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Abstract: Sea ports are infrastructures with substantial energy demands and often responsible for air
pollution and other environmental problems, which may be minimized by using renewable energy,
namely electricity harvested from ocean waves. In this regard, a wide variety of concepts to harvest
wave energy are available and some shoreline technologies are already in an advanced development
phase. The SE@PORTS project aims to assess the suitability and viability of existing wave energy
conversion technologies to be integrated in harbor breakwaters, in order to take advantage of their
high exposure to ocean waves. This paper describes the experimental study carried out to assess the
performance of a hybrid wave energy converter (WEC) integrated in the rubble-mound structure that
was proposed for the extension of the North breakwater of the Port of Leixões, Portugal. The hybrid
concept combines the overtopping and the oscillating water column principles and was tested on a
geometric scale of 1/50. This paper is focused on the assessment of the effects of the hybrid WEC
integration on the case-study breakwater, both in terms of its stability and functionality. The 2D
physical model included the reproduction of the seabed bathymetry in front of the breakwater
and the generation of a wide range of irregular sea states, including extreme wave conditions.
The experimental results shown that the integration of the hybrid WEC in the breakwater does
not worsens the stability of its toe berm blocks and reduces the magnitude of the overtopping
events. The conclusions obtained are therefore favorable to the integration of this type of devices on
harbor breakwaters.

Keywords: hybrid WEC; wave overtopping; oscillating water column; physical modelling

1. Introduction

The capability of wave energy to compete with alternative energy sources, whether renewable or
not, remains a key challenge that must be overcome. Energy sources like coal, wind, solar photovoltaic,
and gas have a small levelized cost of energy (LCoE), which ranges from 0.05 to 0.12 €/kWh [1], while
the LCoE of wave energy can be 3–10 times those values [2]. Allied with environmental concerns [3]
and survivability issues inherent to the harsh marine environment [4], a status of stalemate has set
root within the wave energy sector, where a lack of technological consensus and overall development
strategy further hinders any progress.
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Despite the apparent uncertainty and lack of reliability of wave energy converters, in general,
there is still considerable interest in their development. On one hand, there is a significant potential
resource, with some estimates pointing towards a yearly averaged power of 2.1 TW [5], although only
a somewhat small percentage of it can actually be harnessed by Wave Energy Converters (WECs).
Even so, it has the potential to become a major contributor to the global energy market, particularly
that of electricity demand. On the other hand, there are opportunities for synergies with more mature
industries/sectors (e.g., the offshore wind) and fields of research, such as aquaculture [6], coastal
protection [7], freshwater production by desalination plants [8] or the shipping and harbor activities.

In fact, sea ports are infrastructures that present significant energy demands and are responsible
for air pollution (e.g., resulting from cargo handling equipment, from ships at berth using their own
engines to produce electricity or heavy truck traffic from the logistics sector) and other environmental
problems, as it was concluded in an environmental benchmark performance study of the port sector
conducted by the European Sea Ports Organisation (ESPO), covering 91 ports from 20 different
EU Maritime States [9]. Since air quality was the top environmental priority, followed by energy
consumption, ports are committed to electrifying their motive power wherever it is possible to
minimize emissions [10]. Nevertheless, the challenge of climate change demands huge reductions if
not the elimination of carbon emissions in the supply chain. The use of renewable energy, namely
electricity harvested locally from ocean waves, may therefore be part of the solution.

It is within this context that WEC integration in breakwaters gains importance, by exploring the
dual mind-set of wave energy production and sheltering of harbor basins. On the other hand, these
kinds of applications allow sharing the construction costs, benefits the recirculation of water inside the
harbor, and may also improve the performance of the breakwater reducing wave reflection, due to
a more efficient absorption of energy [11]. The other advantages are the nearby availability of grid
connections and the absence of the typical issues associated to offshore installation of WECs and their
maintenance [12,13].

In this regard, a wide variety of concepts to harvest ocean wave energy are available [14]
and some shoreline technologies are already in an advanced phase of development, namely the
technologies based on overtopping phenomena [11,15,16] and oscillating water column [17–20]
principles. Nevertheless, to support this approach it is important to reduce the high LCoE of wave
energy, namely though a reduction of the investment costs (e.g., construction and installation of the
energy conversion technology) and an increase of the technology’s productivity. While the integration
of WECs in a harbor breakwater seems advantageous in terms of construction and operation costs,
it is of paramount importance to assess if that solution is going to have negative impacts on the
structure functionality (e.g., wave reflection and wave overtopping) or stability, which could imply a
more expensive harbor sheltering structure, eventually reducing any potential benefit resulting from
the integration of the WEC in the structure.

The SE@PORTS project aims to assess the suitability of existing technologies for wave energy
conversion to be integrated in port breakwaters, in order to take advantage of their exposure to ocean
waves, and to further develop them to a higher technology readiness level (TLR). In addition, by
combining existing technologies, it may be possible to overcome their individual limitations, while
presenting a breakthrough in terms of overall efficiency in harnessing the wave energy. The project
involves the development of a hybrid WEC based on the combination of an oscillating water
column (OWC) and an overtopping based WEC (OWEC), having as reference application the North
breakwater of the Port of Leixões, located at the northwest coast of Portugal. Although hybrid
devices are uncommon, there has been extensive individual study on both the [21] and the OWEC [22]
technologies, including already implanted solutions such as the Resonant Wave Energy Converter 3
(REWEC3) [19,20] or the Overtopping Breakwater for Energy Conversion (OBREC) [23]. Therefore,
there exists an opportunity in the combination of these two solutions into a single system able of,
a priori, incorporating the advantages of each WEC, whilst mitigating their inherent weaknesses.
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A hybrid WEC module, based on an OWC-OWEC solution, presents considerable challenges:
many assumptions have to be made based on the individual characteristics of each device, which do
not hold necessarily true for the combined solution. In addition, the design has to accommodate two
different concepts, which requires adaptations in terms of geometry, coupling and integration onto
the sheltering structure. Even so, the possibility of creating a structure capable of offering adequate
sheltering conditions to ships at port and providing significant clean and renewable energy supply
to the local port infrastructures, therefore reducing the environmental impact and improving the
self-sustainability of the harbor, justify the expended time and resources on this innovative research
and development effort.

The paper describes the physical model study carried out to assess the performance of the hybrid
WEC module integrated in the rubble-mound structure that was proposed for the extension of the
North breakwater of the Port Leixões, Portugal. The hybrid concept was tested in the wave basin
of the Hydraulics Laboratory of the Hydraulics, Water Resources, and Environment Division of the
Faculty of Engineering of the University of Porto on a geometric scale of 1/50. The 2D physical model
included the reproduction of the seabed bathymetry in front of the breakwater and the generation
of a wide range of wave conditions, defined near the structure at a prototype water depth of about
21 m (chart datum—CD). The paper is focused on the assessment of the effects of the hybrid WEC
integration on the breakwater, both in terms of structure stability and functionality in what concerns
overtopping and performance with regard to the wave reflection. This important topic received very
little attention in recent years, since only a few studies on the topic are found in the literature [16,24].

2. Case Study Characterization

The SE@PORTS project has two case studies: the Port of Leixões, in Portugal, and the Port of
Las Palmas, in Spain. The hybrid concept experimentally studied in this paper was developed having
as reference the characteristics of the structure proposed for the extension of the north breakwater of
the Port of Leixões.

The Port of Leixões is located at the NW coast of Portugal at a latitude of 41◦11′ North and a
longitude of 8◦42′ West, and nearly 4 km North of the mouth of Douro River, in Porto. With the biggest
harbor infrastructure in the North of Portugal, this port has undergone important changes since its
construction in 1890. Nowadays, innermost facilities are protected by the North breakwater which
spans more than 2000 m, Figure 1.
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Figure 1. Location of the Port of Leixões on the Iberian Peninsula (left, source: Google Maps) and an
aerial view of the harbor entrance and its breakwaters (right, source: Port Authority of Douro, Leixões
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Currently, one of the most relevant projected interventions in the Port of Leixões is the extension
of the North breakwater. The proposed solution is intended to not only provide enhanced sheltering
in the harbor basin, but also an improvement of the conditions for the ships entering the port. This
structure, due to its characteristics and exposure to ocean waves, presents favorable conditions for the
implementation of the hybrid WEC being developed in the scope of the SE@PORTS project. Hence it
was considered as case-study and used as reference in the development of the hybrid WEC module.

In the preliminary design, two-extension lengths were considered (200 m and 300 m), with two
different orientations: one aligned with the existing north breakwater and the other oblique to it and
with an orientation almost north–south [25]. Simulations for the ship maneuverability on approach
to the port favored the 300 m extension with the non-aligned orientation. Figure 2 presents the
provisional layout of the structure as well as the location considered for the implantation of the hybrid
WEC module.
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Figure 2. Provisional layout of the North breakwater extension (adapted from [26]).

The bathymetric surveys nearby the implantation site show that water depths reach about 18 m
(CD) at the head of the north breakwater extension. The design of the breakwater extension resulted in
a rubble-mound structure with an armor layer made of Antifer blocks produced with high-density
concrete [26]. The superstructure, the armor layer, and the cross section characteristics are presented in
Figure 3.
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The Port of Leixões location implies that it is subjected to very severe wave conditions. The most
frequent offshore significant wave heights are between 1 and 2 m, with about 70% of the occurrences
ranging between 1 and 3 m. However, maximum significant wave heights may surpass 8 m. The peak
wave periods are commonly in the range of 6 to 12 s (about 84% of occurrence frequency) and the
maximum value is around 20 s [27].

The local wave conditions, for a location in front of the North breakwater, were determined from
the offshore wave climate using the SWAN (simulating waves nearshore) numerical model [27]. It was
concluded that the significant wave heights range between 0.0 and 7.4 m (1.6 m in average) and that
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most of the records have significant wave heights bellow 4.0 m. The mean wave periods range between
3.2 and 15.3 s (7.0 s in average). The mean wave direction is between 182◦ and 337◦ (approx. between
W and NNW). At site, tides are of the semi-diurnal type with amplitudes ranging between 2 and
4 m [27].

It is expected that the Port of Leixões will continue to improve and to enlarge its facilities in
the near future to accommodate larger ships and efficiently handle increasing quantities of cargo.
The development of a port is frequently linked to energy consumption. From 2014 to 2016, for instance,
the total energy consumption increased by 14.8% to 29 015 MWh, representing the electrical energy
share (low and medium voltage consumption) 49.6% of that amount [28].

The sustainable development of the port activities requires increasing the share of clean and
renewable energy sources. The integration of innovative hybrid WECs in port sheltering structures
should contribute to increase the local renewable energy production and transforming ports in more
sustainable and environmentally friendly infrastructures.

It is worth mentioning that the hybrid WEC module being developed in the present study might
be integrated in breakwaters either during the construction phase or, eventually, at a later stage,
for instance, in a rehabilitation project.

3. Experimental Study

3.1. Introduction

The hybrid WEC module developed consists in the combination of an OWC and an OWEC.
The OWEC consists of a number of reservoirs one over each other (above the mean water level), which
store temporarily the overtopped water of incident waves. Low-head multi-stage hydraulic turbines
are then used to convert the potential energy of the stored water into electric power [22,23,29].

The OWC is composed of a semi-submerged chamber open to the sea below, which keeps a
trapped air pocket above a water column. The action of waves forces the column to act like a piston,
moving up and down, forcing the air out of the chamber and back into it again. This continuous
bidirectional stream of high-velocity air passes through a turbine that converts it into energy [19,20,30].

The design of the hybrid WEC resulted from the combination of efforts between FEUP and
INEGI, and was made using numerical tools. The WOPSim 2.0 software [31] was used to optimize
the geometry of the OWEC, namely the number of reservoirs and their crest level as well as the slope
angle of the approach ramp. The OWC device was designed and its resonance frequency adjusted
with the assistance of the CFD code ANSYS Fluent [32].

3.2. Equipment and Experimental Facility

The experimental study on the hybrid WEC solution for the Port of Leixões was conducted at the
Hydraulics Laboratory of the Hydraulics, Water Resources and Environment Division of the Faculty
of Engineering of the University of Porto (FEUP), Portugal. This experimental facility has a wave
basin which spans 28.0 m in length, 12.0 m in width, and 1.2 m in depth, and is equipped with a
multi-element piston-type wave generation system (HR Wallingford, Oxfordshire, UK). The wave
reflections are controlled by the rubble-mound dissipative beach and a dynamic wave absorption
system integrated in the wavemaker.

Based on similar studies on the OWEC (e.g., [33]) and the OWC (e.g., [34]) technologies, and
considering the physical limitations of the wave basin, the 2D physical model of the hybrid module
was conceived and built at a 1/50 geometrical scale. Mitigation of scale effects associated with an
incomplete hydraulic similitude was also taken into account as well as the logistical challenges inherent
to incorporating an OWC and an OWEC hybrid WEC in a geometrically limited and already defined
breakwater structure.

The equipment used in this experimental study included: resistive wave gauges (HR Wallingford,
Oxfordshire, UK), as to acquire the time series of the water free surface elevation (including in the OWC
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chamber) and to perform the wave reflection analysis; a pressure sensor (Honeywell, Golden Valley,
MN, USA), in order to measure the pressure variations inside the OWC; auxiliary reservoirs equipped
with pumps (Resun, Longgang, Shenzhen, China) to quantify the intake overtopping volumes; and a
2D bed profiler (HR Wallingford, Oxfordshire, UK), deployed with the intent of monitoring any
potential scouring phenomena at the toe of the breakwater.

The 2D physical model was built and tested in a 0.80 m wide channel materialized inside the wave
basin. Figure 4 presents the experimental setup, showing the location of the wave probes, the physical
model of the breakwater with the hybrid WEC integrated and the auxiliary reservoirs (R1, R2, R3, R4,
and R5) used to measure the overtopping volumes. R1–R4 were linked to the OWEC main reservoirs
and R5 was used to measure the overtopping over the crest of the breakwater structure.
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Figure 4. Physical model setup in the channel built inside the wave basin of FEUP.

A total of eleven resistive probes were used in the experiments to measure the water free surface
elevation: five to monitor water levels inside the auxiliary reservoirs (S3, S7, S8, S11, and S14), five
to measure the water free surface elevation in the wave channel and one inside the OWC to monitor
the dynamics of the oscillating water column. From those, four aligned wave gauges were allocated
to the determination of the incident wave conditions (S1, S4, S5, and S6). One probe was located
closer to the model to measure the water free surface elevation just in front of the structure (S9). Two
video cameras (C1 and C2) were used to record the experimental tests from different perspectives,
Figure 4. The system designed to measure the volume of overtopped water during the tests, composed
of several pumps and gauge levels, is described later.

3.3. Hybrid WEC Physical Model

The design and construction of the hybrid WEC module was performed to allow for a
comprehensive assessment of its hydraulic efficiency and performance, including for extreme wave
conditions, as these are vital to increase the TRL of the hybrid concept and develop it aimed at
integrating a full-scale prototype on a real harbor breakwater, for example the north breakwater
extension of the Port of Leixões, which is used in this work as reference structure.

A 40 m wide cross section of the Leixões north breakwater extension (full-scale, Figure 2) was
reproduced in the experimental facility on a geometric scale of 1/50, Figure 4. Since the hybrid WEC
module is 20 m wide (0.40 m at model scale), the breakwater cross-section (Figure 3) was reproduced
on both sides of this central module, completing the 0.80 m of the wave channel, Figure 4.

The OWEC system was comprised of four main reservoirs, with the crest levels at 0.75, 2.00,
3.25, and 5.00 m relative to the mean sea level (MSL) at full-scale, from lowest to highest, respectively,
and also an intake reservoir at the top of the structure, to collect water overtopping the breakwater
crest, Figure 5.
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All OWEC’s reservoirs were 20 m wide (at full-scale), in accordance to the dimensions of the
hybrid WEC module. Since the capacity of those main reservoirs was not enough to store the entire
overtopped volumes during the experimental tests, an overtopping storage-measurement system
was installed at the rear side of the physical model, Figure 4. Therefore, each OWEC’s reservoir was
connected by a hose to an auxiliary reservoir equipped with a hydraulic pump and a resistive wave
gauge to measure the time series of the water level inside each individual reservoir, Figure 6, as in [33].
This separation of overtopped volumes is required since the total head available is different for each
individual OWEC reservoir (R1, R2, R3, and R4).

The resistive gauges were also used to control pumps’ operation (i.e., the start and stop). Hence,
when the water free surface reached a fixed superior level inside a certain auxiliary reservoir, the
corresponding pump was activated and it only stopped when the minimum level was reached. This
measurement system is based on the determination of the operation time of the hydraulic pumps
used to emptying the auxiliary reservoirs and also on the assumption that the pumps’ flow rate is
approximately constant over that period (this methodology was verified in preliminary tests of the
measurement system for the range of operation expected in the experimental tests), [33].

An angle of 30◦ (relative to the horizontal plan) was chosen for the overtopping ramps, for all
four OWEC’s reservoir fronts, with the intent of ensuring the occurrence of slightly breaking surging
waves and to minimize changes to the initial slope of the breakwater extension project.

The OWC component of the hybrid WEC module included, at the front, a submerged water
intake (Figure 5) that had to be designed in order to both present a resonant period of the chamber in
accordance to the local wave climate, and prevent any air intake for the test conditions combining the
low-tide water level with high significant wave heights. The OWC was also connected to an auxiliary
reservoir to have a better reproduction of the air compressibility inside the oscillating water column,
Figure 6. Since the volume of air inside the OWC in still water conditions depends on the water level,
the volume of air inside the OWC auxiliary reservoir was controlled, adding or removing water from
it. This approach was based on the method described by [35].
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Figure 6. Hybrid WEC module: schematic representation of the cross-section.

Concerning the reproduction of the power take off (PTO), it was decided that a standard bi-radial
turbine would be adopted in the prototype. Therefore, the air flow rate is considered to be proportional
to the square root of the pressure [36]. A bladed diaphragm from a photographic camera was used
with the intent of obtaining a similar relationship between the air “flow rate” and the “pressure”, by
adjusting the diameter of the aperture. Up to eight diameters were tested during the experiments,
ranging from 15 to 2.5 mm, in order to determine the best one in terms of OWC energy production.
The control of the diaphragm aperture was done, in real time, using an Arduino Nano board and
Arduino IDE software. Eight different damping levels were considered for the PTO of the OWC, which
correspond to the different diameters of the diaphragm aperture: A02#, A03#, A04#, A05#, A06#,
A07#, A08#, and A09#. Figure 6 shows the location of the adjustable PTO of the OWC in the hybrid
WEC module.

In addition, three different geometries were considered for the water intake of the OWC module
of the hybrid WEC, Figure 7. Nevertheless, only one was selected to be used in the assessment of the
effects of the hybrid WEC integration on the breakwater (geometry C). The selection criteria of the
OWC geometry is described in Section 4.1.

It should also be noted that the bathymetry was reproduced along the 2D wave channel, from
the toe of the structure to a distance of about 12.50 m, close to the wave generating system, Figure 4,
following a slope of 0.63º in the direction of the wave propagation. This allows reproducing nearshore
phenomena such as the wave shoaling and to analyze if some scour phenomena develops in front of
the physical model.

3.4. Testing Program

The testing plan was divided in three test series (TS), with the following characteristics and
objectives:

• TS1—analysis of the stability and functionality of the breakwater without the hybrid WEC module;
• TS2—analysis of the performance of the different configurations of the hybrid WEC integrated in

the breakwater (Figure 7);
• TS3—analysis of the stability and functionality of the breakwater with the hybrid WEC module

integrated in the structure.
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Figure 7. Geometries A, B, and C of the hybrid WEC tested (full-scale dimensions) and detail of
OWC intake.

In TS2, different setups were considered for the hybrid WEC, namely in terms of entrance to the
OWC (Figure 7) and characteristics of its PTO system, in order to select the most suitable one for the
case-study application. The present work is focused mainly in the impact of the hybrid WEC module
on the breakwater, namely in terms of overtopping volumes and stability of the toe berm blocks that
support the main armor layer (i.e., the structure foundation). In spite of that, the selection process
of the OWC geometry is also presented, which was based on the performance of the OWC, both in
terms of efficiency and resonance periods. The physical model of the breakwater with and without the
hybrid WEC module integrated is presented in Figure 8.

The experimental tests of TS2 used to select the best OWC geometry were carried out for regular
waves characterized by a wave height of 1 m and the following wave periods: 6, 7, 8, 9, 10, 11, 12, 13,
and 14 s. Each individual test included about 100 waves. The water level corresponding to the mean
sea level was considered in these tests.

The experimental tests of TS1 and TS3 were carried out only with irregular long crested waves
that correspond to extreme wave conditions. The irregular sea states were defined by a JONSWAP
spectrum (peak enhancement factor of 3.3) and reproduced using the filtered white noise technique [37].
In addition, the same temporal sequence of about 1000 waves was used in the tests carried out for
each peak wave period, so as to allow a deterministic comparison of the results. To note that the
more extreme sea states (i.e., highest significant wave heights and peak wave periods) selected for
this study were defined taking into account both the wave breaking phenomena and the physical
limitations of the wavemaker, which was working with the active absorption module on to compensate
wave reflection.
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integrated in the breakwater and before the experimental tests.

The wave conditions considered in test series TS1 and TS3 are presented in Table 1 (in full-scale
values), characterized by its significant wave height (planned or reference value), HS, and peak wave
period, TP. Two different water levels were considered in these tests: the mean high water springs
(MHWS) and the mean low water springs (MLWS), 1.58 m above the MSL and 1.36 m below the MSL,
respectively. The selected wave conditions were calibrated before the beginning of the tests.

Table 1. Wave conditions tested in TS1 and TS3.

HS (m) TP (s) Water Level

6.0 13
8.0 16 MLWS
9.5 18

6.0 13
8.0 16 MHWS
11.0 16

4. Experimental results

4.1. Selection of the OWC Geometry

The OWC geometry to be used in the tests of TS3 was selected based on the performance of the
three alternative geometries in the regular wave tests carried out in TS2, both in terms of hydrodynamic
efficiency and range of resonance periods of the system.

The instantaneous wave power absorbed by the OWC was calculated based on the values of the
water free surface elevation inside the chamber and the chamber air pressure [38],

P = A
dη

dt
p (1)

where A represents the cross-sectional area of the free surface in the chamber, η the instantaneous water
free surface elevation in the chamber, t the time, and p the instantaneous air pressure in the chamber.

The time-average energy flux of the incident waves per meter of wave front, according to linear
wave theory, is given by,

PW =
1
2

ρgξ2Cg (2)



J. Mar. Sci. Eng. 2019, 7, 33 11 of 18

where ρ represents the sea water density, g the acceleration of gravity, ξ the incident wave amplitude,
and Cg the group velocity of the incident wave defined as,

Cg =
1
2

ω

k

(
1 +

2kh
sinh 2kh

)
(3)

where k represents the wave number, ω the angular frequency and h the local water depth.
The hydrodynamic efficiency of the OWC, i.e., the relative capture width, was determined as,

CW =
P

PW B
(4)

where P represents the absorbed power averaged over the test duration and B the width of the OWC.
The hydrodynamic efficiency of the three tested OWC geometries (Figure 7), for the different PTO

damping values considered (from A02# to A09#), is presented Figure 9.
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Figure 9. Efficiency of the OWC for the three tested geometries considering the different PTO damping
values: (a) geometry A, (b) geometry B, and (c) geometry C.
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It can be concluded that geometry C presents the best hydrodynamic efficiencies for the range of
wave periods typical of the case study location (Fortes et al., 2017) and similar results to the others for
wave periods higher than 11 s. Based on this conclusion, geometry C was selected to be characterized
in more detail in TS2 (results not presented here). In addition, the tests of TS3 were only carried out for
that geometry of the OWC.

4.2. Impact of the Hybrid WEC Module in the Breakwater

The test conditions considered in TS1 and TS3 (Table 1) correspond to extreme sea states defined
to evaluate the behavior of the rubble-mound breakwater with and without the hybrid WEC integrated.
The analysis carried out was focused on the:

• behavior of the breakwater with regard to wave reflection;
• scour development in front of the structure toe;
• number of blocks displaced from the toe berm;
• mean overtopping flow rate over the crest of the structure.

The reflection analysis was carried out using a script based on a development of the least squares
method proposed by [39], which uses simultaneous records of the water free surface elevations
measured by four aligned wave gauges (S1, S4, S5, and S6 in Figure 4). This analysis allowed for the
determination of the incident significant wave height, HS,i, the significant reflected wave height, HS,R,
and the reflection coefficient, CR, defined as

CR =
HS,R

HS,i
. (5)

The results of the reflection analysis are presented in Table 2 for the conditions tested in TS1 and
TS3. The local significant wave height in front of the breakwater (HS,l) was determined based on the
free surface elevation records of S9 (Figure 4).

Table 2. Results of the reflection analysis with (TS3) and without (TS1) the hybrid WEC module.

Test Series HS (m) TP (s) Water Level HS,i (m) HS,R (m) CR HS,l

TS1

6.0 13 6.06 1.68 0.28 6.8
8.0 16 MLWS 7.56 2.34 0.31 9.0
9.5 18 9.11 2.89 0.32 8.9

6.0 13 5.87 1.81 0.31 6.8
8.0 16 MHWS 7.77 2.77 0.36 9.4

11.0 16 9.63 3.09 0.32 10.6

TS3

6.0 13 5.95 1.93 0.32 6.9
8.0 16 MLWS 7.80 2.78 0.36 8.9
9.5 18 8.83 3.20 0.36 8.7

6.0 13 5.85 1.89 0.32 6.8
8.0 16 MHWS 8.10 2.99 0.37 8.8

11.0 16 9.85 3.50 0.35 10.0

It can be concluded that the behavior of the tested rubble-mound breakwater, with respect to the
wave reflection, is not significantly affected with the integration of the hybrid WEC module in the
structure. In fact, only a slight increase of CR values was observed: its range of variation is (0.28–0.36)
for TS1 and (0.32–0.37) for TS2, Table 2. It can also be observed that the values of CR are slightly higher
for the higher water level (MHWS).

The significant wave height values are consistently higher in front of the structure (S9, Figure 4)
due to the shoaling phenomena in the foreshore and, eventually, the pattern of superposition of
incident and reflected waves created at that location.



J. Mar. Sci. Eng. 2019, 7, 33 13 of 18

To analyze the bathymetry variation in front of the structure, 2D profiles were measured before
and after each test series, which comprised six sea states of increasing significant wave height and
peak wave period (Table 2). In total, in each test series, the rubble-mound breakwater was submitted
to approximately 6000 waves (6 × 1000 waves), which correspond to about 26 h of testing time in
the prototype.

Figure 10 presents the bathymetric profiles measured before and after the tests of TS1 and TS3,
corresponding to the central alignment of the wave channel (Figure 4). These profiles contain: the
sandy sea bottom in front of the structure, the rubble foundation of the breakwater and also its toe
berm, which gives support to the main armor layer and is composed of two rows of Antifer blocks.
Figure 11 presents the hybrid WEC module integrated in the breakwater allowing the identification of
the three areas mentioned.
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Figure 10. Variation of the bathymetry in from of the breakwater toe: initial bathymetric profile (a) and
profiles after test series TS1 (b) and TS3 (c).

Although some differences can be clearly observed in the bathymetric profiles measured after
the 6000 waves, Figure 10, there was no evidence of scour phenomena development at the toe of the
rubble-mound breakwater for the conditions tested, either with or without the hybrid WEC module
installed. In fact, the most significant variations of the profile were observed at the toe berm of the
breakwater, due to displacements of some Antifer blocks, which experienced movements essentially
during the tests carried out for the most extreme sea state of each test series. In front of the toe berm,
only the sand undulations (ripples) typical of this kind of test with mobile beds could be observed, as
shown in Figure 11.
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Figure 11. Physical model of the breakwater with the hybrid WEC module integrated: (1) sandy sea
bottom, (2) rubble foundation, and (3) toe berm of the breakwater.

The damage in the armour layer and toe berm of the rubble-mound breakwater was visually
analysed after TS1 and TS3, Figure 12. The majority of the displaced blocks are from the toe berm
of the breakwater (green blocks) that experienced: rocking, displacements out of the toe berm and
also sliding.
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Figure 12. Rubble-mound breakwater after the conclusion of the tests of TS1 (a) and TS3 (b).

The number of units with a relevant displacement (i.e., more than a characteristic dimension of
the Antifer blocks) was 25 in TS1 and 20 in TS3. Despite the limited number of conditions tested in this
experimental work, it can be concluded that the integration of the hybrid WEC in the breakwater did
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not affected negatively the stability of the toe berm. It should be pointed out that no conclusions could
be drawn about the stability of the armor layer blocks (breakwater slope), due to the so called ‘wall
effects’, particularly when the hybrid WEC is introduced in the breakwater. However, it should be
mentioned that in a real intervention (full-scale), it is expected that the armor layer blocks nearby the
walls of the WEC module are solidarized with it by concrete casted in place.

It is also important to analyze if the integration of the hybrid WEC module in the breakwater
has any relevant impact in the magnitude of overtopping events. Hence, the mean overtopping flow
rates for TS1 and TS3, and for the two tested water levels, were estimated based on the overtopped
water collected in the reservoir R5 (Figure 6) and the results presented in Figure 13. It can be observed
that overtopping flow rates over the crest of the breakwater are much higher for the higher tide level
(MHWS), as expected.
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In addition, the results show that the integration of the hybrid WEC module on the structure has
a positive effect in terms of overtopping, leading, in general, to a reduction of the mean flow rates,
Figure 13. The exception to that conclusion, observed in the results obtained for the smaller significant
wave height tested (HS = 6 m), was attributed to the usual uncertainty in the prediction of overtopping
discharges [40], especially high for very low discharge data, which typically show a wider variability.

The conclusions obtained are important since they demonstrate that the integration of WECs
in harbor breakwaters is possible without compromising the stability or the functionality of these
key structures.

5. Conclusions

The influence of the integration of a hybrid WEC module on the stability and functionality of a
rubble-mound breakwater was assessed in an experimental study carried out on a geometric scale
of 1/50, seeking to fill the gap in existent knowledge on the subject. The rubble-mound structure
proposed for the extension of the North breakwater of the Port of Leixões was used as case-study.

The experimental results obtained allowed to concluded that the integration of the hybrid WEC
module in the breakwater does not affect negatively the stability of the toe berm blocks and does not
contribute to the development of scour phenomena in front of the structure. Furthermore, the hybrid
WEC module seems to reduce, significantly, the mean overtopping flow rate of the breakwater, thus
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improving its functional performance. The behavior of the breakwater with regard to wave reflection
was not significantly affected, although a small increase of the reflection coefficient was noticed in the
tests with the hybrid WEC module. Additional tests, for new conditions, are needed to confirm and
extend the obtained results and conclusions, which seem very favorable to the integration of this type
of device on harbor breakwaters.
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