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Abstract: Numerous offshore wave energy converter (WEC) designs have been invented; however,
none has achieved full commercialization so far. The primary obstacle impeding WEC commercial-
ization is the elevated levelized cost of energy (LCOE). Consequently, there exists a pressing need
to innovate and swiftly diminish the LCOE. A critical challenge faced by WECs is their suscepti-
bility to extreme wave loads during storms. Promising concepts must demonstrate robust design
features to ensure resilience in adverse conditions, while maintaining efficiency in harnessing power
under normal sea states. It is anticipated that the initial commercial endeavors will concentrate on
near-shore WEC technologies due to the cost advantages associated with proximity to the coastline,
facilitating more affordable power transmission and maintenance. In response, this manuscript
proposes a pioneering near-shore WEC concept designed with a survivability mode that is engineered
to mitigate wave loads during severe sea conditions. Moreover, prior investigations have highlighted
favorable resonance properties of this novel concept, enhancing wave power extraction during
recurrent energetic sea states. This study employs numerical and physical modelling techniques
to evaluate wave loads on the proposed WEC. The results indicate a remarkable 65% reduction in
wave loads on the moving floater of the WEC during a range of sea states under the implemented
survivability mode.

Keywords: marine energy; wave energy; WEC; close-to-shore device; experimental testing; physical
modelling; numerical modelling; wave load assessment; survivability; rotating wave energy converter

1. Introduction

As the existing global wave energy resource is extremely large, there have been
numerous attempts to develop reliable and commercially viable wave energy converters
(WECs) to transform wave energy into useful forms of energy for human activities. Indeed,
the global wave power potential is estimated to be between 2.1 TW and 3.7 TW, depending
on the calculation approach [1,2]. These values are in the order of the global mean electrical
power demand [3]. At suitable locations, such as Portuguese coasts, the wave power
resource can reach mean values above 40 kW /m. Such high power densities would allow
the possibility of using relatively small devices to produce significant amounts of energy to
benefit the electrical power demand. The additional advantages of wave power include
high complementarity with solar energy, reduced visual impact, and higher predictability
and stability than wind energy.

The challenge of extracting the wave power potential and producing electricity is
closely related to the characteristics of the WEC technology developed to be installed at
sea. Unlike wind or solar energy, more than a single type of WEC technology may be
successfully developed to the commercial level. This is because WECs can be designed
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to be more efficient in specific ranges of water depths, e.g., shallow or deep waters, and
wave energy resources differ from one location to another, with the dissimilar recurrence
of typical wave periods and heights. Some examples of WECs are illustrated in Figure 1,
where information on the type of WEC, the typical installation depth, and the project status
are also displayed.
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Figure 1. Examples of wave energy converters classified by structure characteristics and typical
installation water depth.

In the short term, shore-based and near-shore WECs seem to be more viable than
offshore WECs. Due to their location, such WECs are more accessible for maintenance, and
their connection to the electrical network is cheaper because shorter electrical cables are
required. Shore-based and near-shore WECs are typically secured to the sea bottom by
fixed structures. In Figure 1, examples of WECs are illustrated. These are categorized based
on the type of concept and installation water depth. Also, project status information based
on the data available from [4] is provided. WECs based on fixed structures and located
close to the coast [5-8] may be partially or fully submerged [9-11]. WECs of the hinged
type [12,13] are amongst the WECs that appear to be more robust due to their structural
simplicity. In addition, they also present good absorption efficiencies [14]. However, in all
cases, the main challenge is to withstand extreme wave loads during storms. Therefore,
in addition to attempting to maximize the power capture, the WEC design should also
include strategic solutions for extreme sea states survival.

In order to develop cost-effective WECs, numerical methods are used to assess wave
loads and the WECs’” dynamic response and to estimate the power output. To assess the
WECs’ hydrodynamics, potential flow method (PFM)-based numerical codes are usually
used. The PEM approach allows the simulation of several sea states for estimating the
annual energy production (AEP), since it is computationally efficient. The PFM assumes
no viscosity in water, and the fluid is decomposed in three flow potentials: (i) radia-
tion, (ii) diffraction, and (iii) incident. Examples of PEM-based commercial software are
WAMIT [15], ANSYS AQWA [16], and DNV Wadam [17]. PFM can be sequentially coupled
with a time domain solver by implementing the Cummins equation [18]. The benefit of
the use of a time domain formulation is that it takes into consideration transient dynamic
effects, such as those related to the power take-off (PTO) component or the mooring system
for floating WECs. Where viscous forces prevail, other calculation approaches can be used
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for wave loads and motion assessments. The most advanced option is computational fluid
dynamics (CFD) based on the Navier-Stokes equations. CFD methods may not be suitable
at the first stage of WEC development because they involve the setting of complex moving
meshes and are computationally demanding, making the adequate assessment of long sea
states (several minutes) extremely time-consuming.

In any case, after performing the numerical analysis, it is crucial to carry out experimen-
tal tests to validate numerical results and designs. Although it is, in general, challenging
to validate the power output when small-scale models are used [19], if the model is big
enough and correct experimental practices and equipment are implemented, reasonable
measurements of wave loads and WEC motions can be obtained. Examples are provided
in [20-23], where different WECs have also been studied using experimental methods.

Even though WEC development started more than a century ago, and several design
concepts have been proposed, the need to improve and develop innovative designs of more
reliable WECSs still exists. For such a scope, a drastic change in the design approach is
required. Accordingly, as a novelty, the proposal is to take the example of nature-inspired
engineering solutions to develop innovative WECs, such as those proposed in [24-26]
concerning marine engineering and renewable energy designs. In particular, in this work,
a new WEC concept based on the pivoting principle is assessed, with design characteristics
inspired by the surfing water sport. This device concept, named PWEC, from pivoting wave
energy converter, was first introduced in [27], where its structural and power efficiency
advantages were assessed. The PWEC, when compared to existing WEC technologies, has
the following main advantages: (i) it has economically viable installation and maintenance
because the PTO is outside water and does not require frequent expensive human diving
operations; (ii) the supporting structure has reduced capital costs because it can be made
of reinforced concrete, allowing a significant reduction in the total costs of the entire
device; and (iii) since it is designed for near-shore locations, electrical transmission and
maintenance costs are much reduced compared to offshore devices.

In this paper, the PWEC is further evaluated. A new feature is included in the
design to incorporate an innovative specific safe mode for extreme sea states survival. The
effectiveness of this feature is examined using numerical and experimental assessments.
In particular, wave loads are investigated to confirm the advantage of the new survival
mode proposed.

2. Materials and Methods

This section explains the PWEC concept, which represents an evolution from the
former CECO (a Portuguese acronym for “Conversor de Energia Cinética das Ondas”, which
translates to “Waves’ Kinetic Energy Converter”) WEC. It outlines the proposed survival
mode of the PWEC and expands upon the numerical analysis and physical modelling
methods adopted for PWEC development.

2.1. The Previous CECO Concept and Its Experimental Proof

The present work assesses a novel WEC that represents a new version of the CECO
device, which was developed at the Faculty of Engineering of the University of Porto,
Portugal (FEUP) [26]. The CECO is an oscillating body WEC with a floating block element
(FBE) that swings along an inclined direction and activates a rotating generator located
inside a supporting pile (Figure 2a). Tuning the angle of inclination («) of the FBE allows
an adjustment of the device’s natural response period without varying its mass or using
additional components such as springs. Such a characteristic is an advantage, allowing
smaller floaters and a simplified concept with minimal components.

The CECO concept was developed and proved by means of numerical studies, e.g.,
those in [28-31], and experimental tests at the hydrodynamic wave basin available at the
hydraulic laboratory of the FEUP using a physical scaled model [32]. Numerical models
based on PFM, i.e., WAMIT and ANSYS AQWA, were used to investigate the optimal linear
PTO damping coefficients and the best FBE geometry [7,28,33]. Moreover, experimental
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work allowed the obtainment of data for the validation of the numerical models. Figure 2b,c
show a second version of the CECO physical model (1/25 scale) with an improved floater
geometry. The model was extensively tested at the hydraulic laboratory. Overall, it was
positively concluded that the CECO concept could provide a capture width ratio above
35% for the typical sea states of the northern Portuguese coast [22,32].

OSCILLATING FLOATER

oo}

FIXED SUPPORTING -SEABED
STRUCTURE

(b) (c)

Figure 2. CECO WEC: (a) working concept; (b) physical model; (c) lateral mobile modules.

On the other hand, the main drawback of the original CECO design is that it requires
end-stops to constrain the motion of the FBE. Since extreme wave heights and subsequent
high loads are expected for the water depths of the potential installation sites, end-stops are
critical components from a structural perspective. The search for a reliable and cost-effective
end-stop solution may be a very challenging task. Until now, no specific hydrodynamic
load investigation has been carried out for the CECO device.

2.2. Novel PWEC Concept

To overcome the issues related to the end-stops, a pivoting WEC (PWEC), inspired by
the CECO is proposed (Figure 3) [27]. The PWEC aims to keep the CECO’s performance
advantages regarding wave energy absorption due to its FBE oscillatory direction, whilst
providing a solution without end-stops. The PWEC has a similar FBE but is a single
floater (instead of two floaters as in the CECO) that, together with its holding frame
(HEF), rotates around a central point that is located at the top of a main fixed supporting
structure (FSS) (Figure 3). The swinging motion of the FBE activates a rotatory generator
located at the rotational axis at the top of the FSS. For recurrent sea states (of limited wave
amplitudes), both devices oscillate approximately along a line that has an inclination «
with the horizontal frame, enhancing resonance and power performance (Figures 2a and 3).
By means of numerical modelling, it was found that, besides having structural advantages,
the PWEC’s FBE also has larger oscillations, since there are no end-stops, often allowing
extra power to be absorbed with respect to the original CECO. As an illustration, Figure 4
shows (a) the wave energy resource for the previous case study of Matosinhos, Portugal (in
the proximity of the Port of Leixoes, coordinates: 41.176237 N, 8.712030 W), (b) wave power
matrices for the CECO, and (c) the PWEC. It can be observed that starting from 3.5 m Hs
sea states, the PWEC can produce more power in most sea states. However, existing
power absorption estimations were obtained by considering linear PTO. Investigations
are required to include PTO control to further maximize the PWEC’s power absorption.
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Additionally, a previous preliminary economic analysis [27] indicated that the PWEC,
compared to the CECO, could be more viable due to the possible capital costs (28% saving)
and estimated payback period (about 2.5 years less) reductions.
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Figure 3. Pivoting WEC concept scheme.
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Figure 4. Wave energy resource of a previous case study (a), power matrix for the former CECO
WEC (b), and power matrix for PWEC (c). Data from [27].

2.3. Storm Survival Mode

The geometric characteristics of the PWEC’s design allow the implementation of a
survival mode of operation, giving it a potential additional advantage over the CECO
concept. This survival mode was inspired by the duck dive maneuver of the surfing water
sport (Figure 5). The duck dive is performed by surfers to reduce wave loads over their
bodies when paddling with their surfboards away from the shore. During good surfing
conditions, the proficient execution of the duck dive maneuver is indispensable. Failure
to perform this technique correctly may result in the surfer being either carried back to
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the shoreline or swept away by the prevailing water currents. The duck dive concept is
similarly applied to PWEC for reducing the wave loads during extreme conditions.

Figure 5. Example of the duck dive surfing technique for reducing wave loads on the body and
surfboard when large waves pass over.

The proposed survival mode, illustrated in Figure 6, is implemented only during the
occasionally occurring extreme sea states. In this mode, after the device forecasts extreme
sea states conditions, it automatically rotates the FBE to a low position and secures this to
the FSS by underwater electrically activated pins. Such a survivability mode is expected to
imply significantly reduced wave loads over the HF and FBE itself.

&<

\
v

PIVOTING FLOATER
— N IN SURVIVAL MODE

FIXED SUPPORTING
STRUCTURE ™ LOCKING PINS FOR

SURVIVAL MODE

Figure 6. PWEC concept scheme exemplifying the survival mode.

2.4. Hydrodynamic Model

For the main scope of the present study, wave loads during extreme sea states need to
be numerically investigated to assess the effectiveness of the proposed innovative survival
mode. The radiation diffraction theory can be used to set up the numerical model of the
PWEC. The model is based on sequentially coupled frequency and time domain calculations.
The dynamic problem can be described by Equation (1).

mé:_frad_fpt0+fhs+fexc (1)
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where m is the mass of the FBE plus its added mass, 6 is the FBE acceleration, f,,; is the
wave radiation force, fpt, is the PTO force, fj; is the hydrostatic restoring force, and fexc
are the wave forces.

Equation (1) for floating bodies is implemented by means of the theory introduced by
Cummins [18], which concerns the use of casual and non-casual convolution functions to
compute the wave radiation and wave excitation forces. For the scope of this study, the
body is assumed to be rigid; so, its flexibility is negligible, and it does not influence the
calculation of loads and motions. The wave radiation force represents the force due to the
floater motion that generates waves. This force can be estimated by a casual convolution
function, such as the one presented in Equation (2).

t

fraa = = [ K(t = m)E(B)dm — Axf (1) @

—00

where k(t — 7) is the kernel function calculated by using radiation damping coefficients
and A is the added mass at infinite angular frequency (w — o).

Once the free surface elevation time series 7(t) is defined, the wave excitation force
can be estimated by a non-casual convolution function, as represented in Equation (3).

fose = [ £t =m)n(t)dms ©

where the transfer function f(t — T) needs to be calculated using the wave excitation force
coefficients. The dummy integral variables 7y and 1, of Equations (2) and (3) are arbitrarily
chosen short-time values. Such variables need to be sufficiently long to correctly assess the
hydrodynamic effects. In the case of small WECs such as the PWEC, casual and non-casual
transient functions usually decay in about 30 s to 120 s, respectively [20].

The PTO term (fpo) is assumed to be a linear term, as represented in Equation (4).

fpto = _Cptoé (4)

where Cpy, is the damping constant and & is the FBE's velocity. Previous methodologies
demonstrated that selected Cps values can be used to improve performance for each
different sea state [34].

The calculations were carried out with the commercial software ANSYS AQWA,
implementing the radiation diffraction theory and considering the Wheeler stretching
technique to estimate 2nd-order wave loads [16]. Such an approach is adopted as a
preliminary means of assessing the survival mode of the PWEC. The wave load numerical
results are compared with measurements from experimental testing carried out at the
hydraulic laboratory. A number of cases are analyzed, including scenarios where the FBE
is assumed locked in place or in operation and different sea states.

2.5. Physical Model of PWEC

A simplified scaled physical model of the PWEC was manufactured, assembled, and
tested to validate the concept and design. A scaling factor (SF) of 1:20 was adopted,
considering the wave tank specifications and the available equipment. The chosen SF
was reasonably large to estimate real-scale hydrodynamics, wave loads, and linear PTO
absorption [19]. For the considered type of WEC testing, the Froude scaling laws can be
assumed to be satisfied. As discussed in [35], the effects of viscosity can be predominantly
found only near the water-body interface, making possible the use of Froude scaling.
Generally, for simple WEC geometries, such as the FBE of the PWEC, which has a small
ratio of wetted to volume areas, the viscous force influence is limited if compared with
inertial forces. Such a characteristic supports the application of Froude scaling, which
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assumes the same ratio of inertial forces to gravitational forces between the full scale
and model scale. Froude scaling is the primary option and is usually adopted in WEC
testing [36].

The main dimensions of the model are provided in Figure 7. The supporting structure
of the physical model was constructed by welding steel tubes (scaffolding tubes), and a
bicycle fork was secured to the FSS replica, Figure 8. A scaled FBE was linked by a bicycle
hub inserted in the bicycle fork (Figure 9). The FSS was secured to the tank floor using
fixing screw anchors.

(a) (b)

=~
<\
Water Level ;60 N §
ot 22—y
K?“ -—— - e - —— e -
[ 177 J
177 I
(c) (d)
Pas , ©
N
N +60
— Water Level
y 158 q
-0.00
- - _ 177
60
\

Figure 7. Main dimensions of PWEC physical model and water level (cm): (a) prospective view;
(b) lateral view; (c) front view; (d) top view; and (e) FBE.
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[Pk

Figure 8. Assembled PWEC physical model in the wave tank channel (no water).

Figure 9. Disk brake used to simulate the PTO damping force: (a) disk installed on bike fork; (b) brake
lever; and (c) brake lever installed on the model.

A bicycle fork with a hub and hydraulic disk brake arrangement facilitated precise
and low friction rotation of the FBE element, while also integrating an adjustable brake
to replicate the rotational PTO force. The fork was firmly bolted to the FSS at an upper
location so that the rotational axis coincided with the top corner of the FSS (Figure 9a).

The brake replicated a scaled PTO force, providing mechanical energy dissipation.
The PTO load magnitude was tuned by a lever secured in place by means of a bolt and nuts
(Figure 9b). A caliper was used to measure the closing distance of the lever, k, to improve
PTO load repeatability. The lever was attached firmly to the FSS of the model to avoid
twisting the brake cable and affecting the quality of the replicated PTO force (Figure 9c).
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2.6. Experiment Set-Up and Instrumentation

The PWEC physical model was tested at the ocean basin of the Hydraulic Laboratory
of the Department of Civil Engineering of FEUP, which is 28 m long, 12 m wide, and 1.2 m
deep. The basin is equipped with 16 piston-like paddles to produce waves. A Wallingford
wave maker system with wave reflection absorption functionality controls all the paddles.
For this work, the water depth was set to 0.6 m, and the model was tested in a section of
the basin with a width equal to 4 paddles (~3.07 m). Figure 10 illustrates the location of the
model with respect to the wave maker (on the right) and the dissipation beach (on the left).

Probe 4 Probe 1 [ IRSS

N
o)
S
(]
N
S
S
122

Stistatets

Figure 10. PWEC model, wave maker (right), and wave probe sensor positions (distances in cm).

For the scope of the study, a single PTO damping value was used to assess the FBE
response to wave loads. The PTO damping was calibrated by dry oscillation tests using
a mass (Figure 11). The pendulum equation was used to tune the target damping value
(11.2 kg/s). The differential equation that characterizes the kinematic motion of a damped
pendulum can be expressed by Equation (5):

0 b do
+-2 48

a2 Tar Tron@ =0 ©)

where 0 is the angle between the vertical and the holding arm, ¢ is the time, m is the oscil-
lating mass, L the radius of the pendulum, and b is the damping coefficient, expressed as:

b = 2eVmk (6)

where € is the damping factor and k is the equivalent force constant.

Figure 11. PTO damping calibration set-up.
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Four resistive wave probes were set up to monitor the free surface elevation (Figures 10
and 12). Two wave probes were positioned laterally to the model to assess the incident
waves to the structure. In addition, the two other wave probes, for monitoring the effect
of the model on the wave field, were installed upstream and downstream of the model,
respectively.

Figure 12. PWEC model during load tests and wave probes.

The Qualisys system [37], which uses infrared cameras for accurate motion tracking,
was used to measure the PWEC’s response. Three Qualisys cameras were positioned
around the PWEC model (Figure 13).

Figure 13. Qualisys camera positions relative to the PWEC model.

For the tests performed with the FBE locked in place (survival mode), the wave-
induced load (horizontal direction) was assessed by means of a 10 kg load cell. An extension
of the arm holding the floater was used to install the load cell out of the water and hence
improve the quality of the measurements (Figure 14).
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Figure 14. Load cell set-up.

All the instruments used for the measurements were calibrated following the manu-
facturers’ guidelines and recommended practices [19,35].

3. Results

Both the experimental and numerical tests were carried out to assess the PWEC in
operational (moving), standard position (locked in place), and survival (locked in place)
conditions, as shown in Figure 15 (a, b, and ¢, respectively). The scope of the analysis was
to verify the numerical model and to evaluate the FBE’s response and wave loads. The
main test conditions adopted in the present study are summarized in Table 1.

Figure 15. Configurations assessed in the study: (a) operational; (b) standard position; and (c) survival
position.

Table 1. Main test conditions of the study.

Regular Waves Irregular Waves
Full Scale Model Scale Full Scale Model Scale

T H T H Tp Hs Tp Hs

Test ID (s) (m) (s) (m) Test ID (s) (m) (s) (m)
RW1 8 4 1.79 0.20 IrrW1 10 4 2.24 0.20
RW2 10 4 224 0.20 IrrW2 12 4 2.68 0.20
RW3 12 4 2.68 0.20 IrrW3 14 4 3.13 0.20
RW4 14 4 3.13 0.20 IrrW4 16 4 3.58 0.20
RW5 16 4 3.58 0.20 IrrW5 18 4 4.02 0.20
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The outputs of the analysis are the response amplitude operators (RAOs), Froude—
Krylov, diffraction, total hydrodynamic forces (horizontal and vertical components), and
load cell measurements.

3.1. FBE in Operation

At first, regular waves were used to evaluate the response of the device and validate
the numerical model results. As illustrated in Figure 16, accurate regular waves can be
produced at the wave basin. This figure shows the time series of the FBE linear displacement
x (along the curved trajectory) obtained by experimental measurements, the free surface
elevation 7 (from wave probes), and x from the numerical simulations. This test represents
a typical wave period of the Portuguese coast (10 s at full scale). Furthermore, upon
examination of various regular wave tests, including those with periods of 10, 11, and 12 s,
it can be observed that the numerical predictions match empirically with the RAOs, with
an accuracy level of approximately 18% (Figure 17). Considering the limitations of both the
numerical model (linearization) and the experimental set-up (model-making precision),
such an accuracy level appears to be of reasonable value.
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Figure 16. Illustration of FBE response for a regular waves test (H=0.1m, T =2.4s).
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Figure 17. Response amplitude operators from experimental (x) and numerical tests (+).

As can be observed from the regular waves and RAO results (e.g., Figures 16 and 17),
thanks to the identified experimental set-ups, the calibration procedures, and the instru-
mentation used, single waves and test repeatability were achieved. In terms of RAOs, for
the regular waves, the experimental results could be repeated with an estimated error of
less than about 10%.



Energies 2024, 17, 2695

14 of 22

As illustrated in Figure 18, the FBE oscillates from about 400 mm to 600 mm for the
irregular wave tests. During larger waves, oscillations can reach up to about two times the
amplitude of the approaching wave. From the presented results, it can also be observed that
the numerical model predicts the motion of the FBE with some overestimation (no more
than 40% but just during larger oscillations). This most likely happens due to the limitations
of the numerical model, which does not consider additional viscous (hydrodynamics forces)
and friction (model set-up-related) forces. For such a comparison, the same free surface
elevation (measured in laboratory) was input to run the numerical test.
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Figure 18. Illustration of an irregular wave test results of experimental measured FBE displacement,
free surface elevation and numerical estimated floater displacement (Tp = 2.4 s and Hs = 0.22 m).

3.2. Assessment of Survival Mode with Regular Waves

For assessment and proof of concept of the survival mode of the PWEC, the horizontal
wave loads were estimated by means of numerical and experimental tests (Figure 19), where
the numerical and experimental time series of the Froude-Krylov (FK), diffraction, total
force, and measured load (load cell data from the experiment) are displayed, respectively.
Here, the results for five regular wave tests of H=02m, T=1.8s,2.25,2.75,3.1s,and 3.6 s
are shown. It can be observed that, despite the peak values being overestimated by the
numerical model, the numerical time series are comparable to the measured load pattern.

In Table 2, the maximum numerical and experimental values are compared to quantify
the accuracy of the numerical model. The root mean square error (RMSE), mean absolute
error (MAE), and R-squared (R?) indexes were calculated to evaluate the difference between
the time series of the total force (diffraction and Froude—Krylov) and the numerical model
and the measured load. For the analyzed test cases, RMSE, MAE, and R? were on average
13.21, 8.82 N, and 0.64, respectively.

Table 2. Maximum amplitudes of time series (numerical estimated and experimental measured
horizontal wave loads), RMSE, MAE, and R? indexes.

Period (s) Kf;‘l’(‘)‘f‘(";n D‘ff(rlfljtw“ Total (N) L°a(dN)Ce" RMSE (N) MAE (N) R2
1.79 46.49 5.48 4934 33.68 13.58 9.75 0.70
224 4550 524 49.26 34.48 12.92 9.02 0.68
2.68 41.16 436 44.89 29.86 10.72 7.49 0.67
3.13 72.37 7.62 7551 32.82 14.78 9.06 0.59
358 70.07 8.17 73.90 36.40 14.02 8.78 0.56
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Figure 19. Numerical estimated and experimental measured horizontal wave loads F_x on PWEC
(survival condition) for five regular wave tests (H=02m, T=1.8s,2.25,2.75s,3.1 s, and 3.6 s). Where
FK is the Froude—Krylov force, F_diffr is the diffraction force, F_tot is the total numerical force, and
LC is the load cell experimental measured force.

Based on the experimental facility characteristics and limitations and on the experi-
mental results obtained, five regular wave tests were carried out for assessing wave loads
on the FBE (Table 3). The horizontal component of the survival mode set-up, measured
during the experiment, contributed to the assessment of the model for these wave condi-
tions. The numerical model does not have the limitation of the experiments; so, it can be
used to compute other quantities for survival and standard positions. Figure 20 reports
the wave load results for the horizontal and vertical components of FK, F_diff, and their
resultant total. It can be observed that, in the large majority of load components assessed,
the survival mode is beneficial in reducing wave loads. It was found that the total wave
load on the FBE in the survival mode for all the RW tests was about 40% less than for the
standard position.

Table 3. Regular wave test results.

Test
ID

Full

Scale

(m)

Model
Scale

T
(s)

Survival Mode Standard Position

FK_z F_diffr x F diffr z F tot x F_totz F_tot FK_x FK_z F_diffr x F_diffr z F_tot x F_tot z F_tot
(N) (N)

RwW1
RwW2
RW3

RW5

NGRS

19.06 3.03 61.81 34.78 80.87 88.03 3946  48.99 65.27 45.39 104.73 94.38 140.98
17.04 2.66 42.43 33.13 59.47 68.07 3655  48.79 48.27 33.73 84.82 82.53 118.34
15.55 227 28.54 32.41 44.09 5472 3587 4542 36.81 25.91 72.69 71.33 101.84
14.82 2.02 21.90 33.13 36.72 4946 3652 4670 31.12 21.98 67.64 68.68 96.39
14.21 1.77 16.33 34.54 30.55 46.11 3824  52.82 26.21 18.54 64.45 71.36 96.15

Despite the fact that the simpler regular wave tests facilitated the carrying out of the
initial experimental assessments and initial analysis (e.g., RAOs assessment), ocean condi-
tions are better represented by means of irregular wave sea states. Therefore, following
the RW experimental and numerical tests, irregular wave tests were used to evaluate the
PWEC’s wave loads and motions. For the scope of the study, as for RW, only unidirectional
irregular sea states were considered.
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Figure 20. Wave load results for regular wave numerical model tests for survival (blue) and standard
(red): (a) FK horizontal component; (b) FK vertical component; (c) F_diff horizontal component;
(d) F_diff vertical component; (e) total horizontal; (f) total vertical; and (g) total resultant load.
3.3. Irreqular Wave Load Results
Irregular wave tests are required to assess the FBE behavior and loads for a broader
range of waves representing more realistic conditions. As illustrated in Table 4, five irregular
wave (IrrW) conditions were analyzed, i.e., Hs =0.2m, T, =2.24 5,2.68 s,3.13 5, 3.58 s,
and 4.02 s (laboratory scale). At full scale, these sea states correspond to wave conditions
with considerable power. The JONSWAP sea spectrum [38], suitable for the Atlantic region
with the parameter v = 3.3, was adopted for creating IrrW conditions. The three possible
modes of PWEC, namely survival (locked in place), standard position (locked in place), and
operational (moving condition), are assessed. For the operating condition, a PTO damping
value equal to 530,000 kg/s is assumed based on a previous study [27].
Table 4. Irregular wave test results.
Full Scale Model Scale Survival Mode Standard Position In Operation
Tp Hs Tp Hs F_tot x F_tot_z F_tot F tot x F_tot_z F_tot F_tot x F_tot_z F_tot
TestID  (s) (m) (s (m) (max) (N)
IrrWi 10 4.00 224 0.20 75.00 161.39 177.96 226.59 198.28 301.09 196.67 241.94 311.80
IrrWw2 12 4.00 2.68 0.20 64.70 129.44 144.71 174.67 174.17 246.66 156.37 228.93 277.24
IrrW3 14 4.00 3.13 0.20 56.60 105.40 119.64 136.36 160.41 210.53 131.84 219.63 256.17
IrrW4 16 400  3.58 0.20 50.33 86.08 99.71 111.83 151.78 188.53 109.53 217.62 243.63
IrrW5 18 4.00 4.02 0.20 44.86 70.32 83.41 96.41 146.37 175.27 94.20 217.68 237.19
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As for RW, the FK, diffraction, horizontal and vertical components, and resultant
forces are analyzed (Figure 21). Except for the FK horizontal and diffraction force vertical
components, significantly reduced loads are observed for the survival mode. Similarly;,
as for the RW load results, for IrrW, only in the case of the vertical component of the
diffraction force are the loads markedly higher for the survival mode. The survival mode is
also found to be experiencing a higher FK horizontal load for IrrWs 3 to 5. In any case, the
total horizontal and vertical loads are always reduced for the survival mode.

z @ | z . I O B .
x Lo x
g 50 g 100 -
> |l [ "
0 0
S 1 2 3 4 5 S 1 2 3 4 5
IW test n. IW test n.
Z (c) Z (d)
X " " j " X ! ! " ! j
g 400 - - g 100
5 o ) ks il ht
£ 0 £ 0
g 1 2 3 4 5 g 1 2 3 4 5
IW test n. IW test n.
= (e) 2 ()
é 200 _ é
sl ol o o) il b
S 0 2 0
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IW test n. IW test n.
(9)
=
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IW test n.

Figure 21. Wave load results for irregular wave numerical model tests for survival (blue), standard
(red), and operational (orange) modes: (a) FK horizontal component; (b) FK vertical component;
(c) F_diff horizontal component; (d) F_diff vertical component; (e) total horizontal; (f) total vertical;

and (g) total resultant load.

The survival mode experiences less than about 40% of total load with respect to the
standard and operational modes. The operational mode experiences a load about 20%
higher than the standard mode.

4. Discussion

Given the limitations of the developed approach, which is specifically related to the
type of numerical model selected, the present analysis should be considered as a preliminary
work focusing on the assessment of the PWEC’s survival mode. In fact, the adopted
numerical model does not include viscosity-related hydrodynamic forces, but it must be
highlighted that the experimental results confirm the numerical assumptions. Despite this
validation of the numerical results, it is important that in a later stage of development,
the viscous forces are fully assessed by using CFD models and performing additional
experimental testing. This additional testing should include smaller physical models or



Energies 2024, 17, 2695

18 of 22

bigger wave tanks where larger waves can be accurately simulated. Such assessment
can be carried out with extreme waves to evaluate hydrodynamic loads, including the
viscous forces that are expected to be relevant in such conditions. Only when the accurate
calculation of both viscous and inertial wave loads is completely implemented, should the
full-scale structure design be developed.

Moreover, to validate the survival mode fully, supplementary numerical simulations
and experimental testing should also be carried out by means of more realistic extreme
sea states, derived from historical real sea data and improved physical model set-ups. It
was not possible to prove these scenarios due to the limitations of the numerical model
and the experiment set-up/facility used. To improve the validation of the survival mode
with more realistic sea states, it is necessary to perform additional specific testing by
manufacturing and using a reduced physical model and a more advanced experimental
set-up to accurately measure wave loads for all three of the modes considered in the
present study.

Furthermore, it is important to point out that the present study focuses only on the
assessment of the survival mode carried out by evaluating the hydrodynamic loads once
the device is in specific positions. Supplementary assessments are required to validate
several additional aspects related to the implementation and operation of the survival
mode mechanism, including the structure components’ reliability and control of the device
to operate the survivability mode. For such analysis and additional validations, it is
suggested to carry out extra specific experimental tests using components such as a locking
mechanism, floater ballasts, and an active PTO system. Additionally, fatigue analysis is
required for the structural design of the components required to implement the survivability
mode. The developed time domain potential flow model, given its computational efficiency,
can facilitate such analysis because it can provide long-term wave load data.

In the present study, only a set of regular and irregular sea states were assessed
to evaluate the survival mode. Currently, the specifications of the extreme sea states
that should trigger this mode have not been identified yet. To determine these critical
sea states and assess the commercial viability of the survival mode mechanism, more
advanced tests—including those involving subcomponents—should be conducted based
on the specific installation site and final PWEC prototype characteristics. A combined
cost analysis and structural design optimization should be performed to determine the
thresholds at which the survival mode should be activated. Implementing the survival
mode could be significantly advantageous for reduced pre-commercial PWEC pilot plans
(e.g., 1:2 scale) to ensure device resilience during sea trials. Given that these plans typically
involve limited sea testing time and the device design is not yet finalized, activating the
survival mode at reduced sea states would allow safer testing of the PWEC. In fact, the
survival mode could also be activated during sea states that are not necessarily the extreme,
but at any time when may be required, manually or automatically, e.g., when live measured
parameters reach specific set thresholds.

In addition to the technical aspects that need to be further developed towards PWEC
commercialization, environmental impact assessments (EIAs) need to be carried out to
ensure that a possible installation of such technology will not harm the marine environment.
A review of the EIAs for WEC projects can be found in [39]. Even though the PWEC, as
with other WECs, is a renewable energy device that would provide clean power and has
advantages even when compared to other renewables (e.g., less visual impact than wind
turbines and higher energy density), there are several potential environmental impacts that
should be investigated. The EIA should be tailored to installation location characteristics
and carried out for each planned implementation project. For example, for all the PWEC’s
modes of operation (normal, standard, and survival), the following EIA should be carried
out considering the following specific possible impacts:
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Marine ecosystems and marine life;

Natural sediment transport and erosion modification through changes in the local
hydrodynamic conditions;

Lubricant contamination (limited for the PWEC because the PTO is outside water);
Antifouling submerged structure degradation contamination;

Installation works.

Furthermore, additional economic and cost-benefit analysis should be carried out
for the PWEC and its survival mode mechanism to validate its commercial viability. To
date, only preliminary economic indexes have been considered for understanding capital
costs and payback periods without considering survival mode mechanisms [27]. At later
stages, it is important to investigate design solutions for implementing the survivability
mode using locking pins and to evaluate the manufacturing, maintenance, and operating
costs, including those of the major device components. A cost-benefit analysis, including
manufacturing, materials, electrical components, installation, and maintenance costs, is
required to accurately compare the solution with other similar devices. Such an analysis
will not only allow a better understanding of the economic viability of the PWEC but
will also serve to identify critical expenses that need to be reduced to make the PWEC
technology and its deployments more competitive.

5. Conclusions

The study described represents an initial assessment of the potential of the PWEC
(Pivoting Wave Energy Converter) device, with a particular focus on the evaluation of an
innovative survivability mode. Through a combination of numerical and physical mod-
elling, the effectiveness of this mode in reducing wave loads on PWECs was investigated
across a range of wave conditions. Three different modes, namely operational, standard
position, and survival, were compared in terms of loads on the main floating body element
of the device (FBE).

The utilization of both numerical and physical models provided a comprehensive
understanding of PWEC behavior and wave loading. The numerical model, based on
the potential flow theory, served as a theoretical framework for the three mode assess-
ments, while physical testing at a reduced scale allowed the verification of the numerical
approach adopted.

Experimental set-ups and calibration methods, suitable for assessing rotating WECs,
were instigated. The most suitable ones were identified and implemented for the assessment
of motion and loads on the PWEC. By the adopted physical modelling, good repeatability
was possible, e.g., with repeated RAOs varying less than 10%. Such experimental set-ups
and methods, can be adjusted to be further adopted during additional physical modelling-
based studies on similar devices.

The findings revealed promising outcomes regarding the efficacy of the survival mode
in mitigating wave-induced loads on the floating body element (FBE) of the PWEC. In both
the regular and irregular wave scenarios, significant reductions in the total horizontal loads
were observed compared to the standard and operational modes. Specifically, reductions
of up to approximately 40% and 65% were demonstrated in comparison to the standard
positioning and operational modes, respectively.

Furthermore, the limitations of the method applied and the critical future work to
improve the results and further develop the PWEC were discussed. The main limitations of
the current preliminary analysis mainly relate to the type of numerical model implemented
and the neglected viscosity. To overcome these limitations, additional numerical and
experimental testing approaches are necessary, including the use of more realistic sea states
derived from in situ measured and/or propagated wave data. In addition, assessments
including specific required components and PTO control should be carried out to validate
fully the survival mode of the operation and should not be limited to the simplified scenario
assessed in the present study. Moreover, environmental impact and economic assessments
are required to anticipate possible obstacles and identify challenges that require attention
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to ensure marine environment impact minimization and the PWEC’s economic viability for
commercialization.

The outcomes of the present study go beyond the scope of the specific PWEC device,
offering insights and directions for future research in wave energy. Moving forward, the
following areas require further exploration: (i) Refining numerical modelling, including
CFD analysis, to precisely assess the hydrodynamic forces on the PWEC components; (ii) en-
hancing methodologies for structural design and reliability assessment to ensure durability
in diverse marine environments; (iii) implementing PTO control strategies to maximize
energy absorption under varying sea conditions, particularly during recurrent and extreme
events; (iv) including factors such as PTO control strategies and tide variations in AEP esti-
mations for more accurate assessments; (v) conducting additional experimental validations
and demonstrations to validate findings and refine predictive models; (vi) exploring novel
methods for seabed fastening and foundation protection to ensure stability and resilience of
PWEC installations; (vii) conducting holistic techno-economic assessments and cost-benefit
analysis and also considering various operational aspects, including the survival mode
mechanism, with the aim of optimizing the design and validating its commercial viability.

These paths of research will further advance the PWEC technology and also help
similar oscillating types of WECs to reach commercialization.
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