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Abstract— Harnessing and using marine renewable 

energy at seaports is a promising solution to put these 

energy-intensive infrastructures on the right track to energy 

self-sufficiency and environmental sustainability, reducing 

their carbon footprint. This paper presents a summary of the 

main conclusions and achievements of a recently concluded 

R&D project that encompassed the experimental study of an 

innovative hybrid wave energy converter integrated into a 

case-study rubble-mound breakwater in the Port of Leixões, 

Portugal. It also describes the prospective studies planned 

in two ongoing projects, PORTOS – Ports Towards Energy 

Self-Sufficiency and WEC4Ports – A hybrid Wave Energy 

Converter for Ports, intended to further develop and assess 

this promising technology. It has been demonstrated that its 

wave-to-wire efficiency and annual energy production are 

27.3% and 35.0 MWh/m per year, respectively, for the case-

study location. Hence, a 240 m long device could provide 

more than half of the port’s electricity consumption, which 

vows for the device’s potential. Moreover, the impact of its 

integration into the case-study breakwater showed that it 

leads to a 50% reduction of overtopping discharges over the 

structure, and no significant effects on the structure’s wave 

reflection, although the stability of the toe berm blocks was 

negatively impacted. Overall, the conclusions obtained are 

favourable to the integration of this technology into rubble-

mound breakwaters. Notwithstanding, further research is 

still needed, namely in terms of wave forces acting upon the 

structure, important for the assessment of the functional 

performance and lifecycle readiness of the technology, and 

the use of PTO control strategies. This is being addressed in 

PORTOS and WEC4Ports projects. 
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I. INTRODUCTION 

UE to the stochastic nature of renewable resources, 

they aren’t always capable of offering electricity and 

covering demand while needed. Higher scenarios of 

renewable integration have been proposed, and the 

principal challenge for better penetration is generally their 

perceived consequences on the stableness of the electric 

grid. To help withinside the version of renewables options 

that lessen traditional fuel intake and increase electricity 

independence, answers which include storage and/or 

mainland interconnection have been suggested. There are 

significant economic elements to be taken into 

consideration with the destiny boom of renewable energy 

expected. They are related to the infrastructure that has to 

keep an uninterrupted energy delivery and the price of 

electricity. The often-overlooked wave energy is a 

renewable high-density resource that can contribute to the 

ambitious Europe decarbonization targets to become the 

world's first climate-neutral continent, as predicted in the 

EU Green Deal [1].  

The technical solutions of wave energy converters 

(WEC) are mature to some extent, but the present state of 

the art indicates that these technologies are still far from 

the stage of real engineering applications (reasonable 

payback) [2-4]. The high construction, maintenance and 

installation costs of WECs originated from the harsh 

marine conditions may directly lead to an uneconomic 

price of electric power. Therefore, the integration of some 
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of these technologies into coastal protection structures  [5] 

and harbour breakwaters [6] can be vital points of interest, 

like sharing the structure costs, accessibility of grid 

connection, generating currents in the interior harbour 

field, easy maintenance, and improvement in the 

performance of the protection structures due to the 

efficient absorption of wave energy [6, 7]. Besides, a 

significant decrease in greenhouse gas emissions and air 

pollution will occur on account of the contribution of the 

energy output of a harbour breakwater-integrated hybrid 

WEC to the highly consumed and usually non-renewable 

energy of harbours. 

The present paper focuses on the main conclusions of 

the development of a harbour rubble-mound breakwater 

integrated overtopping and oscillating water column 

hybrid technology (h-WEC) [8-11]. These studies have 

shown that the annual energy production of the h-WEC 

investigated at the Port of Leixões, considering the 

efficiency of hydro and air turbines, presents promising 

results. 

II. CASE-STUDY HARBOUR BREAKWATER, DESIGN AND 

OPTIMIZATION OF THE H-WEC 

A.  Location and characteristics of the case-study breakwater 

The Port of Leixões is located on the northwest coast of 

Portugal, in the city of Porto. To ensure that it can handle 

the ever-larger ships that drive the sea shipping economy, 

a 300 m extension of the main breakwater is being 

developed by the Port Authority of Leixões, which creates 

a perfect opportunity for the incorporation of a wave 

energy harnessing device, such as the h-WEC, into the 

port’s infrastructure. Therefore, the h-WEC was designed 

to flawlessly integrate the planned extension of the North 

breakwater of the Port of Leixões, Fig. 1, although it can be 

easily adapted to fit multiple other rubble-mound 

breakwaters. The middle section of the extension was 

chosen for the integration of a 20 m-wide module that was 

posteriorly tested using physical modelling, at a water 

depth of 17.5 m. This section has a tout-venant core, two 

rockfill filter layers and a two blocks thick armour layer of 

regularly placed high-density Antifer blocks, Fig. 1b. 

 

The Port of Leixões is exposed to an energetic wave 

climate [10], which warrants the high energy harvesting 

potential of the location but also renders the assessment of 

the stability and functionality of the breakwater a critical 

aspect of the h-WEC’s design. Hence, the wave climate was 

characterized by propagating waves from offshore to the 

approximate location of the extension, at a water depth of 

around 21 m (CD), using the SWAN model [12, 13]. The 

total mean annual resource available is estimated at 

16.9 kW/m. Following the recommendations by [14], seven 

representative sea states were chosen for physical model 

testing, Fig. 2. These were combined with three 

characteristic water levels determined from the Leixões 

tidal gauge over approximately five years, corresponding 

to the mean sea level (MSL) – 17.5 m (C.D.), a characteristic 

low water level (LWL) – 16.2 m (C.D.) and high water level 

(HWL) – 19.2 m (C.D.), with the associated probabilities of 

occurrence, 57.1%, 23.9% and 19.0%, respectively [10].  

 
The selected sea states cover 97% of the annual available 

energy and 84% of the occurrences. Their characterising 

parameters are shown in Table I, in prototype values, 

where HS represents the significant wave height and TP the 

peak wave period. 

  

B. Design of the h-WEC 

One of the main obstacles hindering the successful 

implementation of wave energy into the main power grids 

of ocean-facing nations is the high cost of the produced 

electricity, as the Levelized Cost of Energy (LCoE) is still 

higher than most renewable and non-renewable 

alternatives. Notwithstanding, the LCoE of wave and tidal 

stream energy is expected to decrease 75% in the next ten 

years  [15] making them commercially attractive and cost-

competitive. Two critical factors to reduce the energy cost 

are to increase the efficiency and consistency of the 

devices’ electricity production, as well as reducing 

 
(a) 

 
(b) 

Fig. 1.  Planned extension of the North breakwater of the Port of 

Leixões: (a) plan view and (b) cross section. 

 
Fig. 2.  Resource matrix at the site and seven selected sea states. 

TABLE I 

CHARACTERIZING PARAMETERS OF THE SELECTED SEA STATES. 

Sea 

state 
HS [m] TP [s] 

Energy 

contribution [%] 

Probability of 

occurrence [%] 

SS1 1.7 9.0 19.6 25.6 

SS2 1.9 11.5 24.5 20.5 

SS3 2.8 14.1 19.0 6.2 

SS4 2.9 16.6 10.5 2.6 

SS5 3.7 11.6 13.8 3.1 

SS6 1.1 6.8 4.9 21.0 

SS7 1.5 13.9 4.6 5.1  
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construction and maintenance costs. For that purpose, the 

hybridisation of two wave energy harvesting concepts was 

implemented in the design of the h-WEC in order to tackle 

the challenge of efficiency and consistency. Furthermore, 

the advantages of the integration of WECs into harbour 

breakwaters are explored, contributing to the reduction of 

construction and maintenance costs by sharing these with 

harbour structures, which implies the conceptualization of 

a device that can be seamlessly integrated into 

conventional rubble-mound breakwaters. Within this 

context, the selection of the technologies was performed by 

means of a decision matrix comparing four concepts, Fig. 

3, taking into consideration cost-effectiveness, breakwater 

construction and integration, Technology Readiness Level 

(TRL), scalability and modularity, maintenance, reliability, 

and innovation. Hence, the h-WEC explores the added 

benefits of the hybridisation of two well-known and 

proven technologies to harvest the power of ocean waves, 

the Oscillating Water Column and the OverTopping 

Device, Fig. 3d. 

 

1) OTD component design and optimization  

The OTD component of the h-WEC was optimized by an 

evolutionary optimization algorithm that maximised the 

overall hydraulic efficiency by changing the crest height of 

the OTD’s reservoirs according to set constraints, such as 

a minimum distance between reservoirs slabs of 1.25 m to 

facilitate access, a minimum height for the lowermost 

reservoir of 0.75 m to ensure a minimum hydraulic head 

for the turbines and uppermost reservoir’s crest below the 

breakwater’s crest level. Moreover, the overall hydraulic 

efficiency of a three-, four- and five-reservoirs device was 

compared. Extra reservoirs allow increasing the device’s 

efficiency as they mitigate the negative effect of broad tidal 

ranges [6], despite adding construction and equipment’s 

costs. The mean overtopping flow was calculated using the 

empirical expression developed by Kofoed [16], which is a 

function of the significant wave height tested and the 

reservoirs’ crest levels. 

The hydraulic efficiency is calculated as the ratio 

between the mean power captured by the OTD component 

and the mean power available in the considered sea state. 

The optimization covered the seven selected sea states and 

nine representative water levels, each with the associated 

number of hours of occurrence per year [17]. The obtained 

crest heights of the reservoirs were then studied using the 

software WOPSim 2.0 [18], and a hydraulic efficiency of 

28.5% was calculated for a 4-reservoirs device (against 

23.2% and 29.9% for a 3- and 5-reservoirs device, 

respectively). Hence, taking also into consideration the 

added costs of extra reservoirs, a 4-reservoirs device was 

chosen, with reservoirs’ crests at 0.75, 2.00, 3.25 and 5.00 m 

(MSL) and ramp angles of 30°. 

2) OWC component design optimization 

The performance of OWC devices is very dependent on 

the wave frequency at which they are excited [19]. When a 

system is resonating with the incident waves, motions tend 

to be amplified, resulting in large accelerations and forces 

[14]. Different geometries of the OWC’s chamber were 

designed to adjust the device’s resonant frequency to 

match the most frequent peak wave periods at the location, 

leading to higher efficiencies, using Ansys Fluent [20]. 

However, as the modifications in the OTD’s frontal ramp 

can lead to a decrease in its hydraulic efficiency, three 

different geometries, from A to C, were tested to determine 

the best overall efficiency of the h-WEC, Fig. 4. 

  

III. PHYSICAL MODEL TESTS SETUP 

A 40 cm wide physical model of the designed h-WEC 

was built in polymethyl methacrylate, at a geometric scale 

of 1:50, taking into consideration the facilities’ limitations, 

similar studies [7, 21, 22] and other recommendations [23], 

Fig. 5a. The overtopping volumes into the OTD’s 

reservoirs’ were measured using the method described in 

[10]. The water that overtopped the device’s crest was also 

captured and the total overtopped volume was measured 

using the same system.  

Air compressibility is not adequately represented in 

physical models of OWC devices when the Froude 

similarity is used [24]. However, by connecting a rigid air 

reservoir of specified volume to the OWC chamber, air 

compressibility was correctly modelled following the 

methodology in [24]. Furthermore, the OWC’s PTO was 

modelled using the diaphragm of a camera lens, which 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3.  Combination of (a) flexible membranes and OWC, (b) 

flexible membranes and OTD, (c) and (d) OWC and OTD.  

 
Fig. 4.  Three geometries tested to determine the best overall 

efficiency, with the breakwater’s cross-section contour in red. 
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works as an orifice plate, that has the same relation 

between flow rate and pressure as a biradial turbine [25], 

the one chosen for the PTO of the OWC component of the 

h-WEC. The diaphragm was controlled electronically 

during the tests, allowing to test different damping values 

(diaphragm apertures) expeditiously. The tested orifice 

diameters were 3.3, 6.3, 8.0, 11.4 and 14.0 mm. 

The device was then tested in the wave basin of the 

Hydraulics, Water Resources and Environment Division of 

the Faculty of Engineering of the University of Porto, 

integrated into an 84 cm wide section of a model of the 

planned extension of the breakwater, Fig. 5b. The 

bathymetry was approximately reproduced by a 12.65 m 

long ramp with a 0.63° slope. Five wave gauges monitored 

the water’s free surface elevation during the tests, and a 

sixth gauge measured the water’s free surface oscillation 

inside the OWC chamber, Fig. 5c. In addition, a pressure 

sensor recorded the air pressure variation at the exit of the 

OWC, from which the airflow rate was determined [25]. 

The tests were carried out with regular and irregular 

waves. The height of the tested regular waves was 0.02 m 

and the wave period ranged from 0.8485 to 2.121 s with 

0.141 s increments (i.e., 6 to 15 s with 1 s increments in full-

scale values). After these, tests were carried out with wave 

heights of 0.04 and 0.08 m, but the natural resonant period 

of the device, for each geometry, was determined in the 

tests with H=0.02 m. All the tests with regular waves were 

carried out with the MSL (0.488 m of water depth, 0.350 m 

at the toe of the breakwater) and lasted 400 waves each, 

Table II. 

The tests with irregular waves were carried out using a 

JONSWAP spectrum with a peak enhancement factor of 

3.3. The conditions considered are depicted in Table III. 

The tests were carried out with the LWL, the MSL and the 

HWL, and each test lasted 512 waves. 

The significant wave heights and peak wave periods 

tested to assess the impact of the h-WEC in the 

breakwater’s stability and functionality are detailed in 

Table IV. These tests were carried out for the LWL and 

HWL only, as these are the most critical, lasted 1024 waves, 

and were carried out with and without the h-WEC 

integrated into the breakwater. Conditions were limited by 

the depth induced wave breaking and the wave generation 

system’s limitations. For clarity, the wave periods tested 

will be presented and discussed in prototype values. 

IV. WAVE ENERGY HARVESTING EFFICIENCY AND 

ESTIMATED ANNUAL ELECTRICITY PRODUCTION 

A. Wave energy harvesting efficiency 

The hydrodynamic behaviour of the device was 

characterized by means of the tests with regular waves, as 

it allowed to highlight the effect of wave height and period 

on its performance. The resonant period of the OWC was 

determined for each tested geometry, and the overall 

hydrodynamic efficiency of the device was determined. 

The results will be presented for each component 

individually, and then for the h-WEC as a whole. 

1) Analysis of the OWC component 

The resonant frequency of the OWC was determined for 

the three tested geometries with a precision of 1 s (full-

 
(a) 

 
(b) 

 
(c) 

Fig. 5.  (a) 3D model of the h-WEC (geometry B only), (b) physical 

model of the h-WEC integrated into a section of the breakwater, and 

(c) wave channel configuration.  

TABLE II 

TEST PROGRAM WITH REGULAR WAVES.  

Condition H [m] T [s] 

RW1 0.02 0.8485 

RW2 0.02 0.9899 

RW3 0.02 1.131 

RW4 0.02 1.273 

RW5 0.02 1.414 

RW6 0.02 1.556 

RW7 0.02 1.697 

RW8 0.02 1.838 

RW9 0.02 1.980 

RW10 0.02 2.121 

RW11 0.02 TR 1 + 0.071 

RW12 0.02 TR - 0.071 

RW13 0.04 TR 

RW14 0.08 TR 
1 Resonant wave period.  

TABLE IV 

TEST PROGRAM FOR STABILITY AND FUNCTIONALITY ANALYSIS 

Condition HS [m] TP [s] Repetitions Water level 

SF1 0.120 1.838 1 

LWL SF2 0.160 2.263 2 

SF3 0.190 2.263 2 

SF1 0.120 1.838 1 

HWL SF2 0.160 2.263 2 

SF3 0.190 2.263 4  

TABLE III 

TEST PROGRAM WITH IRREGULAR WAVES 

Condition HS [m] TP [s] 
Energy 

contribution [%] 

Probability of 

occurrence [%] 

IW1 0.034 1.273 19.6 25.6 

IW2 0.038 1.626 24.5 20.5 

IW3 0.056 1.994 19.0 6.2 

IW4 0.058 2.348 10.5 2.6 

IW5 0.074 1.640 13.8 3.1 

IW6 0.022 0.962 4.9 21.0 

IW7 0.030 1.966 4.6 5.1  
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scale). Afterwards, the precision was increased to 0.5 s by 

testing the device for the same wave height and two wave 

periods: the resonant period plus and minus 0.5 s. This 

was done for the three geometries, and the Response 

Amplitude Operator (RAO) was calculated, determined as 

the ratio between the amplitude of the water’s free surface 

oscillation inside the OWC chamber and the incident wave 

height. Fig. 6a shows the results obtained. 

The resonant period of geometry A, B and C for the MSL 

was 12.5, 11.5 and 10.5 s, respectively. As expected, the 

resonant wave period decreased from geometry A to B to 

C. The variation of the RAO with increasing wave height 

was then assessed by testing each geometry for wave 

heights of 0.04 m and 0.08 m for their respective resonant 

wave periods, Fig. 6b.   

 
The RAO decreases with increasing wave height, 

similarly to what was observed by [26] and [27]. This is 

attributed to an increase in chamber free surface 

deformation and water sloshing as wave height increases 

[26], as well as a higher dissipation of the wave energy in 

the motion [9]. 

The hydrodynamic power captured by the OWC 

component was then computed as, 

 𝑃𝑂𝑊𝐶 =
𝑝𝐴𝑐

𝜕𝜂
𝜕𝑡

𝑊
 

(1) 

where p (Pa) is the instantaneous air pressure drop 

between the chamber of the OWC and the exterior, Ac (m2) 

the cross-section of the free surface inside the OWC 

chamber, in this case, 0.10 m × 0.10 m, η (m) the water’s 

free surface oscillation inside the OWC chamber, t (s) the 

time and W (m) the width of the OWC chamber, in this 

case, 0.10 m (model values). 

The capture width ratio (CWR), or hydrodynamic 

efficiency, is the ratio between the hydrodynamic power 

captured and the power available. A 0.10 m wavefront was 

considered to calculate the wave power available for the 

OWC, Fig. 7, as this allows a more adequate comparison 

with CWR values for other OWC devices obtained from 

the literature, instead of considering the full width of the 

h-WEC (0.40 m). 

 
The CWR of the OWC peaks close to its natural resonant 

period for the three geometries. The highest CWR is 

obtained for T=12.0 s for geometry A, T=10.0 s for 

geometry B and T=10.5 s for geometry C. However, the 

CWR of geometry C presents two peaks, one for T=9.5 s 

and one for T=10.5 s, with a decrease in efficiency for 

T=10.0 s. The OWC reached maximum CWRs of 84%, 98% 

and 129% for geometry A, B and C, respectively. 

 Efficiencies above 100% can be expected for OWC 

devices excited close to their natural resonant frequency 

[19]. In addition, the OWC might be capturing the energy 

from a larger wavefront than 0.10 m (the h-WEC module 

is 0.40 m large), and the “tapering” effect of the side, or 

harbour, walls is known to significantly increase the CWR 

of OWC devices [19].  

2) Analysis of the OTD component 

The power captured by the OTD device is the sum of the 

power captured by each of its reservoirs, calculated as, 

 𝑃𝑂𝑇𝐷 =∑ 𝜌𝑔𝑐𝑖𝑞𝑖
𝑛

𝑖=1
 (2) 

where ci is the crest height of the ith reservoir relative to 

the still water level and qi is the mean overtopping flow 

rate per meter of reservoir width that enters the ith 

reservoir. Fig. 8a shows the hydraulic efficiency of the 

OTD device, calculated as the ratio between the 

hydrodynamic power captured and wave power available, 

as a function of the wave period for a fixed wave height of 

0.02 m. Fig. 8b shows the hydraulic efficiency of the OTD 

as a function of the wave height for the resonant wave 

period of each geometry. The wavefront considered to 

calculate the available wave power was 0.40 m. 

Fig. 8a shows that the OTD device reached maximum 

hydraulic efficiencies of 36%, 29% and 25% for geometry A 

(T=8 s), B (T=8 s) and C (T=6 s), respectively. The three 

 
(a) 

 

(b) 

Fig. 6. Response Amplitude Operator for geometries A, B and C for 

(a) a fixed wave height of 0.02 m and (b) a fixed wave period, equal to 

each geometry’s resonant period. Wave period values are in full-scale. 

 

Fig. 7.  Capture width ratio of the OWC as a function of wave period 

(full-scale values) for H=0.02 m. 
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geometries show higher efficiencies for the lower wave 

periods and somewhat lower but more constant efficiency 

for wave periods above 9 s. 

Fig. 8b shows that the hydraulic efficiency of the OTD 

increases with wave height tested, although not 

proportionally. As can be seen in Fig. 2, the wave resource 

is denser for significant wave heights between 1.5 and 

3.5 m. Moreover, because the crest heights of the reservoirs 

were optimized considering the wave resource, it is 

natural that the OTD component performs better for those 

wave heights. 

3) Analysis of the h-WEC as a whole 

Because the efficiencies of the OTD and OWC 

components are significantly different, the relative 

efficiency, calculated as the ratio between the efficiency 

and the maximum efficiency of each component and 

geometry, was calculated and is shown in Fig. 9. Hence, it 

is possible to better assess for which wave periods each 

component performs better. Fig. 9 shows that the OTD 

component (solid lines) has higher efficiencies for lower 

wave periods (up to around 9 s), and the OWC component 

(dashed lines) has greater efficiencies for higher wave 

periods (from 9 s for geometries B and C and 10 s for 

geometry A). 

This shows that the h-WEC has the potential of 

producing electricity more constantly over a broader range 

of wave periods. Constant power production is a critical 

aspect of supplying power to electrical grids, which could 

be resolved, or at least enhanced, with the dual-WEC 

concept. Finally, Fig. 10 shows the efficiency of the h-WEC 

as the sum of the efficiencies of the OTD and OWC 

components. Its shows that the h-WEC has a relatively 

constant efficiency over a broad range of wave periods. 

 

B. Annual Electricity Production 

The Annual Electricity Production of the h-WEC device 

was calculated based on the tests with irregular waves, 

which represent 97% of the mean annual available wave 

resource. The efficiencies of the power conversion steps 

that were outside of this study were obtained from the 

literature. The following efficiencies were considered: 

• Reservoir efficiency ηres (OTD - efficiency of the 

power conversion from the reservoir’s crest to the 

stored water head): 75% [9, 28]; 

• Hydraulic turbine efficiency ηhturb (OTD): 80% [9, 

28]; 

• Air turbine efficiency ηatur (OWC): 70% [9, 25] 

• Electrical generator efficiency ηgen (OTD and OWC): 

95% [9, 28]. 

The estimated energy production of the OTD and OWC 

components are calculated as, 

 𝑒𝑂𝑇𝐷 = 𝑃𝑂𝑇𝐷 ∙ 𝜂𝑟𝑒𝑠 ∙ 𝜂ℎ𝑡𝑢𝑟 ∙ 𝜂𝑔𝑒𝑛 ∙ ℎ𝑖 ∙ 𝐿𝑂𝑇𝐷  (3) 

 𝑒𝑂𝑊𝐶 = 𝑃𝑂𝑊𝐶 ∙ 𝜂𝑎𝑡𝑢𝑟 ∙ 𝜂𝑔𝑒𝑛 ∙ ℎ𝑖 ∙ 𝐿𝑂𝑊𝐶  (4) 

where POWC is the power captured by the OWC, calculated 

as in (1),  POTD is the power captured by the OTD, calculated 

as in (2), hi is the mean number of hours of occurrence of 

the ith condition (combination of the probabilities of 

  
Fig. 10.  Hydraulic/hydrodynamic efficiency of the h-WEC as a 

function of the wave period. 

 

(a) 

 

(b) 

Fig. 8. Hydraulic efficiency of the OTD as a function of (a) wave 

period with a fixed wave height of 0.02 m and (b) as a function of the 

wave height for the resonant wave period of the OWC for each 

geometry. 

 
Fig. 9.  Relative efficiency as a function of tested wave period. 
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occurrence of the sea state and water level), LOTD and LOWC 

are the widths of the OTD (0.40 m) and OWC (0.10 m) 

components, respectively. Energy values will be presented 

in full-scale. 

1) Selection of geometry 

In order to select one of the three tested geometries of 

the OWC entrance and OTD frontal ramp, a preliminary 

test series was carried out with conditions IW1 to IW5 for 

the MSL, and IW1 and IW2 for the LWL and HWL. Fig. 11 

shows the estimated energy captured by the h-WEC 

module by each geometry, as well as each component’s 

contribution. Here, as the objective is only to compare each 

geometry’s performance and not to calculate energy 

production, the energy conversion steps’ efficiencies were 

not considered, and the results can be seen as the 

hydrodynamic energy captured. 

Fig. 11 shows that geometry B yields the most energy 

captured, with 888 MWh/year, against 828 and 

791 MWh/year for geometries A and C, respectively. These 

values only partially cover the annual available power and 

therefore underestimate the h-WEC energy harvesting 

potential but can nonetheless be used to determine that 

geometry B presents the best overall performance of the 

three tested geometries. Hence, the remaining conditions 

will only be tested for geometry B, to complete the Annual 

Electricity Production assessment.  

 

2) Analysis of the OWC component energy production 

For the sake of clarity, only the results of the best 

performing PTO configuration (diaphragm aperture) will 

be presented, in this case, 11.42 mm. Fig. 12 shows the 

energy produced by the OWC component of the h-WEC as 

a function of the condition tested, by water depth. 

 
The OWC component shows a very significant peak for 

condition IW2 for the three water depths and another, less 

prominent, peak for IW5. As IW2 represents the most 

significant energy contribution of the conditions tested, 

this peak was expected. However, IW5 represents only the 

fourth most significant energy contribution of the 

conditions tested. Moreover, the OWC shows a 

considerably more significant power production for 

conditions IW1, IW2 and IW3 compared to conditions IW4, 

IW5, IW6 and IW7. To better understand for which 

conditions the OWC performs best, the wave-to-wire 

efficiency of the OWC is presented in Fig. 13, calculated as 

the ratio between the estimated energy production and the 

available energy resource.  

 
The OWC’s wave-to-wire efficiency shows two clear 

peaks, one for condition IW2 and another for IW5, the last 

one less pronounced. As the OWC performance is very 

dependent on the wave period, namely how close it is to 

the OWC’s natural resonant period, this behaviour is due 

to the characteristic peak wave period of these conditions 

being close to the resonant wave period of the device 

(TP=11.5 s and TP=11.6 for conditions IW2 and IW5, 

respectively). This enhanced efficiency for IW5 also 

explains the energy production peak observed in Fig. 12 

for the same condition. Moreover, the OWC shows good 

efficiencies for the other conditions with large energy 

contributions, namely IW1 and IW2, which shows that the 

device is well optimized to explore the location’s resource 

potential. The maximum wave-to-wire efficiency was 

96.2%, reached for condition IW2 and the MSL. 

  
Fig. 11.  Energy captured by the h-WEC for the geometry selection 

tests and each component’s contribution. 

 

Fig. 12.  Energy produced by the OWC component for each water 

depth tested and total. 

 

Fig. 13.  Wave-to-wire efficiency of the OWC component. 
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3) Analysis of the OTD component energy production 

Fig. 14 shows the energy produced by the OTD 

component of the h-WEC as a function of the condition 

tested, by water depth. 

The OTD component shows large values of produced 

energy for conditions that have a more relevant energy 

contribution, namely IW2, similarly to the OWC. 

Notwithstanding, it shows almost the same energy 

production for condition IW1 as for condition IW2, as 

opposed to the OWC.  

The wave-to-wire efficiency of the OTD, Fig. 15, is fairly 

more constant than that of the OWC. It also shows a 

relevant peak for IW5 and, for the MSL, a peak for IW6 

(unlike the other tested depths). The maximum wave-to-

wire efficiency was 22.1%, reached for condition IW6 and 

the MSL. 

4) Analysis of the h-WEC as a whole 

The estimated mean Annual Energy Production of the 

20 m wide (full-scale) h-WEC is 695 MWh/year, with the 

OTD component yielding 341 MWh (49%) and the OWC 

component 354 MWh (51%), Fig. 16. 

The estimated AEP of the h-WEC amounted to a mean 

power rating of almost 80 kW, which means that a 20 m 

wide (full-scale) device could supply more than 4% of the 

Port of Leixões electrical energy consumption in 2019 [29]. 

Moreover, if a 240 m wide device were considered, more 

than half of the port’s electricity consumption could be 

supplied by the h-WEC. 

V. FUNCTIONALITY AND STABILITY OF THE NON-

CONVENTIONAL BREAKWATER 

The non-conventional breakwaters with integrated 

WECs must preserve their main function of harbour 

protection. This critical issue was assessed for the h-WEC 

integrated into the planned extension of the North 

breakwater of the Port of Leixões, and the results are 

presented hereafter. 

A. Impact of the h-WEC in the breakwater’s functionality 

The impact of the h-WEC in the breakwater’s 

functionality was assessed by comparing the mean 

overtopping flow over the structure with and without the 

h-WEC, as well as the reflection coefficients. The reflection 

coefficient, calculated as the ratio between the significant 

reflected wave height and the incident significant wave 

height, is shown in Fig. 17, with and without the h-WEC 

integrated. The reflection analysis was carried out using a 

script based on a development of the least-squares method 
proposed by [30]. 

The integration of the h-WEC into the breakwater led to 

slightly lower reflection coefficients for the tests with the 

LWL, and slightly higher reflection coefficients for the tests 

with the HWL. The reflection coefficients ranged from 0.29 

to 0.37 without the h-WEC and 0.30 to 0.42 with the h-

WEC. The introduction of the h-WEC into the breakwater 

does not have a significant impact on its reflection 

coefficient, which is natural as the h-WEC absorbs wave 

energy and rubble-mound breakwaters dissipate it. 

Subsequentially, the mean overtopping flow rate over 

the structure, with and without the h-WEC, was analysed, 

 

Fig. 14.  Energy produced by the OTD component for each water 

depth tested and total. 

 

Fig. 16.  Energy production of the h-WEC for each water depth and 

total energy production. 

 
Fig. 17.  Comparison of the reflection coefficient with and without 

the h-WEC integrated into the breakwater.  

Fig. 15.  Wave-to-wire efficiency of the OTD component. 



CALHEIROS-CABRAL et al.: DEVELOPMENT OF A HYBRID BREAKWATER-INTEGRATED WAVE ENERGY CONVERTER 289 

Fig. 18. For the tests with the h-WEC, the mean 

overtopping flow rate was calculated only over the h-WEC 

module, and not the adjacent conventional breakwater on 

each side. All the values displayed are in full-scale. 

Results show that the overtopping flow decreases 

significantly with the h-WEC’s integration, except for 

condition SF1 with the LWL. This outlier is attributed to 

the uncertainty of wave overtopping prediction for low 

discharge data [31] and is not considered relevant as 

overtopping discharges are very low both with and 

without the h-WEC. The average overtopping discharge 

reduction was 47% (excluding condition SF1-LWL), which 

is a notorious advantage of the breakwater-integrated 

h-WEC for harbour protection. 

B. Impact of the h-WEC in the stability of the breakwater’s 

armour layer 

The stability of the breakwater was studied by tracking 

the movement of the armour layer blocks and the toe berm 

blocks after each test using a photographic camera and 

calculating the damage number Nod for each, defined as: 

 𝑁𝑜𝑑 =
𝑁𝑚𝑜𝑣

𝐿 𝐷𝑛⁄
 (5) 

where Nmov represents the number of units that moved, L 

the width of the reference section and Dn the nominal 

diameter of the Antifer blocks (the equivalent cube length 

in this case). No blocks of the armour layer moved; hence 

results are only shown for the toe berm in Fig. 19. 

Results show that the damage number increased 

considerably with the integration of the h-WEC. After the 

last test, the Nod is almost four times larger with the h-WEC 

than without the h-WEC. This shows that the design of the 

breakwater’s armour layer needs to take into consideration 

the effect of the h-WEC. Furthermore, as opposed to the 

tests without the h-WEC, the Nod value does not seem to 

have reached a stable value, given that it increased up until 

the last test, which could mean that damage could 

continue to increase, possibly leading to structural failure. 

VI. MAIN CONCLUSIONS AND FUTURE PERSPECTIVES 

A. Main conclusions 

Physical model tests were carried out to assess the 

performance of a novel hybrid wave energy converter 

integrated into a case-study breakwater, as well as its 

impact on the breakwater’s main function of harbour 

protection in terms of mean overtopping discharges, wave 

reflection and movement of armour layer units. The results 

showed that the wave energy harnessing potential of the 

device is good, with an estimated 695 MWh/year of 

electricity produced for the case-study location in the Port 

of Leixões, Portugal, for a 20 m wide (full-scale) device. As 

the planned extension of the breakwater where the device 

was considered to be integrated is 300 m long, if the device 

is used in 80% of its extension, more than half of the Port 

of Leixões electricity consumption in 2019 [29] could be 

provided by the h-WEC. Despite the encouraging results, 

it was determined that the integration of the h-WEC led to 

an increase in the damage number of the toe berm, which 

suggests that the design of the armour layer should be 

taken into consideration for breakwaters into which the 

h-WEC is integrated. Notwithstanding, the overtopping 

discharges over the structure decreased by almost 50%, 

and the wave reflection was not significantly affected. 

Ultimately, the results are favourable to the integration of 

the h-WEC into rubble-mound breakwaters as it showed 

good wave energy conversion potential and a reduced 

impact in the breakwater’s functionality and stability.   

B. Future perspectives 

Further research is needed to increase the device’s 

Technology Readiness Level (TRL), namely in terms of 

structural assessment and PTO control strategies. Wave 

pressures and loading in the device should be measured, 

and further investigations of the stability of the armour 

layer and the occurrence of scour in front of the structure 

should be conducted. These issues are being tackled in the 

PORTOS and WEC4PORTS projects, where a 1:40 scale re-

designed device will be tested, using predictive control 

strategies applied to the PTO that can further increase the 

device’s efficiency. In these projects not only the device’s 

efficiency should be further improved, but a performance 

and reliability assessment of the h-WEC and its 

components should be performed. To reach that goal, the 

physical model will be equipped with pressure sensors 

that measure impact forces in the device, as well as 

pressure sensors inside the rubble-mound breakwater’s 

internal layer to quantify the internal pressures. In 

 

Fig. 18.  Overtopping flow rate over the structure with and without 

the h-WEC integrated into the breakwater. 

 

Fig. 19. Damage number Nod of the toe berm with and without the 

h-WEC integrated into the breakwater. 
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addition, a 3D laser scanner will be used to monitor the 

displacement of armour layer blocks between tests and the 

changes in the bathymetry, which will allow assessing the 

occurrence of scour in front of the device. The 

experimental data will be used to calibrate and validate 

numerical models. 

Moreover, the device’s integration into breakwaters will 

be optimized to minimize costs and reduce the LCoE, thus 

leveraging the overall economics of upfront CAPEX. To 

achieve this ambitious goal, state-of-the-art CFD codes will 

be used to improve the h-WEC’s overall efficiency 

alongside the reduced-scale physical modelling performed 

at the University of Porto to analyse the device’s impact on 

the breakwater’s functionality and stability, as well as the 

survivability of the whole solution. Finally, a new OWC 

turbine will be designed and tested at the Mutriku test site. 

What is more, a new material will be tested on-site to 

assess its strength and ability to withstand harsh marine 

conditions. The full-scale testing of key components of the 

device is a critical factor to increase the technology’s TRL 

and allows to assess and improve installation, operation, 

and maintenance procedures of these complex power 

conversion systems, as well as obtaining a realistic 

estimation of their performances. 
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