exhibits
CO, emissions ranging approximately from 41.5 kt to 60 kt, correspond-
ing to a potential reduction from the initial 88.8 kt of roughly 53 % and
32 %. As shown in Fig. 15, the Pareto curve becomes asymptotic to the
horizontal and vertical axes near its endpoints. This behaviour suggests
that, for low emission levels, even minor reductions in CO, come at the
cost of large increases in U,. Conversely, for low U, values, small im-
provements require substantial increases in emissions. To better focus
the analysis, the most dynamic portion of the Pareto front (i.e. the so-
called elbow) has been emphasised. This area, characterised by higher
solution density and gradient, corresponds to approximately 42 to 50 kt
of CO, and 0 to 100 GWh/y of Uy.

Figs. 16 and 17 employ a color-coded representation to depict the
spatial variation in AEPyyc- and CapEx for WECs located within the
identified region of interest. The results reveal that the most productive
WECs do not necessarily lie on the Pareto front. This finding under-
scores a critical consideration in energy systems integration: the value
of a renewable energy converter lies not merely in its maximal genera-
tion capacity (i.e. maximum productivity is not the sole priority), but
in its ability to contribute effectively during periods of demand. In this
context, productive synergy with other RES becomes a fundamental de-
sign criterion. Concerning CapEx, the Pareto-optimal systems tend to
cluster around a cost of approximately 6 mln€, representing a balanced
trade-off rather than the most expensive or cheapest configurations
observed.

The outcomes are further analysed with respect to the cost of en-
ergy (CoE), calculated as the ratio between CapEx over the total AEP
generated over 25 years of plant operation. As shown in Fig. 18, the
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Fig. 18. Focus on the normalised CoE map of the optimisation outcomes’ region
of intrest.

resulting distribution reinforces previously established trends: the op-
timiser selects a Pareto front of design solutions for which the CoE
is approximately 40 % of the maximum observed value across all
simulations.

Fig. 19 presents the installed capacities of RES and the corresponding
annual peak of hourly PP production for scenarios on the Pareto front.
In the simulation framework, PP units are dispatched only when RES
generation fails to meet demand. Thus, the peak PP production reflects
the required PP capacity in each scenario. Results indicate that this ca-
pacity ranges between 9.5 and 11 MW, implying a substantial reduction
of approximately 50 % from the starting requirement of 21 MW.

The share of RES in the energy mix across the Pareto-optimal scenar-
ios ranges from 70 % to 90 %, representing a substantial improvement
from the initial baseline of 8.5 %. This transition illustrates the poten-
tiality of configuring a high-RES energy system on the La Gomera island,
while significantly decreasing the system’s dependency on conventional
thermal power generation.

The presented possible configurations, however, do not represent the
theoretical upper limit of RES integration. Further improvements in sys-
tem performance and resilience could be achieved through a series of
complementary strategies. These include the optimal sizing and con-
trol of BESS, the development of alternative interconnection schemes
with the neighbouring island of Tenerife [116], and the progressive
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Fig. 20. Installed capacity trends of Pareto set scenarios for each employed RES,
with respect to the increase of the CO, emissions.

electrification of end-use sectors, particularly transportation. While the
aforementioned elements are beyond the current scope, the methodol-
ogy introduced in this work (a generalisable co-design framework for the
integration of WECs into broader energy systems) offers a robust founda-
tion for their inclusion in future investigations. The adaptability of this
approach makes it well-suited to support both energy system planning

Applied Energy 402 (2025) 126846

studies and RES technology design. It is worth acknowledging that the
proposed approach and resulting configurations must ultimately be sup-
ported by detailed techno-economic and regulatory feasibility studies.
However, the method and results presented in this work offer a strong
indication of plausible pathways for future energy system planning and
RES deployment.

Focusing on RES, Fig. 20 illustrates the distribution of installed ca-
pacities across different RES technologies. The analysis reveals that the
optimisation process tends to prioritise configurations with a relatively
high installed capacity of wave energy. In scenarios characterised by
higher CO, emissions but reduced annual unexploited renewable pro-
duction (U,), the installed capacities of wave and wind energy tend
to converge to similar values. This preference can be attributed to the
higher operational continuity of wave energy compared to PV, whose
contribution is notably reduced in this segment of the Pareto front.
Conversely, the results indicate that further reductions in CO, emissions
require a more diversified RES portfolio. In such low-emission scenarios,
both PV and OWT capacities increase to support the system’s decarbon-
isation goals. However, a closer inspection of the RES share reveals that
OWT remains the least installed RES technology across the full CO,
emission range. While PV and wave energy capacities share are rela-
tively similar under low-emission conditions, PV capacity declines as
U, levels decrease. Meanwhile, wind energy installations remain rela-
tively stable, with installed capacity consistently around 12 MW across
all scenarios.

Fig. 21 illustrates the optimisation outcomes for key WEC design pa-
rameters. Among them, hull length (L) and pitch resonance period (T fe )
exhibit the most consistent trends across the Pareto front, excluding iso-
lated outliers. The results converge around a hull length of 30 m and a
resonance period of approximately 9 s, aligned with the most prevalent
wave periods observed in the site, albeit not those with the highest en-
ergy content. Conversely, the analysis reveals no definitive trends for the
remaining parameters, including hull width (W), height (H), pendulum
mass (m,), and displaced mass.

In Fig. 22, the wave power distribution envelopes are presented
for the complete set of WEC design configurations evaluated during
the optimisation process (blue), in contrast to those corresponding
to the Pareto-optimal designs (black). The full WEC design space ex-
hibits a broad range of possible operational power curves, reflecting the
diversity of explored design parameters. However, the distributions as-
sociated with Pareto-optimal solutions are notably narrow, indicating a
high degree of convergence in production profiles. This narrowing of the
power output spectrum implies that the optimisation process identifies
a specific temporal and energetic moment as desirable. In particular, the
optimiser tends to select WEC configurations whose energy production
aligns with such recurring high-value wave events, favouring concen-
tration of generation during these optimal periods rather than uniform
output across the year.
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Fig. 21. Main design parameters trend for the Pareto set WECs.
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Fig. 22. Stripe of variation for the overall WECs design evaluated during the
exploration (in blue) concerning the Pareto set one (in black).

Table 5

Focus on the comparison among three devices: the device with maximum AEP
among the overall investigated systems (D1), the one with the minimal CoE (D2),
and a device chosen within the Pareto set (D3).

Device L(m) W (m) H(m) Dr(m) m,() T, O] U, (GWh/y) CO, (kt)
D1 27.7  20.0 13.8 8.2 30.0 8.9 63.4 43.7
D2 21.6 21.9 10.3 5.3 29.7 79 83.7 48.2
D3 29.7 245 14.5 8.0 227 9.3 3.2 49.7

To remark the impact of the proposed co-design approach, in Table 5
three different significative systems are compared: the device with max-
imum AEP among the overall investigated systems (D1), the one with
the minimal CoE (D2), and a device chosen within the Pareto set (D3).

Across the listed key descriptors, the designs display clear trade-offs.
D1 couples the largest hull and heaviest pendulum with an 8.9 s reso-
nance to enhance its AEP. D2 attains the minimum CoE through a shorter
yet broader hull and a tuned 7.9 s period. Conversely, the Pareto-optimal
D3 adopts a lightweight (i.e. lighter pendulum mass among the three
designs) enlarged envelope and an extended 9.3 s period, reducing the
RES-PP mismatch and balancing emissions.

Fig. 23 reports the operating-state heat maps of the three converters.
Each map is arranged as a day-hour matrix, where columns correspond
to the calendar day and rows to the hour of the day. The colour of each
cell encodes the fraction of time the device is actively generating power.
The maps reveal markedly different utilisation patterns. In particular,
device D3 delivers a more continuous and high output throughout the
year, remaining operative even in seasons when D1 and D2 are less
productive.

These outcomes remark the capacity of the proposed co-design
framework to tailor and tune the WECs geometry and dynamics to
system-level objectives, favouring configurations whose production pro-
files coincide with periods of necessity, i.e. increasing the value of the
produced wave energy.

The results presented above not only identify Pareto-optimal con-
figurations for the La Gomera energy system but also provide relevant
insights into their engineering implications. In particular, the optimi-
sation process demonstrates that the inclusion of wave energy capacity
consistently improves the system performance, even when the algorithm
is free to exclude WEC installations. This outcome suggests that WECs
can play a structurally beneficial role in supporting decarbonisation
strategies, beyond their direct energy yield.

A key insight is that the highest-performing WEC designs are not nec-
essarily those maximising annual energy production, but rather those
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Fig. 23. D1, D2 and D3 operative curves heatmap.

whose generation profiles are temporally aligned with demand and
complementary to other RES [51,54]. This indicates that future WEC de-
sign processes should prioritise production timing and synergy with the
overall energy mix, rather than focusing solely on maximising capacity
factors. Such an approach could reduce the need for expensive storage
capacity and minimise curtailment, ultimately improving system-level
cost-effectiveness.

From an engineering standpoint, the proposed approach demon-
strates its capability to highlights a practical design targets for WEC
developers aiming at grid-integrated applications. Moreover, the ob-
served narrowing of the power output distributions for Pareto-optimal
devices implies that the optimiser is identifying a preferred production
regime, which can guide future control strategies and tuning of the
devices.

5. Conclusions and future works
5.1. Conclusions

This study introduces a novel energy system co-design framework
that integrates WEC design with energy system planning, demonstrated
on the PeWEC device for the La Gomera case study. By combining a
multi-objective GA with EnergyPLAN simulations, the framework si-
multaneously optimises WEC design parameters and the energy system
configuration, explicitly considering CO, reduction and RES curtail-
ment.

Results show that wave energy capacity is consistently included in
the Pareto-optimal set, confirming its positive systemic contribution un-
der the considered resource and system conditions, despite the optimiser
being allowed to install zero WEC capacity. Moreover, the best WECs
systems are not necessarily those with the highest AEP but rather those
whose generation profiles are temporally aligned with system demand
contextually to a productive synergy with other RES, thereby reducing
mismatch and storage needs. Therefore, these aspects become a funda-
mental criterion for the design of WEC devices, supporting greater RES
penetration while minimising storage requirements and mismatch be-
tween demand and RES production. From a design perspective, optimal
solutions converge around a hull length of ~30 m and a pitch resonance
period of ~9 s, highlighting a preference for tuning to the most fre-
quent wave periods rather than peak energy events. Furthermore, the
wave power output curves of optimal designs set (i.e the Pareto de-
vices) demonstrate a significantly narrow band compared to the wider
design space, underscoring a targeted response pattern by the opti-
miser towards WECs designs that are effectively tuned to match specific
temporal characteristics of wave energy availability. The methodology
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enables significant system-wide decarbonisation, achieving up to 53 %
CO, emission reduction and roughly halving the required PP capacity
compared to the baseline.

The findings of the proposed sytem-aware optimisation framework
highlight the potential value of the produced wave energy beyond
traditional techno-economic metrics, emphasising its role in enhanc-
ing energy mix flexibility and system decarbonisation. Generally, the
results demonstrate not only the technical feasibility but also the strate-
gic relevance of co-design approaches for emerging marine renewable
technologies. The methodology could serve as a reference model for
integrating novel WEC technologies into energy systems, supporting
decision-making processes that prioritise system-level performance.

Overall, the results validate the relevance and utility of an energy
system-informed optimisation framework for WEC design, particularly
in the context of high-RES island energy systems. Furthermore, this
work aims to advance a methodological shift by introducing a co-design
framework for WEC optimisation, in which the design process is in-
formed not only by grid conditions but also by a bidirectional exchange
of information, i.e.linking the behaviour of the WEC to that one of the
energy system and vice versa.

Beyond the specific case study, the proposed co-design optimisation
framework is generalisable to other geographies and microgrid con-
texts, e.g. remote mainland regions, hybrid off-grid communities, or
interconnected but weakly supported grids. Its modular structure and
energy-system-aware logic make the framework readily transferable not
only to other WEC archetypes but also to emerging RES technologies.
It offers a systematic approach to evaluate technology design based on
system-level performance rather than isolated system’s metrics, position-
ing the methodology as a versatile tool to support decision-making in the
broader energy transition landscape.

Moreover, by directly linking technology design with energy sys-
tem objectives such as CO, reduction and curtailment minimisation, the
framework offers a strong basis for informing policy decisions, energy
planning processes, and investment prioritisation.

5.2. Limitations and future works

Despite its contributions, the proposed framework is subject to
several limitations that suggest paths for future research. First, the
optimisation framework relies on deterministic simulations and fixed
hourly demand and resource profiles. In real-world scenarios, renew-
able energy resource variability and forecasting are prone to different
levels of uncertainty conditions that can significantly impact system
performance. Incorporating stochastic or robust optimisation techniques
would enhance the reliability of the proposed designs under uncertain
conditions.

Second, the demand-side assumptions do not yet account for sectoral
demand fluctuations, load shifting potential, or flexible consumption
profiles. Integrating demand-side management and more granular sec-
toral models (e.g., smart grids, electrified transport, desalination) would
offer a more complete assessment of system performance.

The WEC model adopted in this work relies on a linear frequency-
domain formulation, which (despite its efficiency and suitability for
early-stage design) does not capture certain nonlinear or time-dependent
interactions with the energy system. Future developments could in-
corporate higher-fidelity, nonlinear time-domain models to improve
performance accuracy and enable the evaluation of advanced control
strategies, especially under transient conditions or high-resolution sim-
ulations. This would enhance the realism and robustness of the co-design
framework.

Moreover, although the model assumes a fixed BESS capacity, future
work could explore dynamic BESS sizing and control strategies, includ-
ing hybrid storage technologies. This extension could partially substitute
the role of wave energy capacity in achieving low levels of U, but
would require the introduction of efficiency or cost-related constraints to
avoid unrealistic over-sizing of storage. Regulatory, financial, and social
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acceptance aspects were not within the scope of this work but are crucial
to the real-world implementation of wave energy technologies.

In addition, the cost of WEC technology remains a key barrier to
its commercial deployment and represents an important limitation of
the present work, as the current framework does not directly opti-
mise for economic metrics. It is expected that, by directly considering
economic or techno-economic objective functions, the optimiser could
reduce the amount of wave energy installed capacity, as it is currently
much more expensive than the already industrialised technologies in-
volved. However, since the technology investigated is still at an early
stage of development, introducing cost-based constraints or objectives
would be premature. Such a choice would risk overshadowing the sys-
temic value that the integration of wave energy brings to the energy
system, which the present results have highlighted as significant. In fact,
the optimiser consistently selects optimal configurations with a relevant
amount of installed wave energy capacity (see Fig. 20), confirming its
positive contribution to system-level objectives.

Nonetheless, including economic considerations would provide a
more comprehensive view. As part of future work, it is possible to
extend the framework towards a three-objective optimisation problem
including an energy-system level cost metric. This extension would be
particularly meaningful for technologies with higher TRL, for which cost
and performance indicators are more robustly defined. Such an approach
would enable a balanced evaluation of techno-economic feasibility and
systemic value, supporting more informed deployment strategies.

Finally, while La Gomera provides a relevant case study, further val-
idation on larger island systems or continental microgrids would help
establish the scalability and adaptability of the proposed framework
across different energy transition contexts.
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