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Abstract: Despite the efforts of developers, investors and scientific community, the successful de-
velopment of a competitive wave energy industry is proving elusive. One of the most important
barriers against wave energy conversion is the efficiency of the devices compared with all the as-
sociated costs over the lifetime of an electricity generating plant, which translates into a very high
Levelised Cost of Energy (LCoE) compared to that of other renewable energy technologies such as
wind or solar photovoltaic. Furthermore, the industrial roll-out of Wave Energy Converter (WEC)
devices is severely hampered by problems related to their reliability and operability, particularly in
open waters and during harsh environmental sea conditions. WEC technologies in multi-purpose
breakwaters—i.e., a structure that retains its primary function of providing sheltered conditions for
port operations to develop and includes electricity production as an added co-benefit—appears to
be a promising approach to improve cost-effectiveness in terms of energy production. This paper
presents the proof of concept study of a novel hybrid-WEC (HWEC) that uses two well understood
power generating technologies, air and water turbines, integrated in breakwaters, by means of a
composite modelling approach. Preliminary results indicate: firstly, hybridisation is an adequate
approach to harness the available energy most efficiently over a wide range of metocean conditions;
secondly, the hydraulic performance of the breakwater improves; finally, no evident negative impacts
in the overall structural stability specific to the integration were observed.

Keywords: Computational Fluid Dynamics (CFD) modelling; physical model testing; Hybrid-Wave
Energy Converter (HWEC); composite modelling approach; Oscillating Water Column (OWC);
Overtopping Device (OTD); multi-purpose breakwater

1. Introduction

Over the past years, global decarbonisation efforts have accelerated the quest for
finding diverse, clean and renewable energy sources in order to achieve the targets in
energy and climate that have been set out. Oceans are a safe, inexhaustible and largely
untapped source of renewable energy that may significantly contribute to the electrical
energy supply of vast coastal regions in the world [1]. Therefore, is not surprising that
more than a thousand Wave Energy Converters (hereafter WECs) have been designed and
developed worldwide [2] to varying stages, from concept to pre-commercial roll out.

Despite the efforts of developers, investors and scientific community, the successful
development of a competitive wave energy industry is proving elusive. One of the most
important barriers against wave energy conversion is the efficiency of the devices compared
with all the associated costs over the lifetime of an electricity generating plant, which
translates into a very high LCoE compared to that of other renewable energy technologies
such as wind or solar photovoltaic. High costs make the devices still not economically

J. Mar. Sci. Eng. 2021, 9, 226. https:/ /doi.org/10.3390/jmse9020226

https://www.mdpi.com/journal /jmse


https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-8891-7611
https://orcid.org/0000-0002-7876-6423
https://orcid.org/0000-0002-7846-8311
https://orcid.org/0000-0002-3768-3314
https://doi.org/10.3390/jmse9020226
https://doi.org/10.3390/jmse9020226
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jmse9020226
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/2077-1312/9/2/226?type=check_update&version=1

J. Mar. Sci. Eng. 2021, 9, 226

2 0f27

feasible and not competitive on the global market [3]. Furthermore, the industrial roll-out of
WEC devices is severely hampered by problems related to their reliability and operability,
particularly in open waters and during harsh environmental sea conditions. There are
currently a vast number of concepts at varying stages of development, supported by a very
substantial investment effort and the hope that a competitive wave energy industry will
successfully develop soon; however, to date, only a few technologies have gone from the
research design and prototyping stage through demonstration and pre-commercial phases.

Because wave energy is a sizeable prize, relentless and determined effort should
continue to be put in order to find the solutions to overcome the similar challenges experi-
enced by wave energy technologies while progressing through each development phase.
In this respect, many authors (e.g., [4-6]) argue that a good idea is integrating WEC devices
in harbour defence structures, in so-called multi-purpose breakwaters. Firstly, capital
expenditure costs can be shared between WEC and breakwater [7]. Secondly, the breakwa-
ter offers a reliable foundation for the WEC [8]. Furthermore, access to the main power
grid is assured [9]. Finally, access for maintenance and repairs is facilitated [10]. In such
multi-purpose breakwaters, the structure retains its primary function—that is providing
sheltered conditions for port operations to develop—and electricity production is an added
co-benefit. Therefore, a part of the energy that is usually dissipated by traditional harbour
defence structures and consequently lost, can be captured.

Despite the added advantages of the integration, the wave energy locally available
to be extracted with nearshore technologies is lower than that available in deeper water
conditions. Furthermore, the integration of a WEC is not adequate for all breakwater types,
in particular for already existing breakwaters, as the benefit of the integration strongly
depends on the configuration, geographic location and orientation of the breakwater with
respect to the prevalent wave climate conditions. Studying the combination of a WEC and
a breakwater requires considering distinct aspects that concern both, the multi-purpose
breakwater as a harbour defence structure, and the renewable energy device. It is clear
that the most important goal for the integration of a WEC device into harbour breakwaters
is to guarantee their functionality as protection works. Detailed studies are required to
evaluate the hydraulic performance and structural response/stability of the breakwater,
in terms of wave reflection, wave overtopping, wave loading, as well as local and global
stability. Secondly, the performance of the system as a WEC device, focusing on the
evaluation of the WEC generated power and performance as well as the reliability and
survivability of the WEC technology when subjected to harsh maritime conditions, need to
be examined. The integration of WECs into breakwaters has shown significant results in
terms of hydraulic response of the device [10]. However, more research and innovation
is needed in terms of improving the energy produced by WEC devices. In this context,
the hybridisation of different WEC technologies in multi-purpose breakwaters appears to
be a promising approach to improve their efficiency. This is the underlying idea behind a
novel and innovative device, the hybrid-WEC (HWEC), which was first presented under
the framework of the OCEANERA-NET Second Joint Call 2016 project SE@PORTS project
(e.g., [11,12]) and is now being further developed under the OCEANERA-NET Second
Joint Call 2019 project WEC4PORTS. The principal goal of the SE@PORTS project was to
assess the suitability of existing WECs to be integrated in port infrastructures, bringing the
selected concepts to the next Technology Readiness Level (TRL). By combining the main
current and well-established principles in harnessing wave energy (i.e., the Oscillating
Water Column—OWC and the Overtopping Device—OTD), the HWEC concept is aiming
to exploit the strengths of each technology and overcome their individual limitations when
implemented separately, thereby presenting a breakthrough and efficient approach to
harness the wave energy at ports.

Following this introductory section on the integration of WECs into harbour defence
structures and the novel concept HWEC, the present paper is organised as follows: Section 2
is devoted to the description of the performances of the OWC integrated into a breakwater,
while Section 3 describes the performances of the OTD device embedded in breakwaters;
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the detailed description and discussion of the performances of the HWEC obtained with the
physical and numerical model tests under the SE@QPORTS project is presented in Section 4;
finally, the main conclusions are drawn in the last section.

2. Breakwater-Integrated OWC

With two pre-commercial pilot plants currently installed in Spain [4] and Italy [5],
the breakwater-integrated OWC is currently the most prominent and probably the most
successful example of a multi-purpose breakwater for energy production. The technol-
ogy consists of a breakwater with a chamber, having a submerged and open inlet in its
exposed face to allow water to enter into the chamber (Figure 1). An air-duct with an air
turbine installed connects the chamber to the atmosphere. Under wave loading, the air in
the chamber is alternately compressed and decompressed, creating a bi-directional flow
through the duct. This flow drives a self-rectifying turbine connected with a generator for
electricity production.

Air turbine

I o

Air column

Front wall

Incident
waves

column Chamber

Inlet

Figure 1. Scheme of the OWC integrated into a vertical caisson breakwater.

The main advantage of the breakwater-integrated OWC is the simplicity of the concept,
a rigid structure without any moving parts except the rotor of the air turbine. In addition,
air turbines are a very well-understood technology that has been around for many decades.
The integration of an OWC in a new vertical caisson breakwater is probably the most
straightforward solution of integration from the economic, construction and operation
viewpoints [11]. With respect to disadvantages, the low operability of the OWC device
in highly energetic sea states, caused by problems of loss of efficiency or damage of the
turbine due to excessive air pressure in the chamber and green water droplets/jets reaching
it, is the most challenging. Finally, it is worth underlining that the integration of this device
in existing breakwaters might change the original cross-section of the breakwater, which
can have a relevant impact on the structural response/stability to wave loading, as well as
in its hydraulic performance mostly in terms of wave reflection and overtopping.

2.1. Structural Response/Stability to Waves

Although many studies using physical and numerical modelling have been conducted
to evaluate the wave loading and the structural response to incident waves of Breakwater-
integrated OWC, there is no widely accepted and well-established methodology to design
such innovative configurations. Early studies conducted in Japan by Takahashi [13] sug-
gested calculating the force distribution on a vertical breakwater integrated OWC adopting
a modified Goda’s formulae [14], which is traditionally adopted for conventional vertical
caisson breakwaters. Other authors focused their research on the influence of the device
geometry on the wave pressure distribution at the OWC front wall [15,16] and back wall
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inside the chamber [17], as well as on making a detailed evaluation of the maximum impact
pressure [18,19]. New design methods for the calculation of the wave forces on an OWC
front wall were presented by Thiruvenkatasamy et al. [20], Patterson [21], Huang et al. [22],
Liu et al. [23] conducted physical model testing focusing on the analysis of the stability of
a vertical breakwater-integrated OWC. Research results generally confirm that the wave
forces on a vertical breakwater-integrated OWC are smaller than those acting on a conven-
tional vertical breakwaters. Similar results confirming that Goda’s formulae overestimates
the maximum resultant forces for a vertical breakwater-integrated OWC, were obtained
by Kuo et al. [24] based on measured data obtained in physical model testing of a vertical
breakwater-integrated OWC under regular waves. Conversely, according to Kuo et al. [24],
Goda’s formulae underestimates the momentum due to a different wave-induced pressure
distribution on the surface of the structure, which could affect the overall stability of the
OWLC caissons against overturning. Viviano et al. [25] evaluated the wave loading on these
innovative breakwaters focusing on the influence of the turbine-orifice opening, while
Naty et al. [26] showed that the wave forces on the front wall for an optimised OWC
configuration could be accurately predicted by Sainflou [27] as used for vertical walls if
they were increased by a safety factor equal to 1.1. Ashlin et al. [28] compared measured
horizontal wave forces with those obtained by applying the Goda’s formulae [14] to show
that this formula overpredicts the shoreward peak forces by 46-90%, while underpredicting
the seaward peaks by 5-50%. More recently, Pawitan et al. [29] proposed a novel method
to estimate forces acting on an OWC chamber in a vertical caisson breakwater, validated
against results from large scale physical model measurements described in Allsop et al. [30].

Despite a few discrepancies caused by different OWC configurations across the re-
search conducted over the last decades on vertical breakwater-integrated OWC, results
suggest that the nature and magnitude of wave loading acting on the front-wall of a OWC
device differs from those acting on conventional vertical breakwaters. In particular, the
total horizontal forces can be greater or lower than those acting on conventional vertical
breakwaters, depending on the inner geometry of the chamber and turbine dimensions.
Research on structural stability /response of a breakwater-integrated OWC was carried
out essentially for vertical breakwaters to date. Very little or no studies focusing on a
rubble-mound breakwater-integrated OWC were found.

2.2. Hydraulic Performance

Only limited information exists in the literature on the hydraulic performance of a non-
conventional breakwater-integrated OWC in terms of wave overtopping and transmission.
Zanuttigh et al. [31] analysed wave reflections from an OWC device, showing that reflection
coefficients are lower than 0.55, which is very low compared to the typical values on vertical
caissons that are around 0.9 [32]. Viviano et al. [25] evaluated the influence of the turbine-
orifice opening on the wave reflection, to propose an optimisation of the orifice dimension
that minimises the reflection coefficient to values lower than 0.6. Recently, Simonetti and
Cappietti [33] studied the effectiveness of a the integration of an OWC in a structure as
an anti-reflection device to reduce harbour agitation using a numerical wave tank model
developed in OpenFOAM®, reaching reflection coefficients of around 15%.

3. Breakwater-Integrated OTD

Another type of WEC suitable to be integrated in both rubble mound and vertical
breakwaters is the OTD device (Figure 2). This technology consists of a frontal ramp slope
that leads the incident waves to overtop into one or more storage basins (or reservoirs),
placed at a level higher than the sea water level. The water stored in the frontal reservoir(s)
flows through the turbine(s) combined with a generator that converts the energy from
incoming waves into electricity.
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Figure 2. Scheme of the OTD integrated into a vertical caisson breakwater.

The OTD can also be installed on existing breakwaters as demonstrated by [34].
These OTD offers the possibility to store the wave energy, discontinuous in its availability,
in the form of relatively stable potential energy. Furthermore, the low head hydraulic
turbines used for the energy conversion is a well-established, well-understood and efficient
technology.

The biggest disadvantage of this technology is that the energy that can be extracted by
the breakwater-integrated OTD device is relatively low from the commercial standpoint.
Moreover, the geometry with only one ramp does not appear to be suitable for locations
with relevant tidal variations. Seawave Slot-cone Generator (SSG) like systems having two
or more ramps have shown to be more efficient regarding energy extraction [35] but, on the
other hand, more difficult to handle in prototype-scale breakwaters [36].

A test campaign of an Overtopping BReakwater for Energy Conversion (OBREC)
prototype device integrated in an existing rubble mound breakwater is currently ongoing
in Italy [6]. This test campaign focus on the wave pressures acting on different parts of the
structure, which are being collected during storm events. No information regarding the
energy production from the OBREC device is available in literature to date.

3.1. Structural Response/Stability to Waves

The structural response to the wave loading on the breakwater-integrated OTD de-
vice has been investigated for many years using physical and numerical model testing.
Physical model testing carried out on OTDs with one (OBREC type devices) or more (S5G
like devices) ramps have shown that due to their complex geometry, the wave-structure
interaction is not comparable to the one observed for traditional breakwaters. Several au-
thors [7,37,38] have shown relevant differences between the forces measured in laboratory
on the different parts of the OTD structures and those obtained based on traditional meth-
ods used in breakwater design [32]. The performance of a breakwater-integrated OTD has
also been investigated by several authors (see e.g., [39-42]) using advanced Computational
Fluid Dynamics (CFD) modelling, following which new approaches to evaluate the wave
forces and pressure distribution on such innovative breakwaters have been proposed.

3.2. Hydraulic Performance

The hydraulic performance of breakwater-integrated OTDs has been also investigated
with the use of physical and numerical model testing. Iuppa et al. [43] and Di Lauro
et al. [40] demonstrated that the wave reflection and overtopping at the rear side of a
breakwater-integrated OTD with one ramp cannot be evaluated directly considering the
formulas proposed in the [43,44] for traditional harbour defence structures. In general,
due to the wave dissipation on the ramp and reservoir, the reflection coefficient computed
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in front of the structure is lower than that computed in front of conventional vertical
breakwaters.

Regarding the wave overtopping, results presented by Vicinanza et al. [7] showed
that an OTD device integrated into rubble mound breakwaters leads to higher mean
overtopping compared to the values measured on traditional breakwaters, due to the
presence of a smooth frontal ramp. Contrarily, when the OTD device is integrated into
vertical breakwaters, the presence of a setback wall generally reduces the wave overtopping
when compared to the typical values observed on conventional caissons. Recently, [uppa
et al. [45] performed additional physical model testing on the OBREC aiming at providing
reliable methods for evaluating the energy that can be extracted by said device. In particular,
the tests aimed at investigating the probability distribution of the individual overtopping
volumes entering the OBREC’s reservoir. Cavallaro et al. [46] proposed a numerical
model based on the stochastic description of the wave overtopping phenomenon for the
optimization of the OBREC device performance.

Specific formulas were presented by Iuppa et al. [43,45] for a rubble mound breakwater-
integrated OTD and by Di Lauro et al. [41] for a vertical caisson breakwater-integrated
OTD to estimate the reflection coefficient and the mean wave overtopping discharge at the
rear side of such non-conventional breakwaters.

4. Hybridisation

As introduced earlier, the hybridisation of different WEC devices and its integration
in harbour defence structures appears to be a promising approach to improve the overall
efficiency and overcome some of the issues associated with the stand-alone OTD and
OWC technologies. The hybridisation has the potential to realistically contribute to the
development of WEC technologies in a way that they can compete on the market with
more established renewable energy systems, such as wind or solar photovoltaic.

From the research carried out over the last few years on single WEC devices, it is
clear that there is an opportunity for the combination of two (or more) WEC technologies
into a single system, thus incorporating the advantages of each stand-alone WEC, whilst
mitigating their inherent weaknesses. Cappietti et al. [47] presented an experimental study
of a concept design of an original HWEC in which the energy is harvested by means of the
combination of a frontal OWC and OTD integrated into a vertical caisson, showing that the
combination of technologies generally leads to an improved overall efficiency.

The hybridisation is, obviously, not without its challenges. The design of WEC devices
integrated in breakwaters is mostly based on several assumptions, which are device specific
and cannot be directly extrapolated from one device to another. Assumptions are generally
a function of the characteristics of one device and may not necessarily hold true for
the hybrid solution. On the other hand, harbour defence structures must accommodate
different concepts, which adds complexity in terms of the geometry and integration into
the breakwater.

Within the SE@QPORTS project, existing WEC devices were assessed on their suit-
ability to be hybridised and integrated in vertical and rubble mound breakwaters (see
e.g., [11,12,48]). Several variables/parameters were considered while comparing different
preliminary hybrid concepts in multi-criteria analysis: cost-effectiveness; constructability;
WEC level of maturity; scalability /modularity; maintenance; reliability; and innovation.

As a result, an innovative HWEC concept combining two well-established principles
in harnessing wave energy (OTD + OWC) was designed having as prototypes for the
breakwaters and environmental conditions, the ports of Leixoes (Portugal) and las Palmas
(Spain). These two locations were selected as prototype case studies for several reasons.
Firstly, these harbours are protected by breakwaters with a good exposure to incident
waves, with maximum significant wave heights that can be higher than 8 m. On the
other hand, these harbour facilities have high electricity demands that can be, at least
partially, ensured by the harnessed wave energy. Finally, the combination between the local
environmental conditions and distinct characteristics of the breakwaters—rubble mound
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OWC inlet

in the case of Leix0es and vertical in the case of Las Palmas—make them representative of
very many structures protecting EU harbours.

The devised HWEC enables to exploit the strengths of each stand-alone technology
and help overcome individual limitations and weaknesses, while presenting a breakthrough
and efficient approach to harness wave energy in ports; one that can contribute to increase
the capacity for greening the ports.

5. Proof of Concept of the Breakwater-Integrated HWEC
A scheme of the developed HWEC when integrated into a rubble mound breakwater

is shown in Figure 3.
OWC air turbine

OTD reservoir
¥ OTD low-head turbine

>

.

Figure 3. Scheme of the HWEC integrated into a rubble mound breakwater.

In this design, the reservoir of the OTD device is located in front of the OWC chamber.
In the OTD device, the water that overtops the reservoir crest produces electricity by
passing through low head turbines coupled with generators located in a machinery room
placed at the rear side of the breakwater. The water passing through the turbines is then
discharged behind the structure and below the still water level via a rear duct. The OWC
inlet is located in front of the structure well below the still water level. The oscillation
of the water that enters into the OWC chamber drives an air turbine located at the top,
as depicted in Figure 3.

From the combined WEC devices, it is possible to harness wave energy over a wider
range of metocean conditions using two different yet complementary technologies.

The geometrical optimisation of the innovative HWEC when integrated into a rubble
mound or a vertical breakwater and its assessment with respect to its hydraulic and energy
performances, were studied through a composite modelling approach [49]. Composite
Modelling, defined as ‘the integrated and balanced use of physical and numerical models’ [49],
is the most advanced approach to study complex problems in marine engineering and
design, because it exploits the strengths and overcomes the weaknesses of each approach
thereby reducing uncertainties, and therefore is the most suitable to study the breakwater-
integrated HWEC.

5.1. Physical Model Testing

Rosa-Santos et al. [12] investigated the influence of the integration of a HWEC mod-
ule (OWC + OTD with 4 reservoirs) on the structural response/stability and hydraulic
performance on the rubble-mound cross-section proposed for the extension of the north
breakwater of the Port of Leix0es in Portugal. Experimental tests of the hybrid device
were performed on a geometrical scale of 1:50 in the wave basin of the Faculty of Engi-
neering of the University of Porto (FEUP) in Portugal, using both regular and irregular
waves. This wave basin is equipped with a multi-element wave generation system from
HR Wallingford. Wave reflections were minimised by a dynamic reflection absorption
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system integrated in the wavemaker [50]. The duration of the tests was long enough to
contain around 100 waves for regular wave tests and around 1000 waves for tests with
irregular sea state [12].

At an early stage, experimental testing under regular wave conditions was carried
out to investigate three geometries (A, B and C) with different OWC inlet configurations
and identify the most efficient among those. The study focused on the evaluation of the
wave reflection from the structure, scour development and toe stability, and average wave
overtopping discharge over the crest of the innovative structure. Preliminary results by
Rosa-Santos et al. [12] highlighted the hydraulic performance of the HWEC integrated
into the rubble-mound breakwater. The authors showed that wave reflection was not
significantly affected by the integration of the HWEC module, for which values of the
reflection coefficient around 0.35 were found. Furthermore, the presence of the HWEC
leads to a reduction of the transmitted wave by overtopping at the rear side of the structure
compared to the conventional cross-section, thus improving the functional performance of
the breakwater. The experimental tests also indicate that the integration of the HWEC in
the rubble-mound breakwater does not significantly affect the stability of the toe berm and
does not contribute to the further development of scour in front of the structure. Overall,
these preliminary results indicate that the integration of the HWEC in rubble-mound
breakwaters can be a promising solution, as it does not seem to compromise its stability
nor functionality as a harbour defence structure.

The structural response/stability and hydraulic performance of the vertical caisson
breakwater-integrated HWEC was tested in model scale in the wave flume of the University
of Cantabria [48] with an optimised geometry suitable to be integrated in the Nelson
Mandela breakwater at Port of Las Palmas in Spain. Different configurations of this
innovative structure were tested with detailed evaluations of the operational performance
of the combined devices under mild conditions, as well as calculations of the wave forces
on the structure for the stability and functionality assessment of the breakwater under
extreme conditions. Preliminary results by Lara et al. [47] indicate that the combination
of a one reservoir OTD with a OWC reduces the reflection coefficient to a value up to 0.3
for the cases where the wave period coincides with the resonant period of the OWC due
to the large amount of water flowing inside the OWC chamber. This result represents
a remarkable improvement of the innovative breakwater compared to vertical caisson
breakwaters, as the typical values of the reflection coefficient for these are around 0.9 [32].
Therefore, the study by Lara et al. [48] suggests that the HWEC integration can improve the
hydraulic performance of the breakwater, reducing thereby e.g., problems for navigation
caused by reflected waves.

The performance of the HWEC in terms of energy production have been presented by
Cabral et al. [50,51] by analysing the data of the experimental tests of the three different
alternative HWEC geometries (A, B and C) when integrated in a rubble mound breakwater
constructed to a 1:50 geometrical scale. As mentioned earlier, the only difference between
these geometries was the design of the OWC chamber inlet. The authors analysed the
hydraulic efficiency, i.e., the ratio between the average power absorbed by the device and
the average power of the incident waves in front of the structure, of the HWEC device
and the stand-alone OTD and OWC devices installed into the breakwater for each of the
three alternatives. The analysis showed that the combination of the OTD with the OWC
leads to higher hydraulic efficiencies than those typically reported in the literature for the
independent components, for a broader range of hydrodynamic conditions, reaching a
maximum overall hydraulic efficiency of around 40% for geometries B and C [50,51]. Due
to the combination of different WEC systems, the overall performance is improved since
the two selected technologies complement each other well, thus extending the range of
wave conditions where the efficiency is high. In detail, the multiple reservoir OTD was
shown to be efficient for the lower wave periods, while the opposite occurs for the OWC
system for all three alternatives (A, B and C). Consequently, the range of hydrodynamic
conditions—i.e., waves and tidal levels—for which the device’s power production is low
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was reduced. This is an important advantage of the HWEC device because it allows a more
constant power production with a significant reduction of the power production peaks,
which is usually difficult to obtain in the renewable energy sector.

5.2. Numerical Modelling

In parallel with the physical model testing conducted in the wave basin at FEUP (see
e.g., [12,50,51], two-dimensional numerical modelling using ANSYS Fluent CFD model [52]
has been performed as well for identifying the most efficient HWEC geometry and then
using it for performing additional tests under various wave and water level conditions.

The geometry of the numerical model consisted of a wave flume, a breakwater, and
the integrated HWEC device selected according to the physical model tests conducted in
Portugal. Firstly, the model was validated with the preliminary data of the experimental
tests assuming a specific geometry for the HWEC (Geometry B). Then, Geometry B was
compared numerically with the alternative Geometry C from which the most efficient
geometry was identified, thereby confirming the outcome of the experimental study. Finally,
the most efficient geometry was adopted to examine more sea state conditions that were
not tested in the laboratory. The numerical analysis focused on the evaluation of: (a) the
free surface elevation in various locations along the wave flume and at the breakwater toe;
(b) the water level oscillations and the amplification coefficient inside the OWC chamber;
and (c) the wave overtopping discharges in the OTD multiple reservoirs.

Said parameters were perceived as being the most relevant to investigate the per-
formance of the innovative HWEC device during this proof of concept stage. In the
future, additional simulations will be performed involving three-dimensional models of
the breakwater-integrated HWEC for further evaluation of its structural response/stability
and hydraulic performance and the performance of the HWEC in harvesting wave energy,
as well as to determine specific and more detailed parameters necessary in the design of
the turbines.

5.2.1. Model Set-Up

As already mentioned, a two-dimensional numerical model was implemented us-
ing the commercial software ANSYS Fluent. For the simulations, the two-dimensional
Reynolds-Averaged Navier-Stokes (RANS) equations for incompressible flow were em-
ployed, while for turbulence closure the shear-stress transport (SST) k-w turbulence model
was chosen. For the free surface elevation tracking the Volume of Fluid (VOF) method
was used. The VOF formulation is based on the assumption that two or more fluids are
immiscible. In open-channel flow (as is the case being tested), the governing equations
across the water—air interface are expressed as a single fluid whose physical properties are
defined by the volume fraction weighted average of the corresponding physical properties
of air and water, i.e., for density p = & pwater + (1 — &) pair, Where « is the water volume
fraction. In a finite volume method (ANSYS Fluent), « is defined in each computational
cell as & = 8V yater/ OV el, Where 8V is the volume of the computational cell and 6V yater
is the volume of water in the cell. Therefore, & = 1 if the cell is full of water, « = 0 if the cell
is full of air or 0 < « < 1 if the cell contains the water-air interface, respectively.

The model was set-up to replicate exactly the mid-transverse cross section of the
wave flume geometry and HWEC designed and tested in the laboratory (see e.g., [50,51]).
As already mentioned, one geometry of the HWEC (Geometry B from Cabral et al. [50])
was used for validation purposes.

The numerical domain was 15.80 m long and 1.82 m high (Figure 4). The water level
in the numerical domain was kept constant for all the validation tests, with a water depth
of 0.488 m at the left boundary of the domain (offshore). This water depth represents the
value of the Mean Water Level (MWL) at the port of Leixdes Port, constructed to a 1:50
geometrical scale.
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Figure 4. Numerical model domain.

The numerical domain was divided into several sections having different mesh reso-
lutions: three different zones in the longitudinal direction and two to three zones in the
vertical direction as indicated in Figure 4. The three different regions in the longitudinal
direction were: the region close to the wavemaker (around 1.8 m long), the central region
covering the main channel region (around 12.6 m in length) and the one around the HWEC
model (around 1.4 m long). The vertical levels corresponding to the water region on the
bottom (around 0.46 m high), the region near the free surface (around 0.16 m high) and the
air region on the top (around 1.2 m high). The final height of the air region was selected
after following a trial and error approach until the top boundary stops affecting the results
in the water region.

The computational grid had a non-uniform size. From a sensitivity analysis on the mesh
resolution, it was decided that the mesh size in the region near the free surface and close
to the HWEC device was where the highest resolution was needed. The mesh size in this
region was 0.003 m. For the top region (air region) a lower resolution was set with mesh
sizes varying from 0.003 m to 0.036 m. The other regions of the numerical wave flume were
set with mesh sizes varying from 0.003 m to 0.018 m. The refined mesh generated around the
area of the HWEC is shown Figure 5. The entire mesh contained around 750,000 elements
and its overall quality was controlled by keeping the maximum skewness below 0.8.

0,000 0,300 0,600(m)
A EEaa— SS—

0,150 0450

Figure 5. Mesh details near the HWEC device.

The HWEC device consists of an OTD device with four reservoirs (Figure 6). The crest
heights of the reservoirs were set at 0.015 m, 0.040 m, 0.065 m and 0.100 m (model scale)
from the bottom reservoir (R1) to the top one (R4), respectively. An angle of 30° relative to
the horizontal was chosen for the ramps of the OTD device, aiming at not only ensuring the
occurrence of slightly breaking surging waves, which produce low energy dissipation [10],
but also approximately preserving the original slope of the breakwater extension of the
Port of Leixoes (Portugal), equal to circa 27°. Note here that the geometry of the ramps,
reservoirs, and OWC chambers tested with the CFD is the same as the Geometry B tested
in laboratory by Cabral et al. [50].
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Figure 6. OTD Reservoirs.

In the numerical model, the following discretization schemes were utilised: Pressure
Staggering Option (PRESTO) for pressure; Second Order Upwind for momentum; Com-
pressive for the VOF implementation; First Order Upwind for turbulent kinetic energy k;
and specific dissipation rate w and Least Squares Cell Based for the Gradients. The Semi-
Implicit Method for Pressure Linked Equations (SIMPLE) scheme was utilised for the
velocity—pressure coupling. For the transient discretization a Second Order Implicit scheme
was used. The time step in all simulations, which was constant and equal to 6.25 x 1073 s,
was selected so that the CFL (Courant-Friedrichs-Lewy) criterion was always satisfied.

In order for the numerical model to reproduce the wave field measured in the labora-
tory and the HWEC-wave interaction, several boundary conditions were considered:

e Inthelaboratory a piston-type wavemaker with an active absorption system was used
at the offshore boundary of the wave tank for the generation of various regular and
irregular wave conditions. Likewise, in the numerical model a moving wall at the left
offshore boundary of the computational domain was implemented to replicate the
exact wavemaker motion measured during the experimental tests. Thus, regular and
irregular wave time series were generated in FLUENT using the corresponding wave
paddle motion measured in the laboratory. This movement was transferred to the
model using the measured wave paddle position over time, X(t), and the associated
velocity, V(t). This procedure allows replicating wave-by-wave conditions tested in
the laboratory (see A in Figure 7).

e  Symmetry for the top boundary of the domain (see B in Figure 7) since it has been
confirmed that the length of the air region above the water is big enough so not to
affect the results in the water region.

e A pressure outlet for the boundary in the air phase just above the HWEC device (see
C in Figure 7).

A fan boundary condition for the OWC (see A in Figure 8).

A pressure outlet for the sinks of the OTD devices (see B in Figure 8).

No slip conditions at the bottom, breakwater toe and all other parts of the HWEC
device.
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Figure 8. Sinks and Fan Boundaries.

5.2.2. Model Validation

Numerical data were validated against data measured in FEUP’s laboratory for three
different regular and irregular wave conditions for Geometry B [50]. The waves selected
to be validated (in model scale) correspond to the most representative wave conditions in
the Port of Leixdes in Portugal. The variables compared with the experimental data were
the free surface elevation at different locations along the wave flume, the variation of the
water level inside the OWC chamber and the mean overtopping discharges over the OTD
reservoirs’ crest. The experimental setup in the wave basin at FEUP is presented in Figure 9.
It is reminded, that the wave tank had a wavemaker at the left boundary and an active
absorption system for dealing with reflection issues, as mentioned above (Section 5.2.1
Model Set-up).

physical model

B~ -

0.55m

12.50 m

auxiliary reservoir R5

wavemaker paddle

Figure 9. Physical model setup in the channel built inside the wave basin at FEUP [12].
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Whereas Figure 10 shows the comparison between the measured and calculated
values of the water free surface elevation at two locations (54 and S5) inside the wave
flume (Figure 9), Figure 11 shows the water level comparison inside the OWC chamber.
These results refer to a test with regular waves (Val_Test_01) of a wave height, H, equal
to 0.02 m and a wave period, T, equal to 1.7 s. The offshore water depth was equal to
h =0.488 m. Thus, the time series presented in Figures 10 and 11 correspond to 15 wave
periods, which is an adequate simulation time taking into account the big computational
cost of the simulations and the limited variations of the free surface elevation. The small
oscillations of the free surface elevation that appear in Figure 10 are attributed to the
expected reflection from the HWEC device itself. Nevertheless, it can be concluded that
the numerical model is able to represent satisfactorily well the water free surface elevation
at the two locations in the wave flume. Regarding the comparison presented in Figure 11
it is clear that the model captures almost precisely the water level oscillations measured

inside the OWC chamber.
Water level variation at S4 Water level variation at S5
0.02 0.02
numerical numerical
B experimental L experimental
0.01 0011 A Al q AR ‘
\
E 0.005 'E 0.005 “ ‘
3 2 i
o2 0 7} 0 |
& B \
© @© ' I
= 0.005 = 0.005 i\
[
v |
0.01 0.01F n \ v ‘
0.015 0.015
-0.02 -0.02
0 5 10 15 20 25 0 5 10 15 20 25
Time [s] Time [s]

Figure 10. Comparison between measured and calculated water free surface elevation at two locations in the wave flume:
wave gauge S4 (left panel) and S5 (right panel) for Val_Test_01.

Water level variation inside OWC
0.06 T :

numerical
experimental

0.04 ﬂ ﬁ
0.021
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o
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Time [s]
Figure 11. Comparison between measured and calculated water level inside the OWC chamber for
Val_Test_01.

The second phase of the validation process included the comparison of the wave
overtopping. It is worth noting that in the numerical model, the discharges entering each
reservoir were estimated by considering the total amount of wave discharge overtopping
the crest of each reservoir. Contrarily, in the physical model testing, the overtopping in the
reservoirs was indirectly assessed by measuring the volume of water collected in auxiliary
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Cumulative Mass Flow R1

reservoirs located behind the model and connected with each reservoir through rigid pipes
(Figure 9). Therefore, the overtopping discharges in the HWEC reservoirs were estimated
using the measurements of the water level gauges installed in each of these auxiliary
reservoirs. From the variation of the water level inside each auxiliary reservoir, the volume
variation was computed from the cross-sectional area of the auxiliary reservoir.

The wave overtopping in the different reservoirs, represented in terms of the cumula-
tive mass flow (kg/m) derived from the numerical model, was compared with the volume
variation in the auxiliary reservoirs derived from the experiments and translated into mass
flow (kg/m), as depicted in Figure 12. Results refer to a regular wave test (Val_Test_02)
with H=0.08 m and T = 1.7 s. The offshore water depth was equal to & = 0.488 m. Reservoirs
are numbered from R1 to R4, where R1 is the lowest and R4 the highest one in the OTD
system. Results shown in Figure 12 indicate that the model predicts accurately the mass
flow in reservoirs R2, R3 and R4, while it slightly overestimates the mass flow in the lowest
reservoir R1. This slight overestimation was expected since the first reservoir was partially
saturated during the physical model test due to the low crest freeboard of the first ramp.

Cumulative Mass Flow R2
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Figure 12. Comparison between measured and calculated cumulative mass flow (kg/m) in the four reservoirs of the HWEC

for Val_Test_02.

For this validation test a snapshot of the free surface elevation during a time instant
after 14 wave periods is presented in Figure 13, while the same snapshot but with a focus
near the HWEC device is presented in Figure 14, respectively. It can be verified that the
overtopping is less pronounced in the reservoirs R2 and R3 comparing with the lowermost
R1 reservoir, while the overtopping in the uppermost R4 reservoir is very small.



J. Mar. Sci. Eng. 2021, 9, 226 15 of 27

0 2.500 5.000 (m)
I I
1.250 3.750

Figure 13. Snapshot of free surface elevation at a time instant after 14 wave periods in the entire domain.

0 0.250 0.500 (m)

I
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Figure 14. Snapshot of free surface elevation at a time instant after 14 wave periods close to the HWEC device.

The third test used for the validation of the model corresponds to an irregular wave test
(Val_Test_03) with a significant wave height, H;, equal to 0.034 m and a peak wave period,
Ty, equal to 1.27 s. The offshore water depth was equal to & = 0.488 m. The simulation time
was equal to 30 wave periods, two times bigger than in regular wave cases since we wanted
to ensure that possible variations occurring are captured. The comparison between the
measured and calculated values of the free surface elevation at two locations (S1 and S9)
in the wave flume is presented in Figure 15. These results show that the numerical model
captures satisfactorily well the water free surface elevation also for the case of irregular
waves, although some discrepancies can be observed. Figure 16 displays the comparison
between measured and simulated oscillation of the water surface inside the OWC chamber
for Val_Test_03. It is noted that the model is able to capture adequately the water level
oscillations inside the chamber for the first 45 s, which correspond to around 26 incident
waves. After around 45 s the comparison is not as good. This is attributed to the fact
that the model is two-dimensional and therefore not able to capture three-dimensional
phenomena occurring in the physical model testing. In the laboratory experiments it was
observed that after some time the three-dimensional effects were not insignificant inside
the OWC. More specifically, inside the OWC chamber waves in the transverse direction
were created. These waves are responsible for the unsteady pattern of the black wave
signal observed after around 45 s in Figure 16, which cannot be captured by the numerical
model. Regarding the wave flume in front of the device the three-dimensional effects
during the experiments were not that pronounced after the 45 s, thus the comparison with
the numerical results presented in Figure 15 is much better.
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Figure 15. Comparison between measured and calculated free surface elevation at two locations in the wave flume: wave
gauges S1 (left panel) and S9 (right panel) for Val_Test_03.
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Figure 16. Comparison between measured and calculated water level inside the OWC chamber for

Val_Test_03.

Table 1 indicates the Root-Mean-Square Error (RMSE) of the free surface elevation
between measured and calculated data for the five wave gauges locations along the wave
flume (as shown in Figure 9) and inside the OWC chamber for the three tests described
before. The RMSE was calculated according to the equation presented herein below.
Although discrepancies can be noted due to the complex interaction between the waves
and the non-conventional geometry of the HWEC, results of this validation indicate that
the numerical model is capable of sufficiently reproducing the wave field inside the wave
flume as well as the oscillation inside the OWC chamber for all cases tested.

RMSE (%) = sqrt

% Zfi] ((Hnumer - Hexper)z)

% L (Hexper?)

*

100
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Table 1. RMSE (%) of the water level oscillation calculated with the numerical model when compared to the measured data.

Wave Gauge in

Test Wave Gauge S1 Wave Gauge S4 Wave Gauge S5 Wave Gauge S6 Wave Gauge S9 OWC Chamber
Val_Test_01 4.9 4.8 2.1 5.2 5.3 8.1
Val_Test_02 5.6 52 54 5.8 6.1 10.3
Val_Test_03 5.9 5.4 5.7 6.8 7.3 12.7

5.2.3. HWEC Geometry Optimisation

After the model validation, two alternative geometries (B and C) designed to be tested
in the laboratory were also compared through numerical model simulations. From the
initial testing, these two geometries seemed to be the most efficient among the three alterna-
tives. The scope of the additional numerical simulations was to identify the most effective
geometry in terms of wave overtopping in the multiple reservoirs and water oscillation in-
side the OWC chamber, along with providing an additional tool for geometry optimisation
that is complementary to the physical model testing. In this section, the numerical results
for the HWEC geometry optimisation are discussed. As noticeable in Figure 17, the two
geometries are the same except for the shape of the OWC chamber inlet.

Geometry B

Figure 17. Sketch of the two different geometries of the HWEC system analysed for the geometrical [50].

The characteristics of the numerical model domain, boundary conditions and numeri-
cal settings were the same as the ones adopted for the model validation and described in
previous sections. Details of the mesh for the two geometries are presented in Figure 18.
Note here that the same mesh discretisation near the HWEC and all over the domain was
set for the two geometries.

The two configurations were tested considering the same incident irregular wave
conditions, with Hs = 0.034 m, T;, = 1.27 s and offshore water depth, i = 0.488 m. These
wave characteristics are the ones corresponding to the “Val_Test_03".
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In Figure 19 the free surface elevation at three locations (51, S5 and S9) in the numerical
wave flume is displayed for the two configurations, while Figure 20 shows the comparison
of the water level oscillation inside the OWC.

0.100 0.300

-

0 0.200 0.400 (m)
]

0.100 0.300

Figure 18. Mesh details near the HWEC device for Geometry B (upper panel) and C (lower panel).

Regarding the wave field in the wave flume, results indicates that the two different con-
figurations have no significant effect on it and only some small differences of the free surface
elevation can be observed. This behaviour was later verified in the physical model testing.
In the experiments the difference in the reflection coefficient between the two geometries was
small. Results on the water oscillation inside the OWC between the two geometries are also
very similar, as shown in Figure 20, though slightly better for Geometry B.
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Figure 19. Comparison of the free surface elevation between the two geometries at locations: S1 (top left panel), S5 (top

right panel) and S9 (lower panel) in the numerical flume.
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Figure 20. Comparison of the water level oscillation inside the OWC chamber for the two geometries.
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Regarding the overtopping discharges into the different OTD reservoirs, translated
into mass flow (kg/m), bigger differences between the two geometries are observed
(Figure 21). In the two lowest reservoirs (R1 and R2), in which the discharge is signif-
icant, larger wave overtopping can be noted for Geometry B. This configuration is much
more efficient than Geometry C, with wave overtopping larger in Geometry B than the
one calculated for C. This is an expected response according to Cabral et al. [50] since the
special ramp near the OWC entrance channel in Geometry B was designed for leading
more overtopping into the reservoirs. For the upper two reservoirs (R3 and R4) the amount
of overtopping is very small, so the difference between the two geometries is not well
captured. According to these results, the performance of the Geometry B HWEC was
better than Geometry C HWEC, mostly due to the larger computed wave overtopping into
the OTD reservoirs. This preliminary finding obtained by the CFD modelling was also
confirmed later by Cabral et al. [50] when testing the different geometries in laboratory.
More specifically, for the same wave period tested, the hydraulic efficiency of Geometry B
was greater compared to the one of Geometry C.
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Figure 21. Comparison of the cumulative mass flow (kg/m) in the four reservoirs between the two geometries.

5.2.4. Hydraulic Performance

Once the results of the numerical model were validated against the measured data
and the most effective geometry was identified, additional numerical simulations with
the most effective geometry (Geometry B) were performed in order to extend the physical
model test programme with wave characteristics and water level conditions not tested in
laboratory. The additional simulations were performed assuming irregular waves on the
Froude scale model of the prototype breakwater at the Port of Leix6es constructed to a 1:50
geometrical scale. Table 2 summarises the significant wave height, Hs, peak period, Tj,
and offshore water depth, #, in the additional numerical tests.
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Table 2. Main characteristics of the additional numerical model tests.

Model Scale Prototype Scale
Test h (m) H; (m) Ty (s) h (m) H; (m) T, (s)
Reference test 0.488 0.034 1.27 24.40 1.70 9
Test_01 0.461 0.034 1.27 23.05 1.70 9
Test_02 0.475 0.034 1.27 23.75 1.70 9
Test_03 0.504 0.034 1.27 25.20 1.70 9
Test_04 0.520 0.034 1.27 26.00 1.70 9
Test_05 0.488 0.055 1.27 24.40 2.75 9
Test_06 0.488 0.075 1.27 24.40 3.75 9

It is well known from the literature that tide can have a great (negative) impact on the
energy production, in particular on the OTD device. Therefore, in order to evaluate the
effect of the still water level on the performance of the HWEC, four additional different
offshore water depths were tested in the numerical wave flume (Test_01 to Test_04 in
Table 2). In addition, in order to investigate the influence of the significant wave height Hj
on the wave overtopping discharges and water oscillation inside the OWC chamber, two
additional cases were examined (Test_05 and Test_06 in Table 2). In these two cases, the
still water level was set equal to the level tested in laboratory ( = 0.488 m), representing
the MWL in prototype scale in front of the Port of Leixdes. Note that all the additional
numerical tests were carried out considering a constant peak wave period Tj = 1.27 s.

The effect of the offshore water depth was initially investigated considering the results
of the overtopping discharges into the four reservoirs of the HWEC device. As expected,
as the still water level increases, the cumulative overtopping discharge, translated in mass
flow (kg/m), inside the reservoirs increases, as displayed in Figure 22. This is noticeable in
the lowermost reservoir (R1), as the waves overtop the crest and reach the corresponding
sink in all cases. In the second and third reservoirs (R2 and R3) overtopping occurs only in
the cases where the still water level is above the mean water level (Test_03 and Test_04) and,
especially in the third reservoir, the discharge is not significant. Almost no overtopping is
observed in the uppermost sink.
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Figure 22. Cont.



J. Mar. Sci. Eng. 2021, 9, 226

22 of 27

Cumulative Mass Flow R3

Mass [kg/m]

Test 01
Test 02
Test 03
Test 04
Reference

— /]

20 30 40 50 60
time [s)

Cumulative Mass Flow R4

0.1
0.09 Test 01
Test 02
Test 03
0.08 Test 04
Reference
0071
‘E 0.06
=)
=
o 0051
7]
©
= 0041
0.031
0.02
0.01
0 i " r—’.’ . .
0 10 20 30 40 50 60
time [s]

Figure 22. Comparison of the cumulative mass flow (kg/m) in the four reservoirs between the Reference test and Test_01 and Test_04.

Note that the y axis is on a different scale at the four reservoirs for comparison purposes.

120

The effect of Hs on the wave overtopping discharges in the reservoirs was also investi-
gated with Test_05 and Test_06. This is clearly shown in Figure 23 for the lowest reservoir
(R1), which is continuously overtopped for almost every incident wave, with larger water
discharges calculated. In the second and the third reservoirs (R2 and R3) the trend is similar,
but the discharges are smaller. Finally, in the uppermost reservoir (R4) overtopping occurs
only in the case of the larger significant wave height (Test_06).
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Figure 23. Comparison of the cumulative mass flow (kg/m) in the four reservoirs between the Reference test and Tests_05

and Tests_06. Note that the y axis is on a different scale at the four reservoirs for comparison purposes.
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Regarding the effect of the offshore water depth on the water level oscillation inside the
OWC, results show that an increase in the still water level leads to a decrease in the water
oscillations inside the OWC (Figure 24—left panel). As can be noted, highest oscillations
occur for Test_01 which is characterised by the smallest still water level. The same trend
is observed in Figure 24—right panel which presents the effect of the still water level on
the amplification coefficient. The amplification coefficient has been derived by dividing
the free surface elevation with the significant wave height, H;. It is obvious that as the still
water level increases, the amplification coefficient is decreasing.
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Figure 24. Comparison of the water level (left panel) and amplification coefficient (right panel) inside the OWC chamber
for the Test_01 to Test_04 and Reference test.
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On the other hand, increasing H; leads to an increase in the water oscillation inside
the OWC chamber, as shown in Figure 25—Ileft panel. Nevertheless, the influence of H;
on the amplification coefficient which is derived from the division of the free surface
elevation with the corresponding H; is opposite (Figure 25—right panel). As the wave

height increases the amplification coefficient decreases, as expected.
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Figure 25. Comparison of the water level (left panel) and amplification coefficient (right panel) inside the OWC chamber
for the Test_05 and Test_06 and Reference test.
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6. Conclusions

Breakwater-integrated wave energy converters for harbour defence are being investi-
gated in scale model tests, numerical models and full scale demonstrators for over 20 years
now. Results to date show that, for most cases, the efficiency of the non-conventional
breakwaters in terms of hydraulic performance is similar or even better compared to
that of conventional structures. With respect to the structural response/stability of the
non-conventional breakwaters, there is no evidence to date of fundamental negative im-
pacts affecting the overall stability of the structure that are specific to the integration.
Both these aspects—i.e., no detrimental effect to the hydraulic performance and structural
response/stability, thereby not affecting the primary function of the breakwater that is
providing sheltered conditions for port operations to develop—were corroborated by the
first findings in the present research. The preliminary research findings further demonstrate
that the integration is viable in both rubble mound and vertical breakwaters.

As far as electricity production go, the research suggests that the efficiency of land
installed wave energy devices in converting wave power into electricity highly depends
on the range of hydrodynamic conditions—i.e., waves and tidal levels—at the site and
their variability. In the present research, hybridisation of suitable Wave Energy Converter
(WEC) technologies for being integrated into harbour defence structures is hypothesised
as an adequate approach to harness the available wave energy resource most efficiently
over a wide range of metocean conditions. The underlying breakthrough idea is that
hybridisation enables to exploit the strengths of each stand-alone technology and help
overcome individual limitations and weaknesses. By comparing said suitable technologies
through a multi-criteria analysis considering cost-effectiveness, constructability, WEC level
of maturity, scalability/modularity, maintenance, reliability, etc. it was found that the
preferred concepts for a hybridisation-based WEC technology for use in multi-purpose
breakwaters are the Oscillating Water Column (OWC) and the Overtopping Device (OTD),
which use two well understood power generating technologies, respectively, an air turbine
and a water turbine.

The proof of concept of the innovative hybrid-WEC (HWEC) devised in the present
research is based on a composite modelling approach combining physical and numerical
modelling. The prototype breakwater and environmental conditions in the physical and
numerical models are based upon on the rubble-mound cross-section proposed for the
extension of the north breakwater of the Port of Leixdes in Portugal. While the results of the
physical model testing constructed to a scale of 1:50 are more extensively discussed in other
papers (see e.g., [12,50,51]), this paper discusses the two-dimensional numerical modelling
of the HWEC using the Computational Fluid Dynamics (CFD) software ANSYS Fluent.

The rubble-mound breakwater-integrated HWEC tested with ANSYS Fluent repli-
cated the physical model tests performed by Cabral et al. [50]. Despite the non-conventional
geometry of the HWEC device and complex wave-structure interactions, the numerical
simulations showed that the ANSYS Fluent software is able to correctly reproduce the wave
field in front of the breakwater, as well as the wave overtopping into the reservoirs and the
water level oscillation on the OWC chamber, as measured in the laboratory. Once validated,
the CFD model was used to test different geometrical configurations of the OWC entrance
and identify the most effective geometry from a number of alternatives. The results ob-
tained indicate that the OWC entrance plays a significant role in the overtopping discharges,
since the tested alternatives imposed modifications in the front ramp of the OTD device.
Impacts on the water oscillation inside the OWC chamber were also assessed relevant in
the numerical modelling, similarly to what was concluded from the experimental testing.
In fact, the optimization of the geometry of the HWEC with respect to one of the wave
energy conversion principles was found to have relevant negative impacts on the other.
Hence, the selected geometry for the HWEC is the one leading to the highest efficiencies
and overall energy production. It should be stressed that the hydraulic/pneumatic and
overall efficiencies reached 44% and 27%, respectively in the experimental testing, which
shows the interest and the potential of this innovative hybrid-based technology.
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Finally, additional numerical simulations with the most effective geometry were per-
formed in order to extend the physical model testing programme to more water levels and
wave conditions. These simulations confirmed the effect of the water level and wave condi-
tions on both the overtopping discharges and water oscillations inside the OWC chamber.
In the next phase of the breakwater-integrated HWEC development, three-dimensional
numerical simulations will be carried out to better characterise and enhance the efficiency
of the hybrid-based technology in converting wave power in electricity, including an esti-
mation of the hydro- and aerodynamic coefficients for the design of the turbines. Moreover,
a new experimental testing campaign will be performed to characterise wave loading on
the structural elements of the HWEC, as well as to allow a higher resolution assessment of
the impact of this technology on the rubble-mound breakwater. The new data and insights
will be important to obtain an accurate estimation of the Levelised Cost of Energy (LCoE)
of the HWEC technology.

The first findings in the present research further indicate that, for the same multi-
purpose breakwater and compared to the stand-alone WEC devices, the hybridisation-
based WEC technology is a credible approach to reduce the LCoE.
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