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Keywords: The dual use of wave farms for renewable energy generation and coastal protection presents a promising strategy
Wave energy converters to reduce the Levelized Cost of Electricity (LCoE) and improve the economic feasibility of wave energy. However,
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no prior study has quantified the long-term morphodynamic impacts of wave farms or evaluated how seasonal
wave conditions influence energy output and coastal protection effectiveness. This study presents the first in-
tegrated assessment of a nearshore WaveRoller Wave Energy Converter (WEC) array over 1-, 10-, and 20-year
periods, using a field-validated, coupled depth-averaged (2DH) hydrodynamic, spectral wave, and sediment
transport model in Delft3D. Nine deployment configurations were simulated to explore how array layout
(spacing and distance from shore) affects wave attenuation, sediment retention, and energy output. Results show
that the WaveRoller array produced 562.3 MWh annually per device, with a capacity factor of 18.34 % and a
capture efficiency of 49.9 %. The system also retained up to 278,427 m> of sediment after 20 years, with a
sediment retention per unit area of 1.941 m®/m2 Wave attenuation was greatest during low-to-moderate energy
conditions, suggesting year-round protection benefits. Sensitivity analyses revealed a trade-off between energy
yield and erosion mitigation, with tighter spacing enhancing sediment retention and moderate distances offshore
improving energy yield. By quantifying energy production and erosion mitigation under different design sce-
narios, this study demonstrates the dual functionality of wave farms and supports their use as multi-functional
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coastal infrastructure. These results offer a foundation for future techno-economic models that incorporate both
energy and coastal protection outcomes.

1. Introduction

Wave energy is a promising renewable resource with the potential to
meet growing global energy demands while contributing to carbon-free
energy generation [7,8,12,24,28,35,38]. The estimated global wave
energy resources lie in the range of 1-10 TW [19,23,24] with estimates
of global annual wave power in the range of 29,500 and 32,000 TW h/
year [7,24,28] which exceeded the global annual energy consumption in
2018 of 26,700 TW h/year [28].

While wave energy surpasses other traditional renewable energy
sources in several aspects including its high availability (up to 90 %); the
highest energy density among all the renewables and minimal negative
impacts on the environment [5,24,31,44,45], the high capital costs and
Levelized Cost of Electricity (LCoE) of wave energy currently hinder its
competitiveness with established renewables like solar and wind, as well
as fossil fuels, limiting widespread development and implementation
[8,18,21,24,35,46,50].

A promising strategy to offset these economic challenges is the dual
use of wave farms for both energy generation and coastal protection. By
replacing conventional coastal protection structures such as breakwaters
with wave energy converters (WECs), wave farms can attenuate wave
energy and mitigate coastal erosion while simultaneously generating
renewable energy [1,2,11,13,17,21,33,40]. This multi-functional
approach is particularly relevant in the context of climate change and
sea level rise (SLR), where traditional coastal protection structures may
become increasingly ineffective. Although several studies have exam-
ined the effectiveness of wave farms for coastal protection, significant
knowledge gaps remain.

While previous studies [1-4,9,40,42,43] have demonstrated the
short-term (days to weeks) effectiveness of wave farms in reducing wave
energy and mitigating erosion, particularly during storm events, their
long-term impact on coastal morphodynamics and energy production
has never been explored. No study has assessed how wave farms influ-
ence morphodynamics and trends of erosion and accretion over time-
scales of months to decades (1 year, 10 years, 20 years), nor has any
research examined the effects of seasonal wave variability on energy
output and morphodynamics. Understanding these long-term effects is
essential for evaluating the viability of wave farms as a long-term sus-
tainable solution for coastal protection and renewable energy
generation.

Moreover, the long-term contribution of wave farms to coastal pro-
tection, specifically in terms of erosion mitigation has yet to be quan-
tified. The estimation of the volume of sediment retained through
erosion mitigation over long-term periods can provide essential data for
techno-economic assessments, enabling the integration of coastal pro-
tection benefits into economic evaluations. By accounting for the
reduced need for conventional coastal protection structures, this
approach can contribute to lowering the high Levelized Cost of Energy
(LCoE) and enhancing the overall competitiveness of wave energy [14].

While some studies have analyzed the effects of inter-device spacing
[16,17,41-43] and the distance from the coast [4,26] on coastal pro-
tection, no research has explored how these factors collectively influ-
ence the optimal balance between maximizing coastal protection and
maintaining efficient energy generation. Understanding this relation-
ship is critical for designing wave farms that effectively mitigate coastal
erosion while ensuring sufficient wave energy extraction to ensure
economic feasibility and long-term sustainability. Addressing these gaps
is crucial for optimizing wave farm configurations and establishing their
viability as a long-term dual-purpose solution for renewable energy
generation and coastal protection.

To address these gaps, this study presents the first long-term, field-

validated numerical modelling assessment of a dual-purpose wave farm.
The specific objectives of this study are: (i) to assess the influence of
seasonal wave conditions on energy output and coastal protection
through wave attenuation, (ii) to investigate the long-term impacts of
wave farms on coastal morphodynamics and to quantify their effec-
tiveness in mitigating cumulative erosion across short-, medium-, and
long-term timescales and (iii) to examine how key design parameters,
including gap spacing and distance from shore, influence the balance
between long-term coastal protection and energy generation efficiency.

This study employs a numerical modelling approach using a coupled
depth-averaged (2DH) hydrodynamic, spectral wave, and sediment
transport model in Delft3D. The WaveRoller WEC, developed by AW-
Energy, is used in this study and the model is calibrated and validated
using field data collected from Almagreira Beach, Portugal, where AW-
Energy previously deployed and tested the device. The WaveRoller is a
bottom-hinged oscillating surge WEC designed to operate in shallow
water, making it particularly suitable for modifying nearshore wave
conditions and influencing sediment transport. Its ability to both extract
energy and affect wave propagation in the coastal zone makes it a
promising candidate for dual-use applications involving coastal pro-
tection and renewable energy generation.

Almagreira Beach, situated along Portugal’s western coast, was
selected as the study site due to its highly energetic wave climate,
making it well-suited for wave energy extraction. Its history as a Wav-
eRoller testing site provides access to extensive wave and environmental
data, enabling robust model calibration and validation. Additionally, the
site’s dynamic coastal morphology, characterized by a sandy shoreline
and moderate tidal range, makes it an ideal location for investigating the
long-term influence of wave farms on sediment transport and
morphodynamics.

This paper is structured as follows: Section 2 presents the study area
characteristics, numerical modelling setup, and data analysis tech-
niques. Section 3 details the results, focusing on wave attenuation,
morphodynamic changes and energy production trends. Section 4 pro-
vides a discussion of results, highlighting key findings and study limi-
tations, and Section 5 concludes with potential applications and future
research directions.

2. Methodology
2.1. Study site

The area under study, Almagreira Beach, is located between
39°22'30“N and 39°24°15”N latitude and 9°17'25“W and 9°19’50"W
longitude, extending from the shoreline to a water depth of approxi-
mately 25 m (Fig. 1). Almagreira Beach is characterized as a high-
energy, dissipative sandy beach, influenced by energetic Atlantic
swells and active sediment transport processes. It faces northwest and is
fully exposed to dominant swell directions, making it a representative
site for wave energy investigations and morphodynamic studies [20,27].

The wave climate at Almagreira Beach is dominated by North
Atlantic swells, with significant wave heights (Hyg) typically ranging
from 2 to 3 m in winter and 1 to 2 m in summer, and peak wave periods
(T,) between 8 and 14 s [20,27,39]. The dominant wave direction is
from the northwest and shows little seasonal variation, as the mean
direction (D) remains practically unchanged throughout the year.
Higher-energy conditions prevail from October to March, while summer
months are generally calmer [27]. Extreme storm events with Hg,
exceeding 4.5 m typically occur 4 to 8 times per year, with most extreme
wave heights ranging between 5 and 7 m, and occasionally exceeding
7 m [20,27,39]. The average annual Hy, is approximately 2.2 m,
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corresponding to a mean wave power of 18.64 kW/m. Seasonal wave
power ranges from 10.62 kW/m in summer to 27.58 kW/m in winter,
with peak values exceeding 100 kW/m during storm events [27].

The beach is subject to a semi-diurnal tidal regime, with tidal ranges
varying from approximately 1 m during neap tides to 3 m during spring
tides [27,39]. While tidal currents have minimal influence on nearshore
flow patterns, the tidal cycle plays an important role in modulating
nearshore hydrodynamics by affecting wave breaking patterns and
sediment transport. The beach profile is gently sloping, with a wide surf
zone characteristic of dissipative beach environments [27] as seen in
Fig. 1B.

Sediment transport at Almagreira is highly active due to the ener-
getic wave climate. The estimated annual volume of transported sedi-
ment is on the order of 10° m3/year [27]. The beach exhibits both
seasonal and event-driven patterns of erosion and accretion, consistent
with storm-driven morphological change observed in similar high-
energy beach environments. The closure depth, below which no signif-
icant morphological changes occur, is approximately 12 to 14 m [27].
The median grain size (Dsg) of bottom sediments typically ranges from
0.2 to 0.5 mm, corresponding to medium sands, with slight spatial
variability across the profile [39].

Almagreira Beach served as the pilot site for the WaveRoller device
developed by AW-Energy. The WEC was deployed in 2009 at a water
depth of approximately 12 m, within the active morphodynamic zone
and near the closure depth of the beach profile [27]. This positioning is
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particularly relevant to the present study, which aims to assess the long-
term impacts of wave farms, represented numerically by arrays of
multiple WaveRoller devices, on coastal morphodynamics and sediment
transport. While only one device was physically deployed, the numerical
modelling framework extends this to examine cumulative effects from a
wave farm configuration, allowing for a more comprehensive evaluation
of potential morphological and hydrodynamic changes. The availability
of detailed wave, sediment, and morphological datasets from this
deployment provides a strong foundation for assessing the long-term
influence of wave farms on coastal processes.

2.2. Numerical modelling approach

2.2.1. Model description

A process-based, depth-averaged (2DH) numerical model was
developed using Delft3D to simulate coupled hydrodynamics, spectral
wave transformation, sediment transport, and long-term morphological
change at Almagreira Beach. The use of a 2DH modelling approach was
chosen for the nearshore conditions at Almagreira Beach, where the
deployment depth (~12 m) lies within the active morphodynamic zone
and is strongly influenced by wave-driven processes. In such environ-
ments, vertical stratification is typically limited, and depth-averaged
models provide a practical compromise between representing key
nearshore dynamics and ensuring computational efficiency. This
approach enables the simulation of long-term morphological evolution

T
9.31°W

T
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Fig. 1. (A) Location of study area, nearshore ADCP, historical WaveRoller testing site and topographic survey area, (B) Bathymetry of Almagreira Beach.
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over multi-year and decadal time scales, which would be computa-
tionally expensive with fully 3D models. Given the study’s focus on
large-scale morphodynamic changes rather than vertical flow structure,
the 2DH model is considered appropriate and sufficient for the objec-
tives of this research. The model consists of three dynamically linked
components: Delft3D-FLOW (hydrodynamics), Delft3D-WAVE (SWAN),
and the Morphology module.

An online coupling was implemented between Delft-FLOW and Delft-
WAVE, enabling two-way interaction at each computational timestep.
The wave module simulates the propagation of random, short-crested
wind waves in coastal areas, accounting for depth-induced breaking,
bottom friction, and wave—current interaction. Radiation stress gradi-
ents computed in the wave module are passed to the hydrodynamic
model to influence flow patterns and sediment mobility. Conversely,
time-varying water levels and flow velocities from the FLOW module are
used to update wave propagation and energy dissipation in Delft-WAVE.
The Morphology module was activated to simulate bathymetric changes
driven by both wave- and current-induced sediment transport.

2.2.1.1. Hydrodynamic model. The hydrodynamic model, Delft3D-
FLOW, solves the unsteady Shallow Water Equations (SWE), which
include the horizontal momentum and continuity equations, using a
finite difference scheme on a structured grid [29]. The model is forced at
open boundaries by tidal and meteorological inputs and is widely used
to simulate flow dynamics in coastal and shallow marine environments.
It computes depth-averaged flow velocities and water level variations in
response to tidal forcing, pressure gradients, and bed friction. Delft3D-
FLOW is particularly well suited for resolving nearshore current pat-
terns that influence sediment transport, and in this study, it provides the
hydrodynamic foundation for the coupled modelling of long-term
morphodynamic change.

2.2.1.2. Spectral wave model. The spectral wave module, Delft3D-
WAVE, is based on the SWAN (Simulating WAves Nearshore) model,
which solves the spectral action balance equation (Eq. 1) to simulate the
propagation and transformation of random, short-crested wind waves in
coastal and nearshore environments. It accounts for processes including
wave generation by wind, whitecapping, depth-induced breaking, bot-

tom friction, shoaling, refraction, and nonlinear wave-wave
interactions.

oN SN dcecN  0cygN  Sior

iv_. V)N = 1
otV LGt UVIN] 5 = =

This equation governs the evolution of wave action density N(c, 0) in
time, space, frequency, and direction. The first term represents the local
rate of change of wave action; the second term captures spatial propa-
gation driven by wave group velocity ¢; and ambient currents u. The
third and fourth terms represent shifts in frequency and direction due to
shoaling and refraction. The right-hand side, 52, represents the net
source term, incorporating wind input, whitecapping, bottom friction,
depth-induced breaking, and nonlinear interactions. Model inputs
include bathymetric data, wave and wind data. Key physical processes
such as whitecapping, bottom friction, and wave breaking were acti-
vated. WECs are represented in the model as partial obstacles with
specific reflection (K,) and transmission (K,) coefficients [14].

2.2.1.3. Morphodynamic model. The morphodynamic component of the
model was implemented using the Morphology module within Delft3D-
FLOW. This module computes bed level changes over time by solving the
sediment continuity equation, which accounts for gradients in sediment
transport induced by hydrodynamic and wave forcing. Sediment trans-
port is calculated using the Van Rijn formulation, which includes both
bedload and suspended load under combined wave-current interactions.

The model was run in depth-averaged (2DH) mode, and morpho-
logical updates were applied at each hydrodynamic time step using the
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Exner equation:
7+7_ V.qs =0 (2

Where z,, is the bed level elevation, p is the sediment porosity, and q;
is the total sediment transport vector (bedload + suspended load). To
simulate long-term seabed evolution efficiently, a morphological scale
factor (morfac) is applied, which scales up the rate of bed level change
relative to hydrodynamic time. This technique allowed for the simula-
tion of decadal scale morphodynamic trends over shorter computational
periods and is widely used in studies of coastal evolution. The
Morphology module is essential for assessing shoreline evolution, spatial
patterns of sediment deposition and erosion, and the long-term coastal
response to the presence of WECs.

2.3. Model set-up

The coupled 2DH hydrodynamic, spectral wave, and morphody-
namic model was developed in Delft3D to simulate long-term sediment
transport and wave energy transformation at Almagreira Beach,
Portugal. The model setup involved generating a structured grid,
interpolating high-resolution site-specific bathymetric and topographic
survey data, and incorporating tidal, wave, wind, and sediment
boundary conditions derived from a combination of observational and
reanalysis datasets.

The spectral wave model (Delft3D-WAVE) was implemented using a
two-level nested grid configuration to simulate wave transformation
from offshore to the nearshore region (Fig. 2). The outer wave grid,
covering an area of 3 km x 3 km, was forced at the northwestern
boundary using hourly ERAS reanalysis data from 29 October 2009 to 29
October 2010, including Hy;, Tp, and Dy,. ERAS 10 m wind data con-
sisting of wind speed and direction was also applied uniformly across the
domain to account for wind-wave interactions. ERA Reanalysis data has
been used in previous numerical modelling studies [30,36,45,17] to
evaluate the energy production and has been proven reliable.

The outer wave grid supplied boundary conditions to a high-
resolution nested inner grid covering the area around the WaveRoller
deployment site. This inner grid matched the hydrodynamic model
(Delft3D-FLOW) domain in both extent and resolution (2.8 km x 1.5 km,
with grid cells of 25 m x 12.5 m) and was discretized into a structured
grid of 157 x 37 cells, totalling 5809 elements. High-resolution bathy-
metric and topographic data, collected for the WaveRoller deployment
using single-beam echo sounding and GPS-based surveys, were
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Fig. 2. Nested Delft3D-WAVE Model Domain and Bathymetry at Almagreira
Beach, Portugal. The outer grid (black) represents the coarse-resolution model
domain forced with ERA5 wave data at the northwestern boundary. The inner
red grid shows the finer-resolution nested domain used to resolve nearshore
wave transformation and interactions with the WaveRoller array. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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interpolated onto the inner model grid.

The WaveRoller array was represented in the inner wave grid as
partially reflective obstacles using transmission (K;) and reflection (K;)
coefficients to simulate localized wave energy dissipation. These values
were selected to approximate the hydrodynamic behaviour of the device
as a bottom-hinged, nearshore, surge-type structure that interacts
strongly with incoming waves. Previous numerical modelling studies
[1,2,4,9-11] have used reported values from the WaveCat WEC with K,
= 0.76 and K, = 0.43. However, there are no reported values for a
WaveRoller-type device, whose physical configuration resembles a
reflective vertical barrier and whose nearshore deployment leads to
significant wave obstruction. This justifies the use of higher reflection
and lower transmission values, consistent with those reported for ver-
tical impermeable breakwaters, which typically exhibit reflection co-
efficients between 0.7 and 0.9 and transmission coefficients between 0.1
and 0.3 [22,32]. Furthermore, a recent systematic review of wave farm
modelling studies by Boodoo, Wakeyama, and Cross [13] found that
reflection coefficients in the range of 0.5-0.9 and transmission co-
efficients of 0.1-0.5 are commonly used in similar studies.

While reflection and transmission coefficients can vary with wave
frequency and angle of incidence, Delft3D-WAVE (based on the standard
SWAN implementation) does not support frequency-dependent K; and
reflection K, values. Therefore, constant coefficients were used to
approximate the average behaviour of the WECs across the modelled sea
state conditions. Delft3D-WAVE does not simulate energy absorption
explicitly. The wave field is modified based on the specified K; and K,
and any residual energy not reflected or transmitted is removed from the
spectrum as a simplified representation of WEC-induced effects. This
removed energy is not directly linked to device power capture. Unlike
models such as SNL-SWAN, which allow frequency-dependent energy
absorption, our framework treats wave transformation and energy
extraction as decoupled processes. This approach has been widely
adopted in studies investigating the coastal protection effectiveness of
wave farms [1,2,4,10,11,40,14].

A linear array of 10 devices, each 12.5 m wide, was positioned
perpendicular to the shoreline in approximately 12 m water depth
(approximately 600 m offshore), with a 2D (25 m) gap spacing between
devices (Fig. 3). Open boundary conditions were applied at the north-
western edge of the hydrodynamic model domain, where tidal forcing
was imposed using 14 harmonic constituents (A0, M2, S2, N2, K2, K1,
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Fig. 3. Model domain used for both Delft3D-FLOW and Delft3D-WAVE simu-
lations at Almagreira Beach, Portugal. The open water level boundary is indi-
cated by the red arrow, and the yellow dots represent the WaveRoller array
positioned at approximately 12 m depth. The black box delineates the control
zone used for wave attenuation and morphodynamic analyses, while the black
dashed line indicates the cross-shore transect used for bed level validation. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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01, P1, Q1, MF, MM, M4, MS4, MN4) derived from the TPXO7.2 global
tidal model. Neumann boundary conditions were applied at the lateral
boundaries. The same ERA5 10 m wind data used in the wave model was
also applied in FLOW for consistency.

Sediment transport was modelled using the van Rijn [47] formula-
tion with a Dsg of 200 pm, a specific density of 2650 kg/m?, and a dry
bed density of 1600 kg/m>. The final sediment transport calibration
factors applied in all simulations were 0.3 for wave-related suspended
and bedload transport, and 0.3 for current-related transport magnitude.
These values were selected following calibration and validation (see
Section 2.2.6). A summary of the model parameters is shown in Table 1.
The coupled model was first run without WECs to establish a baseline
scenario for calibration and validation. Following this, the WaveRoller
array was introduced, and simulations were conducted for a one-year
period (29 October 2009-29 October 2010).

To simulate long-term morphodynamic evolution, a morfac was
applied. In Delft3D, the morfac scales the computed bed level change per
hydrodynamic time step, enabling long-term seabed evolution to be
simulated over a shorter physical period. In this study, morfac values of
1, 10, and 20 were used to represent 1l-year, 10-year, and 20-year
morphodynamic scenarios, respectively. This approach assumes that
the one-year wave and hydrodynamic forcing period is representative of
long-term average conditions. A control zone was defined within the
nearshore region behind the WaveRoller array to facilitate consistent
spatial analysis of wave attenuation, sediment retention, and morpho-
logical changes. This zone, shown in Fig. 3, was used throughout the
study for extracting comparative metrics between baseline and WEC
scenarios.

Table 1
Key Parameters Used in the Coupled Delft3D Wave, Flow, and Morphodynamic
Simulations

Parameter Value

Wave Model (Delft3D-WAVE)

Outer grid extent 3km x 3 km
Inner grid extent 2.8 km x 1.5 km
Inner grid resolution 25m x 12.5m

Grid Cells
Offshore wave forcing
Wind forcing

157 x 37 (5809 total)

ERAS5 (hourly Hsig, Tp, Dm)

ERAS5 hourly wind data 10 m (wind speed,
wind direction)

Transmission coefficient (WECs) 0.2

Reflection coefficient (WECs) 0.8

Simulation period 29 Oct 2009-29 Oct 2010

Hydrodynamic Model (Delft3D-FLOW)

Domain extent

Grid cells

Tidal boundary forcing
Open Boundary
Lateral boundaries
Wind forcing

Sediment Properties
Median sediment diameter (Dso)
Specific density

Morphodynamic Settings

Sediment transport formulation

Morphological scale factor (morfac)

Wave-related suspended transport
factor

Wave-related bedload transport
factor

Current-related transport vector
magnitude

Current-related reference
concentration factor

2.8 km x 1.5 km

157 x 37 (5809 total)

14 constituents (TPX07.2)

Northwestern Boundary

Neumann boundary conditions

ERAS5 hourly wind data 10 m (wind speed,
wind direction)

200 pm
2650 kg/m>

[47]
1,10, 20
0.3

0.3

0.3

0.3
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2.3.1. Model calibration and validation

The coupled hydrodynamic, spectral wave, and sediment transport
model was calibrated and validated using field data collected at Alma-
greira Beach. The model was initially run without the WaveRoller array
to establish a baseline scenario representing natural conditions. The Hgg
and water levels were calibrated and validated using wave and current
data from a nearshore 600 kHz RDI WORKHORSE Acoustic Doppler
Current Profiler (ADCP) deployed at approximately 27 m water depth
(Fig. 1), which recorded hourly measurements of Hgg, Tp, and D, and
water depth. Calibration of Hy;; was carried out over the period from 29
October 2009 at 13:00 to 09 March 2010 at 11:40, during which wave
breaking parameters, wind drag coefficients, and bottom friction factors
were adjusted to improve agreement between modelled and observed
wave conditions. Validation was conducted over the period from 01
June 2010 at 18:00 to 29 October 2010 at 11:00.

Water level validation was also performed using ADCP depth data. A
one-month window (October 2010) was selected to assess the model’s
ability to reproduce spring-neap tidal variability. This allowed targeted
evaluation of tidal dynamics using a hydrodynamically consistent time
window and ensured direct comparison between modelled and observed
water levels.

Morphodynamic validation was based on bathymetric and topo-
graphic survey data collected on 28 June 2010, which included a cross-
shore transect near the WaveRoller deployment site (Fig. 3). In addition
to the default sediment and morphodynamic parameters described in
Section 2.2, transport factors for wave- and current-induced bedload and
suspended load transport were initially set to 0.5 and were varied during
calibration to optimize morphodynamic performance. Modelled bed
level changes were compared to measured profiles to assess performance
in reproducing erosion and accretion patterns.

Model performance was assessed by comparing simulated and
observed time series of wave parameters and measured versus predicted
bed levels. Quantitative performance metrics included the Root Mean
Square Error (RMSE), Bias, Scatter Index (SI), Coefficient of Determi-
nation (R2), and Skill Score. These performance metrics are widely used
in coastal numerical modelling studies to assess model accuracy, and
their definitions can be found in previous literature [2,11,13] for
brevity, they are not described here.

2.4. Wave attenuation and Morphodynamic impact metrics

This study adopts an area-based approach to evaluate wave attenu-
ation and sediment retention, computing spatial statistics across a fixed
control zone rather than relying solely on cross-shore transects or
representative points. This method enables a more robust and transfer-
able assessment of the spatial extent and variability of wave farm im-
pacts and represents a novel contribution to wave energy—coastal
protection impact analysis. To evaluate the coastal protection effec-
tiveness of the WEC array, a set of wave and morphodynamic metrics
were computed. These include wave attenuation; wave energy flux
reduction; percentage erosion reduction; total volume of sediment
retained and sediment retention per unit area.

2.4.1. Wave attenuation

Wave attenuation was evaluated by comparingHg;, values from the
baseline (no-WEC) and WEC scenarios within a fixed nearshore control
zone located directly landward of the WEC array (Fig. 3). This zone,
covering approximately 143,437.5 m2, was selected to include the area
most affected by wave transformation due to the WECs, and remained
consistent across all scenarios to support direct comparison. Attenuation
was calculated point-by-point at each grid cell by comparing wave
heights in the WEC scenario to the baseline. Compared to single-point or
transect-based methods, this area-based approach allows for a more
comprehensive assessment of both the magnitude and spatial variability
of wave attenuation across the full nearshore region of interest. It is
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particularly useful for identifying how wave reduction effects are
distributed over space, which is important for understanding and eval-
uating the coastal protection potential of WEC arrays. The percentage
reduction in Hg at each grid point i was computed using Eq. 3:

Af.[ _ (Hsig,noWEC.i - sig.WEC.i) « 100 (3)
Hsig.noWEC.i

where A is the wave height attenuation (%) at grid point i, Hgg nowrc.i
is the Hgg at point i without WECs and Hg;g wic; is the Hg,at point i with
WEGCs.

Statistical metrics including the mean, 75th percentile, maximum
attenuation, standard deviation, and the percentage of grid points
exceeding 10 % attenuation were computed to characterize spatial
patterns and variability.

In addition, wave energy flux (i.e., wave power per unit crest width,
in W/m) was obtained directly from the Delft3D-WAVE model outputs.
This parameter provides a physically meaningful measure of the rate at
which wave energy is transmitted toward the coast and is especially
relevant for assessing the potential for erosion and sediment transport.
The wave power attenuation at each grid point i was calculated as:

P, . — Puwre s
Af _ < 0WEC,i WEC,l) %« 100 (4)
PnoWEC.i

where A? is the wave energy flux attenuation (%) at grid point i,
Poowrc; is the wave energy flux at point i without WECs and Pygc; is the
wave energy flux at point i with WECs. The same statistical indicators
used for wave height were computed for wave energy flux to evaluate
the effectiveness of the WEC array in reducing wave energy propagation.

2.4.2. Erosion mitigation

To quantify the long-term morphodynamic impact of the WEC array
on coastal erosion, an area-integrated approach was applied using cu-
mulative erosion and sedimentation results extracted from the same
control zone used for wave attenuation analysis. Located directly land-
ward of the WaveRoller array, this control zone enabled a consistent
spatial comparison between the baseline (no-WEC) and with-WEC sce-
narios over 1-, 10-, and 20-year morphodynamic simulations. Three key
metrics were used to assess erosion mitigation:

2.4.2.1. Total change in sediment volume. The net difference in cumu-
lative sediment volume between the no-WEC and WEC scenarios was
computed as:

N
Visediment = Zi:l (EWEC.i - EnoWEC,i) Acell 5)

where Epoweci and Ewgc; are the cumulative erosion or accretion values
(in meters) at grid cell i, A is the area of a single grid cell, and N is the
number of cells in the control zone. A positive value of Vegiment indicates
a reduction in net erosion or an increase in sediment deposition due to
the presence of the WEC array.

2.4.2.2. Percentage Erosion reduction. The effectiveness of the WEC
array in reducing erosion was evaluated using the percent reduction in
net sediment loss, calculated as:

Vsediment
= sediment » 100 (6)
" [ Viowec|

where the baseline sediment volume is:

N
Vhowee = ZizlE“OWECi Acell )

Taking the absolute value of V,,wrc ensures consistency regardless of
whether the control zone experienced net erosion (negative) or depo-
sition (positive). A positive 7 indicates that the WEC array reduced
sediment loss or increased deposition; a negative 7 indicates that erosion
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was enhanced relative to the baseline.

2.4.2.3. Sediment retention per unit area. To normalize mitigation per-
formance by spatial extent, sediment retention per unit area was
calculated as:

Vsediment
R — _sediment (€))
Azone
where the total control zone area is defined as:
Azone = N'Acell (9)

This metric provides a standardized measure of sediment retention
or loss per square meter and enables comparison across sites with
different spatial footprints.

2.5. Wave farm energy production

To evaluate the energy output potential of the WEC array, several
performance metrics were computed using the WEC power matrix
(Fig. 4) in combination with the wave climate data extracted from the
Delft3D model. The model outputs hourly values of Hy; and mean wave
period (T.) across the simulation period, which were used to construct a
wave resource characterization matrix. Unlike prior studies that rely on
generic offshore wave conditions, this analysis integrates field-
validated, nearshore wave model outputs to produce high-resolution,
site-specific energy estimates for a WEC array. The evaluation of the
energy production and performance followed the procedure of previous
studies [6,15,48].

The energy production, Ey, was calculated by combining the WEC
power output P; (in kW) for each sea state with its occurrence, O; (in
hours) as:

n
Eo = Zi:lpi'obi

where n is the total number of sea state bins defined by combinations
of Hy, and T,. This yielded the total annual energy production (in MWh)
of the WEC array at the selected deployment site. To enable comparison
across devices or configurations, the capacity factor, C; was computed
as:

(10)

8
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Ey

=5

x 100

an

where P, is the rated power of the WEC array and h is the number of
hours in a year.
The capture width CW quantifies the effective width of ocean space
from which wave energy is captured and is defined as:
14

CW==:

7 12)

where P is the power output (kW) from the device and J is the wave
power per unit wave crest length (kW/m). The capture width ratio
(CWR), which normalizes the captured power by the device’s charac-
teristic width, B (12.5 m in this case), was calculated as:
CWR = P 100 13
=7B X 13)
It is important to clarify that the CWR was not prescribed as a model
input. Instead, energy production and CWR were calculated separately
using the approach of previous studies (Eq. 13) [12,15,6], based on the
modelled wave conditions at the WEC location and the device-specific
power matrix.

2.6. Model scenarios

To investigate the trade-offs between coastal protection and renew-
able energy generation, a total of nine simulation scenarios were
designed by varying two key design parameters of the Wave Energy
Converter (WEC) array: gap spacing and distance from the shoreline.
These parameters are known to significantly influence the hydrody-
namic and morphodynamic impacts of wave farms, as well as their en-
ergy extraction efficiency.

The WEC array used in the simulations was modelled as a linear array
of ten WaveRoller devices, each with a characteristic width of 12.5 m.
Gap spacing was defined as a multiple of device width (D), with three
values considered: 2D (25 m), 4D (50 m), and 6D (75 m). Similarly, the
distance from the shoreline was varied across three positions: 450 m,
600 m, and 750 m.

The combination of gap spacing and distance from shore yielded nine
unique WEC configurations, as summarized in Table 2. All other model

Te (s)

9 10 11 13 15 17

Hsig (m)

Fig. 4. Power matrix for the WaveRoller device showing mean power output (kW) as a function of Hgg and Te.
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Table 2
Wave Energy Converter (WEC) Array Design Configurations used in the Sensi-
tivity Scenarios

Scenario Gap Spacing Distance from Shore
S1 2D (25 m) 450 m

S2 2D (25 m) 600 m (baseline)

S3 2D (25 m) 750 m

S4 4D (50 m) 450 m

S5 4D (50 m) 600 m

S6 4D (50 m) 750 m

S7 6D (75 m) 450 m

S8 6D (75 m) 600 m

S9 6D (75 m) 750 m

conditions including wave climate, tidal forcing, and morphological
settings were held constant across scenarios to isolate the effects of WEC
array geometry. In the sensitivity scenarios, the width of the control
zone was adjusted to match the length of each WEC array, which varied
with gap spacing. As a result, the spatial area of the control zone differed
across scenarios. To ensure comparability, all erosion mitigation metrics
were normalized per unit area (m3/m2), and spatial attenuation statis-
tics were interpreted in relative terms (e.g., percent of grid points with
>10 % attenuation) rather than absolute coverage. Each scenario was
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simulated over a one-year period (October 2009 to October 2010), with
performance evaluated using the wave attenuation and morphodynamic
impact metrics (Section 2.3) and the energy production methodology
(Section 2.4). The goal was to assess how different layouts affect both
sediment retention and energy output, enabling a comparative analysis
to identify potential trade-offs or optimal configurations.

3. Results
3.1. Model validation

Calibration was conducted over the period from 29 October 2009 to
9 March 2010, during which model parameters were adjusted to
improve agreement between simulated and observed wave and mor-
phodynamic conditions. The final parameter set used in the model
included a wave breaking coefficient (y) of 0.78, the default wind drag
coefficient, and a JONSWAP bottom friction coefficient of 0.067 m?s~>.
Sediment transport was computed using the Van Rijn formulation, with
wave and current related bedload and suspended load transport factors
set to 0.3.

Wave model validation was conducted over the period from 1 June
2010 to 29 October 2010 using the ADCP dataset described in Section
2.2.3. Fig. 5A presents the time series comparison of modelled and

b
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Fig. 5. (A) Time series comparison of measured and modelled significant wave heights (Hsig) over the full simulation period (29 October 2009-29 October 2010) at
Almagreira Beach. (B) Scatter plot of measured vs. modelled Hg;g for the calibration period (29 October 2009-9 March 2010). (C) Scatter plot for the validation period
(1 June 2010-29 October 2010). Performance metrics include Bias, RMSE, Scatter Index (SI), Pearson’s r, Coefficient of Determination (R?), and Skill Score.

Observational data were obtained from a nearshore ADCP.
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measured Hgig over the full simulation period, while Fig. 5B and 5C show
the corresponding scatter plots for the calibration and validation pe-
riods, respectively. The full set of calibration and validation statistics is
summarized in Table 3. During the calibration period, the model ach-
ieved a bias of —0.0087 m, RMSE of 0.3856 m, scatter index of 0.1826,
Pearson’s r of 0.9130, R? = 0.8298, and a skill score of 0.8984. For the
validation period, model performance remained high, with a bias of
0.0378 m, RMSE of 0.3194 m, scatter index of 0.2106, Pearson’s r of
0.8620, R? = 0.7394, and a skill score of 0.8659.

These results indicate that the model performed well in replicating
wave conditions across both periods. The low bias values suggest that
the model does not consistently over- or underpredict significant wave
heights. The RMSE values, although moderate in absolute terms, are
small relative to typical wave heights at the site (often exceeding 3.0 m).
Model performance met widely accepted standards for coastal wave
models, which typically consider results acceptable when simulated
values are within 10 % of observations [49]. The high R? and Pearson’s
values confirm that the model accurately captures the temporal vari-
ability in wave conditions, including storm events and seasonal transi-
tions. Scatter index values and skill scores reflect consistently high
overall model accuracy. These metrics demonstrate the model’s capa-
bility to simulate wave transformation processes at Almagreira Beach
and support its application in evaluating the effects of WaveRoller
deployments.

Water level validation was conducted for the month of October 2010
using water level data from the same ADCP. This period was chosen
because it captures a full spring—neap tidal cycle, enabling assessment of
the model’s ability to simulate tidal variability over a representative
interval. The validation results are presented in Fig. 6A (time series
comparison) and Fig. 6B (scatter plot) and summarized in Table 3.

The model showed excellent performance in reproducing tidal fluc-
tuations, with a bias of 0.006 m, RMSE of 0.119 m, scatter index of
0.178, R? = 0.977, and a skill score of 0.981. These values indicate that
the model accurately simulates both the magnitude and timing of tidal
elevations at the site, with minimal error. Given that the tidal range at
the site is moderate and the ADCP is located in ~27 m water depth, an
RMSE of ~12 cm is well within acceptable limits for coastal process
models. Validation was limited to one month to allow clear visualization
of spring-neap dynamics and maintain consistency with the wave vali-
dation period. This approach aligns with established practice in coastal
modelling, where short, representative validation windows are
commonly used to assess tidal performance.

Morphodynamic validation was carried out using bathymetric and
topographic survey data collected on 28 June 2010, approximately
midway through the validation period. A representative cross-shore
transect located near the WaveRoller deployment site was used to
compare initial, measured, and modelled bed levels (Fig. 7). The model
reproduced both the magnitude and trend of bed level change including
nearshore erosion. The validation results for the bed level changes, also
reported in Table 3, confirm strong agreement between the modelled
and measured profiles. Quantitative comparison yielded a bias of
0.010 m, RMSE of 0.334 m, and an R? of 0.998, indicating strong
agreement. The high R? value confirms that the model accurately

Table 3
Calibration and validation statistics for wave heights and bed level changes. Bed
level validation is based on a cross-shore profile during the validation period.

Metric Wave Height Wave Height Water Level Bed Level
(Calibration) (Validation) (Validation) (Validation)

Bias (m) —0.0087 0.0378 0.0056 0.010
RMSE (m) 0.3856 0.3194 0.1192 0.334
Scatter 0.1826 0.2106 0.178 -

Index
Pearson’s 0.9130 0.8620 0.9885 -

r
R? 0.8298 0.7394 0.9770 0.998
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captures the spatial trend in morphodynamic response, while the RMSE
reflects small local deviations in magnitude which are typical in sedi-
ment transport simulations due to the natural variability in seabed
features.

Although the first half of the simulation period was used for cali-
bration and the second half for validation, the entire one-year dataset
(29 October 2009 to 29 October 2010) was used for the scenario sim-
ulations presented in subsequent sections. This was justified on the basis
that the selected year represents a typical range of wave and morpho-
dynamic conditions at the site, including both storm and calm periods.
Using the full record ensures that seasonal variability is fully captured in
the long-term impact assessment.

3.2. Wave attenuation

Wave attenuation was assessed by comparing modelled Hg, from
simulations with and without the WaveRoller array across three repre-
sentative sea state conditions: storm (23 November 2009 13:00), mod-
erate (9 December 2009 19:00), and low wave energy (30 June 2010,
15:00). Spatial patterns of wave height and direction under baseline and
WEC scenarios are shown in Fig. 8 for storm, moderate, and low wave
conditions. Across all cases, a clear shadow zone forms in the lee of the
WEC array where wave heights are significantly reduced.

Spatial wave height data was extracted from the defined control
region located directly behind the WEC array (Fig. 8), and attenuation
was calculated point-by-point. The control zone consisted of 451 grid
cells, corresponding to an area of approximately 143,437.5 m?, and
remained constant across all wave conditions. The statistical analyses
are summarized in Table 4.

The spatial analysis of wave attenuation within the control zone
revealed a mean reduction in significant wave height of 13.16 % during
storm conditions, 14.17 % during moderate wave conditions, and
16.92 % during low energy conditions (Table 4). The maximum atten-
uation exceeded 65 % during storm and moderate conditions and
approached 59 % during low conditions. The 75th percentile attenua-
tion increased progressively from 22.93 % (storm) to 27.81 % (moder-
ate) and 30.52 % (low), indicating a higher spatial extent of attenuation
under lower wave energy conditions. Standard deviation values ranged
between 16.5 % and 18.2 %, reflecting substantial spatial variability in
wave height reduction across the control area. Notably, the proportion
of grid points experiencing greater than 10 % wave attenuation rose
from 43.5 % under storm conditions to 64.97 % under low energy
conditions, suggesting that the WaveRoller array was relatively more
effective in dissipating wave energy under calmer sea states.

The wave energy flux attenuation within the control zone demon-
strated mean reductions of 28.81 %, 31.45 %, and 36.39 % under storm,
moderate, and low wave energy conditions, respectively (Table 5).
Maximum localized reductions reached 87.80 % under storm conditions
and exceeded 90 % under moderate conditions. The 75th percentile
attenuation values increased steadily from 40.82 % (storm) to 47.62 %
(moderate) and 51.25 % (low), indicating enhanced spatial coverage of
energy dissipation at lower wave energy levels. The proportion of grid
points experiencing greater than 10 % attenuation rose from 81.37 %
under storm conditions to 92.02 % under low energy conditions,
emphasizing the broader spatial effectiveness of the WaveRoller array in
dissipating wave energy flux, particularly under calmer sea states.

These results reveal that the WEC array is more effective at reducing
wave energy flux under lower and moderate wave conditions, which
comprise a significant portion of the annual wave climate. While storm
waves overwhelm the array’s ability to attenuate a large share of energy
across the entire zone, localized reductions remain significant and may
contribute to erosion mitigation in targeted areas.

3.3. Long term Morphodynamic impacts

The cumulative erosion and sedimentation results showed that the
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Fig. 7. Validation of modelled bed levels against measured and initial profiles along a cross-shore transect at Almagreira Beach.

presence of the WEC array consistently reduced net sediment loss within substantial erosion was observed along the nearshore zone for all

the control zone. Fig. 9 presents the spatial distribution of cumulative simulation durations. By contrast, the WEC scenario exhibited a clear
morphodynamic changes for the baseline (left) and WEC (right) sce- reduction in erosion and localized sediment retention immediately
narios after 1, 10, and 20 years of simulation. In the absence of WECs, shoreward of the array.
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Fig. 8. Spatial distribution of significant wave heights for baseline (left) and WEC (right) scenarios under different sea states. (A-B) Storm condition; (C—D)
Moderate condition; (E-F) Low-energy condition. Black arrows indicate wave direction.

Table 4 Table 5
Wave attenuation statistics within the control zone for storm, moderate, and low Wave energy flux attenuation statistics for storm, moderate, and low wave
wave conditions, based on point-by-point comparison between with-WEC and conditions, based on point-by-point comparison between with-WEC and no-WEC
no-WEC simulations. scenarios.

Condition ~ Mean 75th Max Standard % > 10 % Condition ~ Mean 75th Max Standard % > 10 %

(%) Percentile (%) Deviation Attenuation (%) Percentile (%) Deviation Attenuation
C0) ) (%) (%)

Storm 13.16 22.93 65.48 16.52 43.5 Storm 28.81 40.82 87.80 21.65 81.37

Moderate 14.17 27.81 65.07 18.22 52.33 Moderate 31.45 47.62 90.23 22.46 86.25

Low 16.92 30.52 58.52 17.90 64.97 Low 36.39 51.25 82.56 19.15 92.02

After 1 year (Fig. 9A and B), differences between the two scenarios 20 years (Fig. 9E and F), the WEC-protected scenario maintains signif-

are minor but detectable, especially in the lee of the WEC array. By icantly less erosion and deposition onshore.
10 years (Fig. 9C and D), more pronounced protection is observed, with Quantitative results for the 1-, 10-, and 20-year simulations are
the no-WEC scenario showing deeper and more widespread erosion. At summarized in Table 6. In the 1-year simulation, The WEC array reduced

11
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Fig. 9. Cumulative erosion and sedimentation without WECs and with WECs over 1 year (A-B), 10 years (C—D), and 20 years (E-F)

Table 6

Summary of erosion mitigation metrics within the control zone for the 1-, 10-,
and 20-year simulations, including cumulative sediment volume retained, in-
cremental volume retained, percentage erosion reduction, and retention per unit
area.

Simulation Cumulative Incremental Percent Retention
Period Volume Volume Erosion per Unit
Retained (m®)  Retained (m%) Reduction Area (m®/
(%) m?)
1 Year 47,731 47,731 41.15 0.333
10 Years 252,073 204,342 50.44 1.757
20 Years 278,427 26,354 41.93 1.941

12

net sediment loss by approximately 47,731 m® compared to the baseline
scenario, corresponding to a 41.15 % reduction in erosion relative to the
baseline. The retention per unit area was 0.333 m®/m?, indicating a
strong localized mitigation effect during the early stage of deployment.

Over the 10-year period, the total volume of sediment retained
increased substantially to 252,073 m?, with the percent reduction in
erosion rising to 50.44 %. The retention per unit area also increased to
1.757 m®/m?, suggesting that the WECs enhanced sediment trapping
effectiveness over the first decade. The incremental volume retained
between 1 and 10 years was 204,342 m®, indicating that the majority of
the sediment retention occurred during this period.

By 20 years, the cumulative retained volume further increased to
278,427 m®, with a 41.93 % reduction in erosion and a retention per unit
area of 1.941 m3/m? However, the incremental sediment retention
between 10 and 20 years was only 26,354 m3, a substantial decrease
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compared to the gain in the first decade.

3.4. Energy production

The annual energy output of the WaveRoller array was estimated by
coupling the modelled wave conditions at Almagreira Beach with the
WEC’s power matrix (Fig. 4). A wave resource matrix was generated
from the Delft3D model outputs, which provided hourly values of Hgg
and T, over a full year. These values were discretized into sea state bins
and combined with the power matrix to compute the energy extracted
by the WECs under each condition.

Fig. 10 presents the wave resource matrix, showing the distribution
of sea state occurrence (in hours/year) and the corresponding wave
energy (in MWh/m/year). The most frequent conditions occurred within
Hgjg bins of 1.0-2.5 m and T, bins of 6-11 s, with an estimated peak
energy density reaching over 7 MWh/m/year. Superimposed isolines
indicate deep-water wave power flux levels of 25, 100, and 250 kW/m.

Table 7 summarizes the key performance metrics of the system. The
device operated at an average capacity factor of 18.34 %, a value
consistent with nearshore oscillating wave surge converters, demon-
strating efficient conversion despite seasonal variability, with 1606.6
full load hours. The theoretical wave energy incident on the device was
1126.5 MWh, based on an annual wave energy flux of 93.88 MWh/m.
The average width was 6.36 m reinforcing the system’s ability to effi-
ciently utilize the site’s wave climate.

Fig. 11 shows the modelled instantaneous power output from a single
WaveRoller device over the one-year simulation. Clear seasonal trends
are evident, with higher power generation during the winter months and
reduced performance during summer. These fluctuations highlight the
variability of the wave climate at the site, underlining the importance of
seasonal planning for grid integration or hybridization.

Cumulative energy production is illustrated in Fig. 12. The green line
indicates the cumulative energy output of the WEC, while the dashed red
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Table 7

Summary of energy production and performance metrics based on the modelled
deployment of 10 WaveRoller devices at Almagreira Beach over a one-year
period.

Metric Value Unit
Annual Energy Production (1 WEC) 562.3 MWh/year
Annual Energy Production (10 WECs) 5623.0 MWh/year
Rated Power (per device) 350 kw
Capacity Factor 18.34 %

Full Load Hours 1606.6 hours/year
Theoretical Wave Energy per meter 93.88 MWh/m/
Theoretical Wave Energy (12 m WEC width) 1126.5 MWh/year
Average Capture Width 6.36 m

Capture Efficiency 49.9 %

line represents the total theoretical wave energy available to a 12 m
wide device. The close alignment between the two curves in the early
stages gives way to a consistent divergence, with the WEC capturing
approximately 49.9 % of the available energy by the end of the year.
This corresponds to a total annual energy output of 562.3 MWh for a
single device and 5623 MWh when scaled to an array of 10 devices.

3.5. Sensitivity to design parameters

The results of the nine sensitivity scenarios conducted to evaluate the
impact of WaveRoller array design on coastal protection and energy
production are summarized in Table 8 which shows how changes in
these parameters influence wave attenuation, erosion mitigation, and
energy output.

Wave attenuation was most effective at tighter spacing and greater
offshore distance. Scenario S3 (2D spacing, 750 m offshore) achieved the
highest mean wave attenuation (26.73 %) and the highest 75th
percentile (32.67 %), indicating strong performance even under higher-
energy wave conditions. Conversely, increasing the spacing to 6D
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Fig. 10. Wave resource matrix showing the annual wave energy distribution as a function of Hsig and Te
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Table 8
Summary of sensitivity analysis results for nine WaveRoller array configurations. Scenarios vary by gap spacing (2D, 4D, 6D) and offshore distance (450 m, 600 m,
750 m)

Scenario  Spacing  Distance Energy Production Mean Wave Attenuation 75th Percentile Attenuation ~ Sediment Retention Retention per unit area

(m) (MWh) (%) (%) (m®) (m®/m?)

s1 2D 450 2286.8 6.33 8.36 26,796.8 0.19

S2 2D 600 5623 14.17 18.56 47,731 0.33

S3 2D 750 5845.9 26.73 32.67 43,933.8 0.32

S4 4D 450 2286.8 4.23 6 19,644.8 0.15

S5 4D 600 5623 4.19 5.83 15,950.6 0.11

S6 4D 750 5845.9 5.24 7.34 8334.8 0.06

S7 6D 450 2286.8 2.03 2.68 16,882.1 0.07

S8 6D 600 5623 3.86 5.3 12,072.1 0.04

S9 6D 750 5845.9 7.01 9.93 26,483.7 0.09

significantly reduced attenuation across all distances, with S7 (6D,
450 m) showing a mean reduction of only 2.03 %.

Erosion mitigation followed a similar trend. S2 (2D, 600 m) retained
the largest sediment volume (47,731 m?) and had the highest normal-
ized sediment retention per unit area (0.333 m3/m2). Although S3
produced slightly less sediment retention overall (43,933.8 m?), it
achieved comparable normalized performance (0.319 m3/m2) due to its
slightly smaller control area. In contrast, S6 (4D, 750 m) and S8 (6D,
600 m) had the lowest retention values, both in total and per unit area.

14

Energy production increased with distance from shore, as expected
due to greater wave exposure. The transition from 450 m to 750 m
yielded ~25 % higher energy production on average, regardless of
spacing. However, spacing had negligible influence on energy output
since the same number of devices were simulated. The increase in en-
ergy from S2 to S3 (5623.0 to 5845.9 MWh) highlights the potential
energy gain from placing arrays farther offshore although this came with
a trade-off in reduced sediment retention.

These results highlight a clear trade-off between energy
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maximization and coastal protection. Scenarios with 2D spacing
consistently outperformed wider spacings in both wave attenuation and
erosion mitigation. Among all scenarios, S2 (2D, 600 m) appears to offer
the best compromise achieving strong energy output, highest sediment
retention per area, and balanced wave attenuation. S3 (2D, 750 m) of-
fers the highest wave attenuation and energy, but with a moderate
decline in erosion mitigation.

To better understand the trade-offs between these competing ob-
jectives, three Pareto plots were constructed (Fig. 13). Fig. 13A com-
pares energy production against normalized sediment retention per unit
area. Scenarios located on the upper-right portion of the plot (notably S2
and S3) are Pareto-optimal, meaning they offer the best combined per-
formance. Fig. 13 B compares energy production with mean wave
attenuation, again highlighting S3 as the strongest performer in terms of
wave attenuation and energy production. The 3D Pareto plot (Fig. 13C)
integrates all three objectives: energy, attenuation, and sediment
retention and clearly illustrates that no single scenario dominates in all
three categories. Instead, S2 and S3 emerge as optimal configurations
depending on whether the priority is erosion mitigation or wave
attenuation.

These results highlight a clear trade-off between energy maximiza-
tion and coastal protection. Scenarios with 2D spacing consistently
outperformed wider spacings in both wave attenuation and erosion
mitigation. Among all scenarios, S2 (2D, 600 m) appears to offer the best
compromise — achieving strong energy output, highest sediment
retention per area, and balanced wave attenuation. S3 (2D, 750 m) of-
fers the highest wave attenuation and energy, but with a moderate
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decline in erosion mitigation.

Overall, the results reinforce the importance of WEC array configu-
ration in optimizing the dual objectives of renewable energy production
and coastal protection. Designs with moderate spacing and intermediate
offshore distance deliver the most balanced performance. This repre-
sents one of the first studies to quantitatively evaluate the trade-offs
between energy generation and coastal protection in wave farm design
using a multi-objective framework.

4. Discussion

4.1. Long term impacts of wave farms on Morphodynamics and coastal
protection

The long-term morphodynamic simulations carried out in this study
represent one of the first efforts to assess the cumulative coastal pro-
tection benefits of a wave farm over multi-year to decadal timeframes.
Using a coupled 2DH hydrodynamic, spectral wave and sediment
transport model, bed level changes over a 20-year equivalent period
were simulated. This allowed for the evaluation of impacts of wave
farms on coastal protection through wave attenuation and erosion
mitigation beyond the storm term periods typically used in previous
studies [1-4,9,34,37].

The cumulative results revealed a consistent reduction in net sedi-
ment loss across all timeframes due to the presence of the WEC array.
After one year, the WECs retained approximately 47,731 m° of sediment
within the control zone, corresponding to a 41.15 % reduction in erosion
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Fig. 13. Multi-objective Pareto analysis of WaveRoller array configurations. (A) Trade-off between energy production and sediment retention per unit area. (B)
Trade-off between energy production and mean wave attenuation. (C) 3D Pareto plot integrating energy production, mean wave attenuation, and sediment retention

per unit area.
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relative to the baseline. This increased substantially after ten years to
252,073 m® (50.44 % reduction), but over the subsequent decade, only
an additional 26,354 m® was retained, bringing the 20-year total to
278,427 m® (41.93 % reduction). The reduced marginal gain in the final
decade suggests that the sediment system may have approached a dy-
namic equilibrium, wherein the rate of erosion and deposition stabilizes
due to long-term adjustments in bed morphology and wave energy
dissipation. It should also be noted that the percentage reduction in
erosion was similar to the results obtained from previous studies [9,42]
in which percentage erosion mitigation ranged from 15 to 45 % (Boo-
doo, Wakeyama, and Cross 2025)

A key methodological contribution of this study is the normalization
of sediment retention per unit area, which allows for direct comparison
between deployment configurations independent of model domain size.
This metric enables a spatially explicit understanding of WEC perfor-
mance and may prove valuable for future studies comparing erosion
mitigation potential across different coastal settings or device layouts.

The results also suggest that WEC arrays can provide rapid initial
erosion mitigation, with the majority of cumulative sediment retention
occurring in the first decade. This early benefit is particularly relevant
for highly erodible or sediment-deficient coasts, where initial seabed
stabilization is critical to long-term shoreline resilience.

Another novel outcome of this study is the evaluation of wave
attenuation under varying sea state conditions over the course of a full
year. The results showed that attenuation was most spatially extensive
under low wave energy conditions. While storm conditions produce
higher localized attenuation, the broader spatial effectiveness of the
array in moderate and low conditions suggests that WECs may offer
continuous, low-intensity protection that accumulates over time. This
finding supports the use of WECs as hybrid protection systems, not solely
reliant on peak performance during extreme events, but capable of
delivering consistent suppression of erosive energy under everyday
conditions.

From a practical standpoint, this erosion mitigation benefits also
carry monetary value. If we conservatively estimate nourishment costs
between €10 and €20 per m® of sediment which is typical for beach
nourishment operations in Europe [25], the 278,427 m? retained over
20 years represents a potential cost savings of €2.8 to €5.6 million. This
reframes the morphodynamic role of WECs as not just a secondary
benefit but a directly quantifiable asset within a broader coastal man-
agement and energy planning framework. While further refinement is
needed to fully integrate these values into techno-economic models, this
approach presents a new pathway for recognizing and accounting for the
multi-functional benefits of wave farms.

4.2. Energy production

The simulated annual energy production for a single WaveRoller
device was 562.3 MWh, or 5623 MWh for the modelled array of ten
devices, corresponding to a capacity factor of 18.34 %. This aligns well
with performance reported in previous studies of oscillating wave surge
converters [6,12] and confirms the suitability of Almagreira Beach for
wave energy generation.

The energy production results indicate effective energy extraction
across a wide range of sea states, particularly given the nearshore
location. Energy output closely tracked the site’s seasonal wave regime.
Winter months (December to February) produced the highest energy,
with an average monthly output of ~67 MWh per device. In contrast,
summer months (June to August) yielded an average of ~28 MWh per
device which was less than half the winter output. These results
demonstrate that WaveRoller arrays can achieve high performance in
suitable nearshore environments, and that device-site matching is crit-
ical for maximizing both efficiency and seasonal reliability.
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4.3. Dual objective design considerations

To explore how wave farm layout influences both energy generation
and coastal protection, nine scenarios were simulated by systematically
varying gap spacing (2D, 4D, 6D) and distance from shore (450 m,
600 m, 750 m). The results demonstrate clear trade-offs between per-
formance objectives: while greater offshore distances improve energy
capture due to higher wave exposure, tighter spacing enhances wave
attenuation and erosion mitigation. These findings highlight the com-
plex interplay between hydrodynamic forces and array design and un-
derscore the need for multi-objective optimization when designing wave
farms for dual use.

Scenarios with 2D spacing consistently outperformed wider layouts
in terms of both wave attenuation and sediment retention. Among these,
Scenario S2 (2D spacing, 600 m offshore) achieved the best overall
balance: it delivered 5623 MWh/year, retained the most sediment
(47,731 m3), and exhibited strong wave attenuation (mean: 14.17 %,
75th percentile: 18.56 %). Scenario S3 (2D, 750 m), on the other hand,
maximized energy production (5846 MWh/year) and achieved the
highest mean wave attenuation (26.73 %) but this came at a slight cost
in sediment retention due to its smaller nearshore influence zone.

To visualize these trade-offs, a set of two-dimensional and three-
dimensional Pareto plots were generated (Fig. 13). These plots illus-
trate how no single configuration dominates across all objectives, and
instead, optimal designs depend on the relative weight assigned to each
goal. Scenarios S2 and S3 occupy the Pareto front, offering the best
combinations of energy production, erosion mitigation, and wave
attenuation with the choice between them dependent on whether pro-
tection or energy is prioritized.

In contrast, scenarios with 4D and 6D spacing (S4-S9) consistently
showed lower performance across most objectives. For example, S8 (6D
spacing, 600 m) and S6 (4D, 750 m) yielded low sediment retention and
limited attenuation, despite having similar energy output to their 2D
counterparts. This indicates that wider spacing significantly reduces
coastal protection benefits without a meaningful gain in energy, and that
both spacing and distance interact nonlinearly to influence outcomes.

The broader implication is that wave energy converter arrays should
not be treated as static infrastructure optimized for a single outcome.
Instead, their placement and spacing can and should be strategically
tuned to meet site-specific coastal management and energy objectives.
For example, in regions with high erosion risk, tighter spacing and
moderate distances may provide co-benefits that justify slightly lower
energy output. Conversely, energy-dominant sites can prioritize wider
spacing or greater depth placements, provided coastal impacts are
acceptable or mitigated.

This framework supports a more flexible and adaptive approach to
wave farm planning, grounded in evidence-based modelling and
spatially explicit performance metrics. It also strengthens the case for
regulatory frameworks that evaluate marine energy infrastructure not
only on energy yield, but on broader environmental and coastal system
outcomes.

4.4. Implications and future research directions

This study presents one of the first long-term, process-based in-
vestigations into the dual role of wave farms for renewable energy
production and coastal protection. While previous research has largely
focused on short-term simulations or isolated performance metrics, this
work combines decadal scale morphodynamic modelling, detailed wave
energy output calculations, and multi-objective trade-off analysis to
assess the co-benefits of WEC deployment. The integration of erosion
mitigation, wave attenuation, and energy production into a unified
evaluation framework represents a major step forward in the holistic
assessment of wave energy projects.

A key aspect of this research lies in the quantification of sediment
retention over multi-year timescales, expressed both in volumetric terms
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and normalized per unit area. This allows the morphodynamic benefits
of WECs to be translated into economic terms, for example, by esti-
mating the equivalent cost of avoided beach nourishment. Such esti-
mates can be incorporated into techno-economic models to reduce the
perceived levelized cost of electricity (LCoE), thereby improving the
competitiveness of wave energy in integrated coastal and energy plan-
ning frameworks.

This opens up an important future research direction: the develop-
ment of hybrid economic valuation models that account for both energy
and protection functions of wave farms. By incorporating retained
sediment volumes and associated cost savings into project appraisal,
decision-makers can better evaluate the full value of wave farms, espe-
cially in erosion-prone regions where the economic case for intervention
is strong.

In addition, future research should examine the ecological and
environmental impacts of wave farms, particularly in nearshore envi-
ronments where benthic habitats, sediment-dwelling organisms, and
coastal ecosystems may be affected. While WECs present a lower-impact
alternative to hard coastal defences, their long-term influence on habitat
structure, sediment grain size distribution, and local biodiversity re-
mains poorly understood.

While the current study provides valuable insights into how spacing
and distance influence performance, the sensitivity analysis was limited
to a small number of discrete scenarios. As such, there is a critical need
for multi-objective optimization frameworks that identify optimal trade-
offs between energy production and coastal protection. Future research
should apply formal optimization algorithms such as genetic algorithms
or machine learning techniques to better capture complex interactions
and site-specific constraints in wave farm design.

5. Conclusion

This study assessed the long-term impacts of a nearshore WaveRoller
WEC wave farm on both energy production and coastal morphody-
namics. Using a coupled 2DH hydrodynamic, spectral wave and sedi-
ment transport model, energy output, wave attenuation, and erosion
mitigation over a 20-year equivalent period were evaluated.

The results confirm the potential of wave farms to contribute to both
renewable energy and coastal protection. Annual energy production
reached 562.3 MWh per device, with a capacity factor of 18.34 % and a
capture efficiency of 49.9 %, demonstrating strong performance in a
nearshore setting well-matched to the device’s power characteristics.
The wave farm retained over 278,000 m® of sediment across two de-
cades, with a peak normalized retention of 1.941 m®/m?. These erosion
mitigation benefits, most significant during the early years of operation,
translate to an estimated cost savings of €2.8-€5.6 million in avoided
nourishment expenditures, highlighting the economic value of incor-
porating morphodynamic benefits into techno-economic models of wave
energy. Wave attenuation was observed across all sea state conditions,
with the greatest spatial impact occurring during calm-to-moderate
periods, suggesting that wave farms can offer consistent erosion con-
trol beyond period of storm activity.

The study also revealed important design trade-offs between energy
production and coastal protection, with tighter spacing and moderate
offshore distances maximizing sediment retention and wave attenua-
tion, while greater distances improved energy output. A multi-scenario
sensitivity analysis and 3D Pareto plots identified optimal configura-
tions, particularly Scenarios S2 (2D spacing, 600 m offshore) and S3 (2D
spacing, 750 m offshore), that achieve a balanced performance across
both objectives. These findings underscore the need for site-specific,
multi-objective optimization in wave farm planning and support a
more flexible, benefit-driven approach to WEC deployment.

By quantifying long-term morphodynamic impacts, this research
paves the way for framing erosion mitigation in economic terms,
applying multi-objective analysis to wave farm design and evaluating
dual-use wave farms. Future work should focus on multi-objective
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optimization strategies, techno-economic integration, and the ecolog-
ical implications of wave farms.
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