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ABSTRACT: Combining efforts to promote both power generation and coastal protection would offer signif-
icant advantages for the marine sector. It presents an opportunity to combine resources for the dual purpose of
adapting to the effects of climate change, and producing clean energy, thereby potentially fostering growth in
the blue economy. Wave Energy Converters (WECs), and particularly WEC farms, are ideally suited to fulfill
this dual role, as they can harvest energy from waves, thus also mitigating their impact on coastlines, with the
generation of milder waves in their lee. This research investigates the impact of a small WEC farm on both
objectives. Different strategies are proposed, and compared, to address this dual focus. Strategies may involve
establishing a minimum threshold for wave attenuation, while maximizing power production, and others aim
to optimize both power production, and wave attenuation simultaneously. The former strategies can be easily
tailored to meet specific coastal protection requirements, at a particular site. The latter entail addressing a bi-
objective optimization problem, with two concurrent objectives. This paper explores these different approaches,
ultimately laying the groundwork for a comprehensive multi-query analysis of WEC farms.

1 INTRODUCTION

In recent years, the significance of offshore renewable
energy sources in attaining net zero energy goals and
achieving complete decarbonization has become in-
creasingly apparent: these sources serve as valuable
complements to the energy mix, offering diversity and
resilience (Novo et al. 2022). While offshore wind is
expected to play a substantial role in total installed
capacity, Wave Energy Converters (WECs) are envi-
sioned to provide a dependable and consistent base
load, thereby alleviating the need for extensive energy
storage solutions (Kardakaris et al. 2021). However,
individual WECs typically possess relatively modest
rated power compared to grid demands; in addition,
the capital (CapEx) and operational (OpEx) costs as-
sociated with WECs are often considerable (Giglio
et al. 2023). Consequently, it is frequently advan-
tageous to aggregate WECs into farms (Foteinis &
Tsoutsos 2016).

The primary and most intuitive objective of a WEC
farm is to maximize overall power capture, while

minimizing the Levelized Cost of Energy (LCoE).
Cost minimization is closely intertwined with reduc-
ing the overall footprint of the farm, since greater dis-
tances between WECs necessitate longer cable con-
nections and potentially higher operational expenses.
Consequently, it is generally reasonable to assume
that minimizing costs also involves minimizing the
distance between WECs. However, the interaction be-
tween waves and WEC structures introduces intricate
modifications to the surrounding wave field, includ-
ing diffraction and radiation effects. Consequently,
identifying the optimal WEC-WEC coupling arrange-
ment is often challenging and non-intuitive. Indeed,
depending on the characteristics of both the floaters
and the waves, alternating regions of detrimental and
potentially beneficial interactions can arise. Further-
more, the influence of WEC-WEC interactions is in-
fluenced by the farm layout. In a study by Penalba
et al. (2017), the authors evaluate the power produc-
tion of an array across various inter-device distances
in realistic wave climates, discovering that small dis-



tances and large farm sizes exacerbate detrimental in-
teractions, leading to power losses.

A significant portion of the current research in this
domain focuses on optimizing power output by mod-
ifying the spatial configuration of WEC farms and
potentially altering the number of devices (Göteman
et al. 2020, Abdulkadir et al. 2023). In this study, a
farm comprising five Oscillating Wave Surge Con-
verters (OSWCs) is examined, in both aligned and
staggered layouts. To keep the analysis straightfor-
ward, the distance between the devices is kept con-
stant. The behavior of this small cluster of OSWCs is
considered a useful model for predicting the behavior
of larger groups of such clusters, even if some unique
dynamics emerge in larger farms. Beyond layout op-
timization, recent work has tackled the challenge of
maximizing energy production in wave energy farms
through various control strategies (Ringwood et al.
2023). Centralized, distributed, and decentralized ap-
proaches have been explored, each with differing im-
pacts on the overall productivity of these farms. Ad-
ditionally, progress in the field has led to the release
of an open-access dataset derived from a wave tank
experimental campaign with up to five WECs (Faedo
et al. 2023).

Beyond their primary function of renewable en-
ergy production, WEC farms offer secondary bene-
fits, such as coastal protection (Foteinis 2022). Given
the escalating concerns over coastal erosion, exacer-
bated by climate change effects (Kazimierczuk et al.
2023), this aspect has garnered increased attention.
Traditional coastal protection measures may bring ad-
verse impacts on marine life, turbidity, and visual aes-
thetics. WECs, by modifying the wave field in their
lee, hold promise for mitigating some of these issues,
although localized increases in wave height near the
devices may occur. Despite typically being consid-
ered a secondary outcome, the coastal protection af-
forded by WEC farms could prove pivotal in decision-
making processes. By incorporating WEC farms into
coastal protection strategies, significant reductions in
erosion-related costs and risks can be achieved, thus
enhancing the economic viability of WECs (Foteinis
& Tsoutsos 2016). In literature, several studies have
investigated the wave attenuation capabilities of WEC
farms, primarily focusing on overtopping or flap-type
devices (Tǎnase Zanopol et al. 2014, Khojasteh et al.
2023).

Given the potentially conflicting goals of optimiz-
ing power generation and coastal protection, the com-
mon practice is of optimizing for one objective while
evaluating the impact on the other post-optimization.
Conversely, Battisti et al. (2024) propose to perform
a multi-query analysis, where the optimisation objec-
tive encompasses, to some extent, both power gen-
eration and coastal protection. Indeed, Battisti et al.
(2024) demonstrate that the interplay between such
objectives is not straightforward and it is necessary
to embed some user-driven constraints to enable a

definitive solution to the multi-dimensional problem.
Consequently, the novelty of the present paper is

to suggest and contrast various approaches to tackle
this dual objective. Some strategies propose setting a
minimum threshold for wave attenuation while max-
imizing power output, while others strive to optimize
both power generation and wave attenuation simul-
taneously. The former strategies can be customized
to fulfill specific coastal protection needs at partic-
ular locations, while the latter involve addressing a
bi-objective optimization challenge with two simul-
taneous goals. This study delves into these diverse
methodologies, ultimately paving the way for a thor-
ough multi-query examination of WEC farms.

The reminder of the paper is organized as follows:
Sect. 2 presents the numerical model, which is ap-
plied to the specific case study described in Sect. 3.
Results are then presented in Sect. 4, while Sect. 5
draws some final conclusions and considerations.

2 NUMERICAL MODEL

The BEM (Boundary Element Method), the numeri-
cal model used in this study, is based on the poten-
tial flow theory, where the fluid is assumed to be in-
viscid and incompressible, and the flow irrotational.
This allows to define a velocity potential Φ(x, t) =
Re[ϕ(x) eiωt], with the spatial variable x = (x, y, z),
and the temporal variable t, that satisfies the Laplace’s
equation ∇2ϕ= 0 in the entire domain, with ω the an-
gular wave frequency.

With the assumption of linearity, that holds for
small amplitude motions of a body in the domain, and
small wave amplitude, the superposition of the poten-
tial is applied as:

ϕP = ϕI + ϕD + iω
NDOF∑
δ=1

ζδϕ
R
δ , (1)

where the perturbed potential of a unit amplitude
wave, ϕP , is given by the superposition of the the in-
cident ϕI , radiated ϕR, and diffracted ϕD potentials.
The radiated potential is further related to the body’s
motions - the NDOF Degrees of Freedom (DoFs) -
through the Response Amplitude Operator (RAO) of
the δ-th degree of freedom. Defining the gravity g, the
free surface can be calculated as:

η = −i
ω

g
ϕ|z=0. (2)

The disturbance coefficient, can thus be defined as:

Kd = ηP/ηI , (3)

representing the change in the wave field caused by
the presence and action of a body with respect to the



condition with only an incident wave. In a coastal pro-
tection perspective, the interest is in minimizing Kd,
so as to reduce the impact of the wave field, especially
in the lee of the body.

To evaluate the power extraction, the WEC is
equipped with a Power Take-Off (PTO) system. These
systems often exhibit complex nonlinear behavior
(Giorgi & Faedo 2022), largely due to the use of ad-
vanced control strategies to maximize power output
(Faedo et al. 2022). However, in frequency domain
analysis, it is generally possible to linearize the PTO
system (Bonfanti & Giorgi 2022), enabling simplifi-
cation into a spring-damper setup, which facilitates
the application of the superposition principle. The
equation of motion (Newman 1977) that represents
the displacement ζ(ω), incorporating the PTO model
through the damping matrix, BPTO, and the stiffness
matrix, CPTO, is:

[−ω2(M+A) + iω(B+BPTO) + (C+CPTO)]ζ = F.

(4)

In this equation, M is the body mass matrix, A is the
added mass matrix, B is the radiation damping matrix,
C represents the hydrostatic and gravitational restor-
ing coefficients, and F denotes the external excita-
tion forces, derived from the sum of diffraction and
Froude-Krylov forces (Giorgi et al. 2021).

The boundary value problem is solved us-
ing the BEM solver Capytaine (Ancellin & Dias
2019), which is the Python-based implementation of
NEMOH, developed at École Centrale de Nantes in
France (Babarit & Delhommeau 2015). The simula-
tion domain measures 800m× 800m, with a uniform
spatial discretization of 2m in both the x and y di-
rections. The setup involves positioning either a sin-
gle WEC or the WEC farm at the center of the do-
main, keeping the shoreline at a maximum distance of
400m. This setup is consistent with the requirements
for coastal protection and aligns with the shallow wa-
ter depth required by the chosen WEC technology.
The mean power absorbed by a WEC over a
monochromatic wave period is

P =
1

2
ω2ζTBPTOζ

∗, (5)

using the superscripts T to represent the transpose,
and ∗ the complex conjugate.

In this study, different settings of the linear PTO are
simulated to analyze the interplay between power pro-
duction and wave attenuation. In particular, two ap-
proaches are defined, the reactive control (indicated
by the superscript r) and the passive control (super-
script p). The power output is maximized when the

damping and stiffness matrices, for a single WEC,
have the following configuration, respectively:

{
Br

PTO = B

Cr
PTO = (M +A)ω2 −C,

(6)

{
Bp

PTO =
√
B2 + 1

ω2 (− (M +A)ω2 +C)2

Cp
PTO = 0.

(7)

It should be noted that these optimal conditions for
power extraction apply to a linear, unconstrained,
monochromatic system, and might not be as effective
in other scenarios. To further evaluate how different
control strategies impact WEC performance, the val-
ues of BPTO and CPTO are also varied to fine-tune the
system’s response and allow a wider range of combi-
nations.

3 TEST SETTING

3.1 Device

The OSWC is the device chosen for this study, a pitch-
ing flap, hinged at its base on a fixed axis anchored to
the seabed. It is designed to operate primarily in shal-
low to intermediate water depths (Hals et al. 2011).
The flap’s oscillatory motion drives two hydraulic
cylinders that connect to the flap and a stationary sub-
frame, producing electricity through an onshore gen-
erator. The OSWC is a directional device, performing
best when waves have minor spreading.
The flap has a width of 26m, a thickness of 2m, and
a height of 12m. Its mass is about 150 t, with a res-
onance period of approximately 17 s (corresponding
to 0.36 rad/s). In this study, the flap is simplified to
have a single degree of freedom (NDOF = 1), specif-
ically the pitch. It should be noted that the chosen
device significantly influences the proposed analy-
sis. The OSWC is selected because it is well suited
for coastal protection, being deployed in shallow wa-
ters close to the shore, and it generates a larger wake
compared to other devices like floating WECs (Bat-
tisti et al. 2024). A detailed comparison of the perfor-
mance of different WECs is beyond the scope of this
paper.

3.2 Case Study

The farm tested in this study consists of 5 OSWCs,
arranged in either a linear or staggered configura-
tion, with a fixed distance between them equivalent
to twice the width of the flaps, in both directions.
Such distance is based on the minimum requirement
for maintenance operations at sea, as commonly ref-
erenced in the literature. This distance ensures signif-
icant interactions among the WECs, whereas larger
distances would result in smaller interactions. Includ-
ing distance as a variable would introduce additional
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Figure 1: Left: spatial evolution of the Kd coefficient, for T = 6 s, for a 5-WEC farm in aligned layout. Right: definition of the wake
area at different distances in the lee of the farm.

complexity beyond the scope of this paper, but it is an
interesting direction for future research. The results
presented here cover the range of wave periods, T ,
from 3 s to 20 s. The wave period is treated as a pa-
rameter, and completes the optimization process af-
terward, to explore the potential seas aligned with the
outcomes.

The main aim of this study is to address a multi-
query analysis focused on maximizing both power
production and wave attenuation. The first goal is
straightforward, but the second requires more care-
ful consideration, and can be challenging to define.
A possible approach to wave attenuation is to aim for
the maximum possible reduction, but this can be dif-
ficult to implement without specific guidelines. Alter-
natively, a minimum level of wave attenuation can be
set, as in this study, which uses a 10% benchmark.
This allows the wake width to be calculated to ensure
that the wave reduction respects at least the require-
ment, offering insights into how much of the shoreline
could be protected. This study follows this second ap-
proach.

As the representation of the Kd coefficient in fig-
ure 1 shows, a distinct wake is visible in the lee of the
WEC farm. Therefore, to quantify such a wake, a pa-
rameter is defined, the wake width W , as the length
of the continuous zone where all points have a value
of Kd ≤ 0.9, which represents the 10% wave attenua-
tion. The figure includes various sections taken at dif-
ferent distances from the farm. Since the wake width
tends to increase with distance, the results are pre-
sented only for X = 400m, with other sections show-
ing similar patterns, but smaller values for W .

3.3 Optimization Strategies

Various optimization techniques can be pursued de-
pending on the goal. This paper explores the poten-
tial to balance two crucial objectives: power genera-
tion and wave attenuation, which may potentially be
in conflict. While numerous optimization approaches
exist, this study considers the following.
• A straightforward strategy is to maximize both

wave attenuation and power production, treating
them as separate goals. However, this approach
might not yield a shared optimum for both ob-
jectives, as each is optimized independently.

• By setting a specific requirement, such as a 10%
wave attenuation, at a distance of 400m from the
WEC or WEC farm, it is possible to calculate
the maximum power that can be generated under
this condition. This approach helps identifying if
there are specific frequency ranges or PTO pa-
rameters that meet the attenuation target, while
also achieving some level of power generation.

• If both objectives need to be optimized simul-
taneously, a Pareto front approach might be the
best solution. The objectives in this case are to
maximize the wake width (W ), where wave at-
tenuation is at least 10%, while also maximizing
the power output (P ). This approach allows for
exploring the trade-offs between these compet-
ing objectives.

4 RESULTS

The initial approach involves maximizing both objec-
tives separately. The test is conducted for both pas-
sive and reactive PTO configurations, and with vary-
ing PTO parameters.



Figure 2: Values of maximum power and maximum wake width
for the aligned 5-WEC farm, for the passive and reactive PTO,
and with a separate maximization strategy.

Figure 2 illustrates that when the goal is to maxi-
mize power output, optimal values are concentrated
around large periods, but no wake is generated. In
contrast, maximizing the wake width is typically as-
sociated with smaller periods and results in less power
production. This indicates that the two objectives re-
quire very different configurations, often pointing in
opposite directions. Specifically, when power output
is maximized, the WECs are more active, leading to a
more agitated wave field, which contradicts the goal
of wave attenuation. On the other hand, a significant
wake tends to occur when the WECs are relatively in-
active, essentially acting as barriers. It is worth men-
tioning that the maximum power value for reactive
PTO is not shown on the left side of figure 2. Indeed,
the system is considered unconstrained as there are
no limitations on the flap displacement or the PTO
force, which could lead to a nonphysical behavior of
the flap. In this case, as the value is not realistic due
to the linear assumptions used in the model (for an
aligned layout), it is discarded. However, it would oc-
cur at a period around 20 seconds, corresponding to
the red point on the right side of the figure.

Based on the results in figure 2, three specific pe-
riods are selected to examine how power output and
wake width evolve with varying PTO parameters. By
allowing flexibility in PTO damping and stiffness,
greater freedom is introduced into the WEC control
strategy. The three chosen periods represent the most
common occurrences in the Mediterranean Sea and
the ocean. Larger periods, which might offer higher
power output, are less likely to generate a wake, in
addition to rarely occur, hence they are not the focus
of this study.

Figure 3 demonstrates that optimizing power out-
put and wake width individually leads to distinct PTO
configurations. The black stars in the graph indicate
the optimal points for each objective. For instance,
the combination of BPTO and CPTO that maximizes
the wake width at T = 5 s (bottom left plot) results in
minimal or even no power production (top left plot).
As the periods increase, particularly from T = 12 s
onwards, the wake effect diminishes, and vanishes.

The second approach involves ensuring the pres-
ence of a wake that achieves 10% wave attenuation,
and then defining a suitable range for other parame-
ters, such as period and PTO characteristics, to deter-
mine the corresponding power output. This method is

adaptable and can be customized for various levels of
wave attenuation, depending on the specific site re-
quirements.

Figure 4 illustrates the wake width values as the
period and power output are varied. Each point on the
graph represents a different combination of PTO pa-
rameters. Clearly, not all periods produce a wake, and
high power production generally does not generate a
wake. When multiple WECs are used, the range of
periods that create a wake increases compared to a
single WEC (orange points). By adjusting BPTO and
CPTO, there are more opportunities to create a wake
and generate power, yet the effective period range re-
mains limited to small periods (T ≤ 10 s). This ap-
proach aims to achieve wave attenuation first, and
then tries to produce energy. While this method ad-
dresses both objectives, it may not be optimal for
maximizing both wave attenuation and power gener-
ation simultaneously.

A multi-objective optimization is therefore needed,
which will result in a Pareto front, allowing for the
identification of a balanced trade-off between the two
goals. In this test, the period is fixed at T = 5 s, and a
variable PTO system is used, where the PTO param-
eters, BPTO and CPTO, are varied uniformly within a
fixed range. Passive and reactive PTO configurations
tend to produce predictable results.

Figure 5 shows the possible values of wake width
and power for a varying PTO damping coefficient,
BPTO. The gray dots represent all available data
points, given by each analyzed combination as BPTO

is progressively varied in its range. The colored dots
are related to the Pareto front for the different values
of BPTO. Multiple data points can correspond to each
value of BPTO. This figure suggests that higher values
of BPTO lead to increased power output and substan-
tial wake width. The largest wake, however, is associ-
ated with low BPTO values, where the power output
is reduced or even zero.

In figure 6, the stiffness coefficient CPTO is var-
ied, keeping the same period. The resulting trend dif-
fers somewhat from the one observed with varying
BPTO. Smaller absolute values of CPTO tend to yield
higher power output with moderate wake widths. On
the other hand, high positive values of CPTO lead to
maximum wake widths, though with varying power
outputs. High negative values of CPTO generally pro-
duce mediocre results. Given these trends, it might be
advisable to consider high positive values of CPTO.

5 CONCLUSIONS

Given the relatively low power output of a single
WEC with respect to other renewable energy sources,
and the need to reduce costs, deploying WEC farms is
necessary, and offers additional benefits like coastal
protection, which can justify the investment. How-
ever, to accurately assess the potential of a WEC
farm in terms of both power generation and coastal



Figure 3: Values of the power output and the wake width at X = 400m for the aligned 5-WEC farm, with varying BPTO and CPTO.
Three different periods are represented, T = 5 s, T = 8 s, and T = 12 s. The black stars represent the maximum value of the power
and the wake width in the respective representations.

Figure 4: Variation of the wake width with the period (upper
part) and the power (lower part) for the 5-WECs aligned farm,
compared to a single device case.

Figure 5: Pareto front for the aligned WEC farm, with varying
values of BPTO.

Figure 6: Pareto front for the aligned WEC farm, with varying
values of CPTO.



protection, a multi-query analysis is necessary. This
study explores the performance of a farm consisting
of five OWSCs, in both aligned and staggered config-
urations. Various approaches are examined to identify
potential synergies between the two conflicting objec-
tives of maximizing power production, and maximiz-
ing wave attenuation. The results indicate that achiev-
ing high power output and substantial wave attenua-
tion require opposite configurations, both in terms of
the PTO system and the wave period. The range of
periods where a wake is observed is generally lim-
ited to small periods, which are, nevertheless, com-
mon in both closed and open waters. The best trade-
off is determined by seeking a Pareto front, reveal-
ing that for a given period, few combinations of PTO
damping and stiffness can produce moderate wave at-
tenuation and moderate power output. This research
lays the groundwork for future multi-query optimiza-
tion analyses and supports the feasibility of a dual-
purpose WEC farm. Further research includes the in-
vestigation of the performance of the WEC farm un-
der panchromatic waves, of different WEC farm lay-
outs, and of different WEC types.
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6 APPENDIX

The staggered farm layout yields results compara-
ble to those of the aligned layout, but with gener-
ally smaller wake widths due to increased interactions
among the devices. The overall trends for maximizing
power output and wake width are similar, regardless
of the layout, though the differences can be leveraged
depending on the desired application. Depending on
the priority—either maximizing power production or
enhancing wave attenuation—one can adjust the setup
accordingly. In this Appendix, the results shown in the
paper, for the aligned configuration, are presented for
the staggered layout.
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Figure 7: Left: spatial evolution of the Kd coefficient, for T = 6 s, for a 5-WEC farm in staggered layout. Right: definition of the wake
area at different distances in the lee of the farm.

Figure 8: Values of maximum power and maximum wake width
for the staggered 5-WEC farm, for the passive and reactive PTO,
and with a separate maximization strategy.



Figure 9: Values of the power output and the wake width at X = 400m for the staggered 5-WEC farm, with varying BPTO and CPTO.
Three different periods are represented, T = 5 s, T = 8 s, and T = 12 s. The black stars represent the maximum value of the power
and the wake width in the respective representations.

Figure 10: Variation of the wake width with the period (upper
part) and the power (lower part) for the 5-WECs staggered farm,
compared to a single device case.

Figure 11: Pareto front for the staggered WEC farm, with vary-
ing values of BPTO.

Figure 12: Pareto front for the staggered WEC farm, with vary-
ing values of BPTO.


