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ABSTRACT

This work assesses the effect of long-term changes in the wave climate on the optimal sizing and performances of
oscillating water column wave energy converters along the coastline of the Mediterranean basin. Trends are
evaluated based on the projections of future wave climate to 2100 delivered by the Climate Data Store of the
Copernicus Climate Change Service under representative atmospheric emission scenarios. The capture width of
the device under different wave conditions is computed using an empirical model capable of predicting the
device performance with acceptable accuracy and limited computational time. The optimal geometry of the
device varies significantly across different geographical locations, with maximum values of chamber size along
the north African coasts and western Sardinia and Corse, and minimum values in the Adriatic and Aegean Seas.
Long-term changes in the wave energy resource result in moderate modifications of the optimal geometry, with
relative variations between present and future scenarios up to 10% of the size. The annual energy production of
the device in the projected scenario would significantly increase in most geographical locations, potentially
contributing to reducing the levelized cost of energy and favouring the economic competitiveness of this

technology.

1. Introduction

The topic of hindcasting and projection of the wave climate is
fundamental for design studies of offshore and coastal structures and it is
currently an open field of research, as proved, e.g., in some recent works
(Morim et al., 2019; O’Grady et al., 2021; Salvadori et al., 2020). Ocean
waves show a complex response to climate change, which may have a
direct influence on the variables connected to their generation, trans-
formation, and dissipation (e.g., wind patterns). The Intergovernmental
Panel for Climate Change (IPCC) identified ocean waves, in combination
with other marine processes potentially affected by long-term climate
dynamics (e.g. sea-level rise), as one of the key climate drivers of coastal
hazards (IPCC, 2013; IPCC, 2019). The Fifth Assessment Report (AR5) of
the IPCC (IPCC, 2013) formulated projections of climate scenarios
induced by different paths in the future Greenhouses Gasses (GHC)
emissions, defined as Representative Concentration Pathways (RCPs).
RCP4.5 and RCP8.5 represent, respectively: (i) a scenario with a pro-
jected radiative forcing of 4.5 Wm™2, comprising the stabilization of
GHG emissions before 2100 and (ii) a scenario with 8.5 Wm 2 of radi-
ative forcing, foreseeing a continuous increase of GHG emissions
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throughout the century.

Several studies analysed regional or global scale projections of the
wave climate, aiming to identify long-term effects of climate change on
ocean waves, focusing either on mean annual values, high quantiles and
annual maxima of significant wave heights and periods or on extreme
wave conditions. The robustness and reliability of the projected change
in the wave climate are still under debate (Morim et al., 2019). Gener-
ally, a greater degree of consensus exists about the projected change in
mean annual values, while the trend of extreme events has a higher
uncertainty (Lobeto et al., 2021).

Morim et al. (2018) analysed the results of available regional or
global-scale wave climate projections (from 91 different sources), aim-
ing to assess the related uncertainties. The authors pointed out a general
agreement on an increasing trend for annual mean values of significant
wave height in the eastern Pacific, the Southern Ocean and Baltic Sea
and on an opposite decreasing trend for the North Atlantic and the
Mediterranean Sea. Concerning extreme wave height values, a gener-
alized lack of consensus was found, except for consistent projections of
increase for the Southern Ocean and decrease for the north Atlantic area.

More recently, De Leo et al., 2021a analysed the projected wave
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climate change under the RPC8.5 scenario in the Mediterranean Sea.
The authors used the wave model WavewatchllII forced by an ensemble
of seven different Euro-CORDEX climate projections. Results showed a
decreasing trend of annual means and annual maxima of significant
wave height and mean periods over most of the Mediterranean basin.
Lobeto et al. (2021) also analysed a seven-member ensemble of wave
climate simulations, documenting relevant divergences between the
detected trends for mean and extreme wave conditions in several ocean
regions. Focusing on the Mediterranean area, the authors highlighted a
moderate (<1 m) increase in the projected 20-years return period wave
height for the western Mediterranean basin and an opposite decrease in
the eastern Mediterranean Sea. In contrast, annual mean values of sig-
nificant wave height were found to decrease over most of the basin. At
present, most of the available studies focus on significant wave height,
while long term trends in wave period and direction are less
investigated.

In this wide framework, concerns about GHG emissions related to
climate change are among the principal drivers of the increasing
attention toward renewable energy sources. Wave energy conversion
could potentially accelerate the process of energy transition towards
zero-carbon, contributing to a climate-neutral energy supply. At present,
different technical and non-technical issues limit the development of
wave energy conversion (Farrell et al., 2015; Ramos and Ringwood,
2016), de-facto confining it to the pre-commercial stage. Among such
issues, a noteworthy factor is the need to reduce the Levelised Cost of
Energy (LCOE) which is a function of Capital and Operating Expendi-
tures (CAPEX and OPEX) and of the average Annual Energy Production
(AEP) of the device over its lifetime (Garcia-Teruel and Forehand,
2021). Assessing investments in the wave energy conversion sector
based on LCOE is a well-established practice (de Andres et al., 2017).
Reliable estimations of the AEP achievable with a certain Wave Energy
Converter (WEC) are, therefore, essential for a sound evaluation of LCOE
in the investment decision-making process. In turn, the lack of reliability
in estimates of the device productivity is also a result of the uncertainty
in the assessment of the available wave energy resource (Mackay et al.,
2010; Robertson et al., 2019), since the geometry of the device which
maximizes the AEP is fundamentally dependent on wave climate in the
foreseen installation site (de Andres et al., 2016).

Uncertainties on the wave resource may be related to different as-
pects, e.g. (i) the number of years of available data for the assessment,
(ii) whether such data are produced by a numerical model or from field
measurements, (iii) the physical processes represented by the numerical
model used, (iv) the resolution in time, space and frequency and the
parametrization of the spectral wave information (Robertson et al.,
2019; Mérigaud and Ringwood, 2018; de Andrés et al., 2015). The
aforementioned projections of climate-change related long-term trends
in the wave climate add to the overall resource uncertainty.

On the other hand, a reliable evaluation of AEP also requires
modelling the considered WEC, using numerical or theoretical ap-
proaches capable of accounting for all the relevant physical phenomena
influencing the WEC functioning, including real fluid effects and
nonlinear dynamics (Penalba et al., 2017). Aiming to assess the WEC
performance under different wave conditions (which is required to
properly estimate the AEP), computationally efficient models of the
device are needed. This need becomes particularly pressing for per-
forming optimization studies.

Available studies on the optimization of the geometry of WECs are
based on hindcast wave data, i.e. they only consider past wave climate.
A previous attempt to evaluate the impact of wave trends on the opti-
mization of a WEC was presented in Ulazia et al. (2020), with regard to
the North-East Atlantic Ocean areas of Europe and Africa. The optimal
width of the considered WEC, i.e. an Oscillating Water Column (OWC)
(Falcao and Henriques, 2016), was shown to vary considerably in
different installation locations and over time. However, assessing data
between 1979 and 2018, this study did not consider the projected
change in the wave conditions included in the IPCC’s climate change
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scenarios.

The present work focuses on evaluating the effects induced by wave
climate long-term changes, as projected in the RPC8.5 IPCC scenario, on
optimal geometry and power production of OWC-WEC devices that
could be located along the Mediterranean Sea coastline. The empirical
model proposed by Simonetti et al., 2018a, is used to evaluate the OWC
performance (in terms of efficiency of the primary conversion process)
under different wave conditions. The empirical model, based on
regression analysis on an extensive database of laboratory tests and
numerical simulations, explicitly provides the performance of rectan-
gular shaped, asymmetric and bottom-detached OWC devices given the
wave conditions, the water depth, the geometrical parameters of the
device and the turbine damping as input variables. The model can
effectively be used for this kind of study since it allows to implicitly
account for non-linear phenomena, which may relevantly influence the
device’s functioning, while maintaining a low computational cost.
Explicitly considering the effect of projected changes in the wave
climate on the optimal sizing and performance of OWC-WEC, the paper
addresses a specific gap of knowledge in the present literature.

The remainder of the paper is structured as follows: material and
methods are introduced at first, regarding the wave data used to assess
the present and future wave climates, the methodology adopted to
evaluate eventual trends in wave data and the procedure used to opti-
mize the OWC geometry for a given wave climate. Results are then
presented and discussed, in terms of trends detected in the wave energy
resource, optimal size and energy production of OWCs in the present
wave climate and the effect of long-term trends on said parameters.
Finally, concluding remarks are given.

2. Materials and methods
2.1. Wave data

Time series of hourly wave data for the European coastline along the
20 m bathymetric contour, with a horizontal resolution of ~30 km, are
provided by the Climate Data Store (CDS) (Caires and Yan, 2022) of the
Copernicus Climate Change Service (C3S). Wave data available in the
CDS are obtained using the European Center of Medium-range Weather
Forecast (ECMWF) wave forecasting system, which is based on the
spectral wave model WAM (Komen et al., 1994). The ECMWEF version of
WAM (Gunther et al., 1992), referred to as SAW, uses the source term
parametrization for wave growth and dissipation denoted ST4 (Ardhuin
et al., 2010). The validation of SAW wave hindcast data against obser-
vations is documented in (ECMWF, 2019). Being specifically conceived
as a tool to assess the impact of climate change on the ocean waves, SAW
data include three climate scenarios: a historical reanalysis based on
ERAS data (covering the period 1976-2017), and two Representative
Concentration Pathway (RCP) scenarios, covering the period
2040-2100, as defined by the IPPC, i.e. RCP4.5 and RCP8.5. The wave
climate in these scenarios is simulated using wind forcing from the
Euro-CORDEX climate model ensemble (the HIRHAMS regional climate
model). ERAS is the fifth generation atmospheric reanalysis of the global
climate provided by ECMWF (Hersbach et al., 2020) and it is judged to
provide one of the most accurate atmospheric forcings for modelling
wind waves (Sharmar et al., 2021).

CDS-C3S database provides the spectral peak period T,, while the
spectral period Ty,.1,0, which denotes the period of a single sinusoidal
wave that contains the same amount of energy as the reference sea state,
is not provided. Therefore Ty,.1,0 is determined from the available peak
period T, assuming a theoretical shape of the wave energy spectrum,
allowing to obtain Tp,.1,0 = o Tp. Assuming a JONSWAP spectrum with a
peak enhancement factor y = 3.3, a value of a = 0.904 is obtained. This
constant a-value is used the present work.



1. Simonetti and L. Cappietti
2.2. Trend analysis

For each grid point on the 20 m bathymetric contour along the whole
Mediterranean coast, wave data are analysed to assess the presence of
significant trends in the following parameters: annual maximum values
of Hyo and Tp-10 (Hpg* and Tj® ), annual mean values of Hyo and
Tm-10 (Hng™ and o), annual values of the 90th percentile of Hy
and Tr_10 (HX" and T;%% ). In addition, trends in the values of wave
period and height associated with the greatest fraction of the wave en-
ergy (HRAE and T#¥) on an annual basis, are also considered, given
the relevance of these parameters on the optimization of the perfor-
mance of WECs. To obtain these values, the annual wave data are pre-
liminarily analysed in the form of a Scatter Matrix (SM), representing
the bivariate distributions of occurrences of sea states defined by pairs of
Hpo and Tp,-1 and their corresponding Annual Energy (AE). For each
pair of Hy and T;,_1, the associated wave power per meter of wave-
front Pyqe [W/m] is computed, and the AE is obtained based on the
relative frequency of occurence of the pair. The values of Hpo and Tr—10
having the highest contribution, as a percentage, to the total annual
incident energy are then selected as H"®AE and T"*%F. To jointly ac-
count for eventual variations in significant wave height and periods,
trends in the annual mean values of available wave power Py, are also
examined. Py, is computed as in Eq. (1).

Pave :%ngnzz()Cg (1)
where p is the water density, g is gravitational acceleration, Cg is the
wave group velocity obtained by solving the linear dispersion relation
on the considered water depth h. The wave energy period Tp.1,0 is
assumed as reference period to compute the value of Cg. It is worth
mentioning that Eq. (1) provides an approximation of the exact wave
power of irregular waves of a given spectrum on a finite water depth.
The errors induced by adopting such approximation on wave power
assessments were proved to be negligible (i.e., lower than 5%) compared
to the exact computation (Sheng and Li, 2017). Moreover, being the
spectral parameters unknown in CDS-C3S dataset, the use of Eq. (1) is
justified.

The presence of a trend in the wave climate, and the entity and
significance of the trend, are assessed on the 1976-2100 time series
(with a gap between 2017 and 2041, where Copernicus CDS-C3S data
are not available) of the aforementioned parameters by using the
following statistical indicators, widely used in hydrology and meteo-
rology fields (Helsel et al., 2020):

(i) Theil-Sen’s slope s (Sen, 1968), a robust nonparametric estimator
of the trend in sample data, computed as the median of all
possible slopes among couples of points, as in Eq. (2);

s = median (y—j 7)},)
X]’—X,' (2)
Vi<j,i= 1725“':(}17 1),‘].:2,3,‘“,11

where yj, y; denotes the j-th and i-th data in the time series, and xj and X;
are the corresponding reference times.

(ii) p-value of Mann-Kendall tests (Kendall, 1938), allowing to assess
to what extent data are consistent with the null hypothesis (i.e.
the absence of long-term trends): for p-values close to 1, data are
consistent with the null hypothesis, while p-values close to
0 denote the presence of a significant trend affecting the data.

Theil-Sen’s slope s values indicate where trends of a certain magni-
tude will most probably happen, while the significance of trends can be
evaluated based on Mann-Kandall’s p-value. The combined use of these
two statistical indicators to detect trends in wave data has already been
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proved to be a reliable methodological approach (De Leo et al., 2021a;
De Leo et al., 2021b).

2.3. OWC-WEC and multi-regression-model of the performance

The present study considers fixed, bottom-detached and asymmetric
OWC devices. The OWC is a well-established concept for wave energy
conversion (as reviewed in Falcao and Henriques, 2016), with some
full-scale prototype installation in Europe, e.g. the pilot plant on the
island of Pico, Azores (Falcao et al., 2020), the Mutriko plant, Spain
(Ibarra-Berastegi et al., 2021), the REWEC3 in Civitavecchia (Arena
et al., 2017).

In its fixed version, the OWC system consists of a hydraulic structure,
i.e. a partially submerged caisson, connected to a Power Take Off (PTO)
system, generally an air turbine and an electrical generator. The wave-
induced motion of the water inside the caisson expands and com-
presses the air in the upper part of the caisson. The pneumatic power of
the generated airflow (primary conversion process) drives the PTO
system (secondary and tertiary conversions) (Fig. 1).

The hydrodynamic performance of the OWC device is traditionally
expressed in terms of capture width ratio (CW*), defined as the ratio of
the wave energy extracted by the OWC device, Py, to the incident wave
energy, Pyaye, as in Eq. (3).

Py

CW* =2 3
Pwave'B ( )

where B is the width of the device perpendicular to wave propagation
direction. In the present study, P,y refers to the fraction of wave energy
converted into pneumatic energy, i.e., only the efficiency of the primary
conversion process is considered.

CW* is intensely affected by the wave climate, underling the
importance of a site-specific design, as discussed e.g. in Simonetti et al.
(2017), and Ciappi et al. (2022). These previous studies underlined that:
(i) the value of damping applied on the hydraulic caisson by the PTO
which maximizes CW* strongly depends on the chamber length W and
the relative water depth kh (being k the wavenumber and h the water
depth); (ii); the draft of front wall D influences both the OWC resonance
frequency and the wave-induced pressure acting on it; (iii) an optimal
value of the OWC chamber length in wave direction relative to the
incident wavelength, W/, exists; (iv) when determining the optimal
sizing and performance of OWCs, a strong mutual interaction takes place
between the aforementioned parameters, implying the need for a com-
bined optimization of geometry and PTO damping.

In the present study, values of CW* under the action of incident
waves are computed by using the empirical Multi-Regression Model
(MRM) proposed by Simonetti et al. (2018a). The model explicitly

Fig. 1. Definition sketch of the design parameters for a fixed, bottom-detached
and asymmetric OWC wave energy converter.
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provides values of CW* of a rectangular shaped, fixed, bottom-detached
and asymmetric OWC device given the wave conditions (Hy,p and Tp.1,0),
the water depth h, the geometrical parameters of the OWC (W, D and B)
and the PTO damping (K) as input variables. By using pi-theorem and
dimensional analysis, CW* is expressed as a function of the following
dimensionless parameters (generically denoted by *)

CW* :f(hv':7 W*7 Dir7 K:‘f) (4)

where the function fis provided by the MRM. Dimensionless parameters
are defined as follows:

h*=kh 5)
. cosh k(h — D)

b= D/ (H ) cosh(kh) ) ©)

wr=w @

K*=K-B-W/p}? ®

where the wave number k is univocally related to the wavelength 1 and
period T, on a given h, by the linear dispersion relation. The model was
formulated based on regression analysis, and it implicitly includes non-
linear effects observed in the numerical and experimental datasets used
to derive it. It has to be stressed that the application of the MRM should
be limited to the range of dimensionless parameters used for its
formulation (i.e.: h*=1.5-3.5, D*=1.8-5, W*=0.08-0.2, K*=20-170).
The MRM was formulated with reference to an OWC chamber having the
following side ratios: 0.67<B/W<2. Moreover, the ratio of the sub-
merged length of the OWC back wall to the incident wavelength varied
between 0.11 < G/4 < 0.30, corresponding to ratios of the gap between
the sea-bottom and the OWC back wall to the wavelength of 0.08<(h-
G)/A < 0.21. The readers are referred to Simonetti et al., 2018a, for
further details on the model formulation, validation and applicability
limits. The functions f describing the MRM are also reported in
Appendix I for the sake of clarity. Recently, the MRM has been success-
fully used by Ulazia et al. (2020), and Gubesch et al. (2022), confirming
its functionality in preliminary optimization processes of OWC devices.

2.4. Methodology for selecting the optimal OWC geometry

In each of the available points on the 20 m bathymetric contour
along the whole Mediterranean Sea coastline, the MRM is used to obtain
the CW* of the device over a range of Hp and Tp.1,0 pairs, each pair
representing a cell of the scatter matrix SM. SMs are obtained, in each
geographical location, based on 30 years of hourly wave data, consid-
ering two alternative scenarios for a comparative evaluation: a present
scenario, comprising data from 1986 to 2016, and a future scenario,
obtained with data from 2071 to 2100. For the future wave climate, the
projections under RCP8.5 emission scenarios are considered, as it rep-
resents conditions in which the greatest changes are expected compared
to the current scenario. For the MRM application, SMs are discretized in
bins of 0.125 m and 0.125 s, for Hpp and Tp,.1,0, respectively. A direct
search approach is used, defining the parameter space to explore as the
set of all possible combinations of W, D and K-values, within a prefixed
range. Values of Wbetween 7 and 11.5 m, D between 3.5 and 6 m (with a
discretization step of 0.2 m) and K between 0.6 and 1.5 kgl/ ’m~7/2 (with
a discretization step of 0.04 kg'/2m~7/2) are considered. The following
parameters of the OWC are kept constant: chamber width perpendicular
to wave direction B=10 m, freeboard Fb=8 m, length of the lateral al
back walls G=14.5 m (i.e., the OWC is detached from the bottom of 5.5
m). The range of OWC parameters, as well as Hpg, Tm-1,0 pairs
(1<Hpmp<5.5 m and 4.4<Tp.1,0< 9.2 s, respectively), have been selected
to respect the range of applicability of the MRM (Simonetti et al.,
2018a). Since the empirical MRM is developed based on data relative to
regular waves only, the assumption of approximating the wave climate
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in each considered site by means of a set of regular waves with height
H=Hpo/ \/ 2 and period T=Ty,.1,0 is made, ensuring the equivalence of
the energy flux related to regular waves and irregular waves.

In each of the geographical locations considered, the geometry
(identified as a combination of W, D, K) associated with the highest AEP
is selected as optimal. The AEP of the device is defined as the weighted
average of the device capture width ratio CW*, obtained for each of the
n pairs of Hpyo and Tr.1,0 considered from the reference SM, with weights
being the annual energy of each of the n pairs, AE, (Eq. (9)). (AEP); is the
annual energy extracted in the form of pneumatic energy by the OWC
device having geometry defined by the set of parameters (W, D, K);.

S CW-AE,
(AEP), = TSaE )

To account for the decrease in the OWC performance caused by
possible air intake at the front draft during the passage of wave trough
(inlet broaching phenomena), a reduction factor equal to 0.5 is applied
to the value of CW* predicted by the MRM for Hpp>D. It is worth to
point out that further specific studies should be carried out to precisely
quantified the value of the reduction factor of CW* due to inlet
broaching phenomena, here only tentatively assumed as constantly
equal to 0.5. Since the main aim of the present work is to provide a
comparative assessment of the OWC performance under different wave
climate scenarios, the impact of such an assumption on the results is
considered relatively limited.

In an effort to provide indications about the geographical locations
more suitable for the installation of OWC devices with features similar to
those considered in this study, the LCOE of each geometry alternative is
also examined. Assuming a lifetime of the device m of 25 years, the LCOE
is computed based on Eq. 10

" OPEX, " AEP,
LCOE = | CAPEX + - - 10)
( ; (1 +J)’> ; 1+

where the weighted average cost of capital j is assumed equal to 10%
(Chozas, 2015), CAPEX is assumed given by: (i) a component propor-
tional to the volume of material needed to build the device, (ii) a fixed
component for the cost of the PTO system (Falcao, 2004). OPEX is
supposed to account for 4% of CAPEX (assumed as a reference value in
the literature range of 1.5-9% (Tetu, Fernandez Chozas, 2021). An ac-
curate economic analysis, fundamental for a quantitative assessment of
the LCOE, is out of the scope of the present research. Therefore, aiming
to provide only comparative indications about the more suitable loca-
tions, values of LCOE normalized between 0 and 1 will be presented in
this work.

3. Results

Results of the trend analysis performed on CDS-C3S wave data on the
20 m contour of the Mediterranean Sea are presented at first, consid-
ering all the available data in the period 1976-2100. Then, the optimal
sizing of the OWC device and the related pneumatic AEP are obtained
for each grid point in the present scenario (i.e., based on the SM obtained
for the 30-years data from 1986 to 2016). Finally, possible modifications
of the OWC functioning deriving from using SMs based on projections of
future wave climate for the 30-years period 2071-2100 are analysed in
Section 3.3.

3.1. Trends in the available wave resource

Concerning the mean annual significant wave height, H\¢™, positive
values of Theil-Sen’s slope s (denoting upward trends) are observed
especially for the Alboran Sea close to the Strait of Gibraltar, in front of

Spain and Morocco, and in the Aegean Sea (Fig. 2, a). In these areas, the
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Fig. 2. Spatial distribution of Theil-Sen’s slope s (left) and p-value of Mann-Kandall tests (rigth) in the IPCC’s RCP8.5 scenario for: annual mean significant wave
height H™" (a), 90th percentile of significant wave height H%% (b), annual maximum H™& (c), wave height with the highest contribution to the total annual energy

HpexAE (d).

magnitude of the trend is limited, i.e. up to 9-10~* m/year. In the same
locations, moderate positive trends for annual means of Hp,o were also
highlighted in De Leo et al. (2021a). Although limited in magnitude, the
positive trends in Hi¢™ can be considered significant, being associated
with p-values close to zero (Fig. 2,a, right). Absent or slightly decreasing
trends in H¢™" are found in the Northern Mediterranean coast of Spain
and France, in that of Algeria and in the Eastern Levantine Sea, as well as
along most of the Italian coasts. In these areas, the absence of significant
trends on H'¢™ is confirmed by p-values closer to 1. A significant, albeit
limited in magnitude (s up to —4-10~* m/year), decreasing trend is
found along the southern Turkish coasts and around Cyprus.

Annual values of the 90th percentile wave height H)%%" (Fig. 2,b)
show a higher magnitude of the positive trend in the Alboran Sea close to
the Strait of Gibraltar and in the Aegean Sea (where Theil-Sen’s slope s
attains values of 2-10~° m/year). Based on p-values, these trends can be
considered significant. A moderate (s < 1-10% m/year) positive trend in
H% is observed also for most of the coasts in front of France and in the

Tyrrhenian Sea. A decreasing trend in H)9% is found, instead, in wide
homogeneous areas in the north Africa (especially Algeria) and the
eastern Levantine Sea.

Focusing on annual maximum wave heights, H'%*, the western coasts
of Corse and Sicily show the highest positive trends, with s-values up to
10-10~3 m/year and high significance levels based on p-values (Fig. 2,c).
In the Strait of Gibraltar, a positive trend with a lower magnitude (up to
6-10~3 m/year) is found for He*. Trends are scarcely significant in most

of the remaining areas. In general, trends of annual maxima are more
geographically dispersed compared to lower percentiles or mean values
of Hpp (as previously pointed out also in the work of De Leo et al.
(2021a), especially along the north African coasts of Algeria and
Tunisia. Concerning the wave height associated to the greatest fraction
of the wave energy (HM@4E), a null trend is noticed in the vast majority
of locations on the 20 m contours (Fig. 2,d). Positive trends are scattered
over isolated points, without geographically extended homogenous
trends.

Similar spatial distributions for annual average values of the energy
period, T¢T, , are observed close to the Strait of Gibraltar, with sig-
nificant (p-values~0) upwards trends characterized by s-values
~2.1073 s/year (Fig. 3,a). Negative and significant trends on TR, are
observed on the western coasts of Corse and Sardinia, on the north of
Sicily and in the eastern Ionian Sea close to Greece and Albania. In the
same geographical areas, negative trends are not observed, instead,
when considering the higher percentile of Tp.10 ('I?g’io) or annual
maxima (mﬂ,o) (Fig. 3,b-c). Indeed, for annual maxima T;™} ,, Theil-
Sen’s slope s attains the higher positive values, reaching up to 1072 s/
year in the Ligurian, Libyan and Levantine seas, with high significance
level over quite extended homogenous geographical areas confirmed by
p-values close to 0. In the Alboran Sea close to the Strait of Gibraltar
(Fig. 3,c), Th® , has an opposite (i.e. decreasing) trend compared to that

observed for T4 and T2 | in the same zone. However, p-values in
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Fig. 3. Spatial distribution of Theil-Sen’s slope s (left) and p-value of Mann-Kandall tests (right) in the IPCC’s RCP8.5 scenario for: annual mean energy period Tp°Y,

(a), 90th percentile of energy period To0% o (b), annual maximum value of energy period T;%| , (c), energy period with the highest contribution to the total annual

energy TmAE (d).

these locations suggest that the negative trend of annual maximum pe-
riods is scarcely significant. As previously observed for HT®E, also
energy periods associated with the greatest fraction of the wave energy
(T;’,}g"AE) have a null trend in most of the Mediterranean basin (Fig. 3,d),
with isolated points showing negative or positive, scarcely significant,
trends. Overall, trends of annual maxima are characterized by higher
magnitude, as confirmed in De Leo et al. (2021a). Moreover, the
divergence of the trend between mean and extreme wave conditions
observed by Lobeto et al. (2021), at the global scale is evident also from
the analysis at the Mediterranean basin scale performed in the present
work.

As far as the annual mean values of specific wave power, Pl is

concerned (Fig. 4), increasing trends, highly significant, are observed in
the Alborean Sea, along most of the western coast of Italy and the Aegen
coasts of Croatia, Grece and Albania. In such areas, maximum s-values of
around 0.01 kW/m per year are detected. Significant decreasing trends
characterize, instead, the eastern Levantine Sea. It is worth noting that
the detected trends on the mean annual wave power PJ" are, overall,
more significant over wider homogeneous geographical areas compared
to those observed on annual mean values of significant wave height

ean
Hyeom.

Fig. 4. Spatial distribution of Theil-Sen’s slope s (left) and p-value of Mann-Kandall tests (right) in the IPCC’s RCP8.5 scenario for the annual mean value of specific

mean
wave power P2,
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3.2. Optimal sizing and performance of the OWC in the present scenario

Considering the wave conditions of the present scenario, the optimal
sizing (in terms of values of D, W and K) and the pneumatic AEP of OWCs
along all the Mediterranean 20 m depth-contour are reported in Fig. 5
and Fig. 6. As aforementioned, the MRM is applied on pairs of Hpp
andTp.1,0 in each local SM by limiting the maximum wave height to
values between 1 m and 5.5 m, assumed as representative of safe
operative conditions for the device. Moreover, the model is applied
considering wave periods in the range 4.4-9.2 s, to respect the appli-
cability limits intrinsic in its formulation. Applying the MRM within this
range allows considering pairs of Hpg, Trm-1,0 covering from 70% to 97%
of the total annual energy AE in each geographical location.

The optimal chamber length W, varies between 7 m and 11 m
(Fig. 5,a). Wop has the lower values in the Adriatic Sea and the Aegean
Sea, while the higher values are on the west coast of Sardinia and Corse
and the north African coasts of Algeria and Tunisia. The spatial distri-
bution of the optimal OWC chamber length W directly reflects that of the
wavelength A transporting the higher fraction of the wave energy in the
installation site: indeed, optimal performances of the OWC for W/
A~0.12 were previously found in the literature (e.g. Simonetti et al.,
2017). The optimal geometry has a larger value of Wy in locations
where a higher fraction of the total wave energy, on a multi-annual
basis, is transported by longer waves, as discussed later in this section
comparing the wave climate of selected geographical locations.

The optimal damping applied on the OWC caisson by the PTO, K, is
strongly correlated to Wy, (Fig. 5,b): the lower the value of Wy, the
higher the value of K. This effect is confirmed, and discussed in-depth,
in previous works on OWC performance (e.g. in Simonetti et al. (2017)
and Curran et al. (1997)). Ko has values between 0.9 and 1.1
kg'?m~7/2 over large areas of the Mediterranean basin, reaching
maximum values of 1.3-1.4 kg'/?m~7/2 in the Adriatic and Aegean Seas
and in some isolated spots as the Gulf of Gabes.

As discussed in Simonetti et al. (2017), D influences both the reso-
nance frequency of the OWC chamber and the magnitude of the dynamic
wave pressure acting at the level of the submerged front wall draft.
Moreover, in highly energetic sea states, limited values of D may
determine the occurrence of inlet broaching phenomena, penalizing the
performance of the device. As a balance of the aforementioned factors,
in the present study, an optimal value of D of around 3.5 m is found for
most of the Mediterranean basin (Fig. 5,c). The Doy increases to around
4 m along the western coast of Sardinia, in the Balearic Islands and in
some locations along the North African coasts (attaining peaks of 4.7 m),
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i.e., where higher fractions of the annual wave energy are associated
with higher waves compared to other locations in the Mediterranean
basin.

The AEP of the device is considered in this work only with reference
to the energy extracted in the primary conversion process, i.e. the
pneumatic energy of the airflow directed towards the turbine. The
spatial distribution of the specific pneumatic AEP (i.e. for unit width of
the chamber perpendicular to the direction of wave propagation)
achievable with the optimal OWC geometry (Fig. 6,a) reaches values up
to 37 MWh/year-m, with maxima along the western coasts of Sardinia
and Corse, that of Algeria and Tunisia and in the north of Balearic
islands. Values of AEP around 15 MWh/year-m are found also in wide
geographical areas along the North African coasts. Lower AEP values
characterize the Adriatic and Aegean Seas, as a direct consequence of the
lower availability of the wave energy resource (as shown in wave energy
resource assessments available in the literature, e.g. in Besio et al.
(2016).

Aiming to highlight locations more suitable for the installation of
OWC devices, comprising also the economic point of view, the spatial
distribution of the normalized LCOE of the optimal geometry is pre-
sented in (Fig. 6,b). Values of normalized LCOE lower than 0.1, denoting
locations with the highest economic potential for the deployment of
OWCGs, are found in most of the 20 m bathymetric contours of the
Mediterranean coasts of Africa, Balearic Islands, western sides of Corse,
Sardinia and Sicily and in some areas in the central Italy. Favourable
spots are also in some locations in the Aegean Sea. Adopting devices of
optimized size allows to mitigate, in terms of LCOE, the significant
differences observed in the spatial distribution of the AEP. The reasons
are twofold: on the one hand, the optimization process allows maxi-
mizing the energy extracted in each installation site, on the other hand,
the optimal OWC geometry, of reduced dimensions in less energetic
sites, allows decreasing the CAPEX of the device, in turn decreasing the
LCOE.

The SMs of the available wave resource in the present scenario, the
extracted pneumatic energy, and the scatter of CW* over different
chamber lengths W and damping K are exemplarily shown for selected
geographical locations in the Mediterranean Basin (P1-P5, Table 1 and
Fig. 7). For P1, located in the north Tyrrhenian Sea, the application of
the MRM, within the aforementioned applicability limits in terms of Hy,;p
and Tp,.1,0, allows evaluating the device performance for n pairs of Hyg
and Tp.1,0 covering a considerable fraction of the total available wave
energy AE in the scatter matrix (i.e. > _AE,/AE = 0.95, as reported in

n

Table 1). In P1, the optimal configuration has W,=9.8 m, Do,=3.9 m,

Fig. 5. Optimal values of: length of the OWC chamber, W, (a), damping applied by the PTO K, (b) and draft of the front wall D, (c). Results for the present wave

climate scenario based on data from 1986 to 2016.
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Fig. 6. Spatial distribution of the specific pneumatic Annual Energy Production (AEP) of the optimal OWC configuration (a) and normalized Levelized Cost of Energy

(LCOE) (b) for the present wave climate scenario based on data from 1986 to 2016.

Table 1

Coordinates of the reference sites P1-P5 used for the detailed analysis, fraction of the total available annual energy (AE) in the reference site considered in the
application of the MRM model, > AE,/AE, optimal dimensions of the OWC, CW* and AEP of the optimal geometry.
n

Marker Coordinates > AE,/AE Wopt Kopt Dopt CW* AEP
n
[-] [m] [m] [m] [-] [MWh/year-m]
P1 43.6°N, 10.2°E 0.95 9.8 0.92 3.9 0.54 12.35
P2 40.7°N, 8.1°E 0.93 10.4 0.92 4.7 0.50 35.89
P3 37.9°N, 12.3°E 0.92 9.4 0.96 3.7 0.54 19.55
P4 36.7°N, 5.3°E 0.81 10.8 0.88 3.5 0.52 11.68
P5 36.7°N, —3.2°W 0.92 7.8 1.08 3.5 0.54 6.46

Fig. 7. Location of the reference sites P1-P5 used for the detailed analysis in the Mediterranean Sea.

Kop=0.92 kgl/ 2m~7/2, with an average capture with CW*=0.54. For a
fixed value of D=3.9 m, CW* close to the maximum (i.e., CW*>0.52) is
obtained with values of W between 9.3 and 10.7 m, combined with K-
values between 1.05 and 0.80 kg'/?>m~"/2, respectively (Fig. 8,b). The
pneumatic AEP achievable with the optimal geometry in P1 is estimated
in around 12.35 MWh/year-m (Fig. 8,a). It is worth mentioning that SMs
in Figs. 8-12,a are represented with 1 m and 1 s bins in Hpp and Tp,.7,0 to
increase the readability of the figure, while computations, as afore-
mentioned, were carried out using a higher resolution of the bins (0.125
m and 0.125 s). The wave climate of P2, located in North Sardinia, is
characterized by significantly higher AE (Fig. 9,a), which corresponds to
a higher AEP (i.e. 35.9 MWh/year-m with the optimal geometry, i.e.
Wop=10.4 m, Dyp=4.7 m, Kgp= 0.92 kg'?m~7/2, Fig. 9,b), obtained
with CW*= 0.50. In P3, located on the west Coast of Sicily Island, a

similar value of CW* for the optimized geometry (Wyp=9.4 m, Doy=3.7
m, Kop=0.96 kgl/ ’m™772, Fig. 10) allows to obtain a pneumatic AEP of
around 20 MWh/year-m. The effect of the distribution of the wave en-
ergy among different pairs of Hpyg and Tp.70 in the SM is evident if
comparing the optimal values of the draft D obtained in P1, P2 and P3
(Figs. 8-10). In P2, waves with 4<H,;0<6 m transport 24% of the total
wave energy in the local SM. In P1 and P3, this fraction decreases to
8.3% and 8.0%, respectively. Accordingly, a higher value of the optimal
D (Dgpr=4.7 m) is found for P2 compared to P1 (Dyp=3.9 m) and P3
(Dgpe=3.7 m), reflecting the need to limit inlet broaching phenomena in
the most energetic sea states. The relevance of the prevailing wavelength
4 in determining the value of the optimal chamber length W, is evident
comparing results in P4 and P5. In P4, situated along the coast of
Algeria, 68% of the energy in the SM (Fig. 11,a) is transported by waves
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Fig. 8. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P1 (a); scatter plot
of CW* of the OWC device in the same location, for different W and K with D,y = 3.9 m (b). Results refer to the present wave climate scenario.

Fig. 9. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P2 (a); scatter plot
of CW* of the OWC device in the same location, for different W and K with D,y = 4.7 m (b). Results refer to the present wave climate scenario.

Fig. 10. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P3 (a); scatter plot
of CW* of the OWC device in the same location, for different W and K with D,,; = 3.7 m (b). Results refer to the present wave climate scenario.
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Fig. 11. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P4 (a); scatter plot
of CW* of the OWC device in the same location, for different W and K with D, = 3.5 m (b). Results refer to the present wave climate scenario.

Fig. 12. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P5 (a); scatter plot
of CW* of the OWC device in the same location, for different W and K with D,y = 3.5 m (b). Results refer to the present wave climate scenario.

Fig. 13. Percentage variation of the optimal values of the OWC lengthW (a), damping K (b) and front wall draft D (c) between present (1986-2016) and projected
future (2071-2100, with RCP8.5 emissions) scenarios.
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with Tp.10>8 s. In the north Alboran Sean in P5 (Fig. 12), waves
transporting most of the energy have significantly lower lengths, with
93% of the resource associated with waves with T,.1,0<8 s (indeed, 78%
of the AE in P5 corresponds to wave periods Tp.1,0<7 s). This difference
reflects the greater values of W,y predicted in P4 regarding PS5,
respectively 10.8 m and 7.8 m.

3.3. Effect of long-term trends in the wave climate on OWC sizing and
performance

The MRM is applied to estimate the performance and optimal ge-
ometry of the OWC regarding the SMs obtained from the projected wave
conditions for the period 2071-2100, under the RCP8.5 emission sce-
nario. Comparing the results with those obtained for the present wave
climate scenario, moderate variations are observed in the optimal
chamber length W, (Fig. 13,a), which increases up to 10% in the
Adriatic Sea and in the north Tyrrhenian Sea (in particular, between
Corse and Tuscany). The increase of Wy is lower than 10% in the
Alboran Sea. On the contrary, relative decreases of Wy, up to —10% are
observed in some spots in the Aegean Sea and on the Iberian coasts, in
front of the Balearic Islands. Overall, variations are negligible over most
of the Mediterranean Basin.

Among the different wave statistics, the highest level of correlation
can be highlighted between locations showing increasing/decreasing
trends in T2X% ) and T7% ; and those showing an increase/decrease in
the optimal chamber length W, Trends in the mean annual values of
the energy period Tyt (Fig. 3) appear, instead, to have a weaker
correlation with variations of Wyy,. It is worth noting that for the Spanish
coast close to the Strait of Gibraltar, where trends in the annual values of
T20% | and TM% | are contrasting (with a significant increasing trend for
T20% | and an opposite decreasing trend, with low significance, for
Th® o as shown in Fig. 3,b-c), the relative variation of Wy, is more
limited compared to that between Corse and Tuscany (where both Tgﬂf’io
and T;® , show increasing, significant trend).

Moderate variations (+10%) are observed also in the optimal
damping level K, to be applied to the OWC chamber (Fig. 13,b). The
spatial distribution the foreseen variation of K,y matches closely that of
Wope: increasing optimal values of the chamber length W, generally
correspond to decreasing values of K.y, and vice versa.

Variations of the same order are found for the optimal value of the
OWC draft Doy (Fig. 13,c), with relative increases up to 10% near some
coastal regions in the south of Italy and peaks up to 20% in some isolated
spots in north Sardinia, Tunisia and Algeria. The limited variation of
optimal OWC geometries is consistent with the absence of relevant
trends on the wave periods and heights associated with the highest
fraction of wave energy resource in each location, as discussed in Section
3.1.

The AEPs obtainable if the OWC geometries optimized for the period
1986-2016 are applied on the projected SM for the period 2071-2100 in
RCP8.5 scenario considerably increases in most of the Mediterranean 20
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m contours (Fig. 14,a). Maximum relative variations are found in the
Adriatic Sea, along the Croatian coasts, and in the Aegean Sea around
Peloponnese Peninsula, with the higher relative increases up to 75% in
the Gulf of Corinth. The AEP also remarkably increases in the Alboran
Sea and in central Italy (in the Tuscan Archipelago), where relative
variations attain values of 40-50%. Negative relative variations, i.e. AEP
values lower in the 2071-2100 scenario, are found for a few limited
zones (i.e. south of Cyprus and part of the Gulf of Sidra). These negative
variations are limited to less than —20%. Increases of AEP are due to an
overall increase of the available wave energy resource in the future
scenario (Fig. 4). As a direct consequence of the variation of the AEP, the
LCOE would decrease over most of the 20 m contours in the Mediter-
ranean Basin, with projected values up to —25% lower (e.g. along
Spanish, French and Italian coasts, as well as in some Adriatic and
Aegean locations) (Fig. 14,b). The AEP shows no relative variation in
front of the north African coast of Algeria and Tunisia, as well as in the
western side of Corse and Sardinia, i.e. in regions characterized, in the
present scenario, by the higher values of wave energy flux in the Med-
iterranean basin, as unanimously shown in the literature, e.g. in Besio
et al. (2016); Liberti et al. (2013); Vannucchi and Cappietti (2016).

It is worth mentioning that the differences in AEP and LCOE esti-
mated on the SMs of the scenario 2071-2100 would be negligible (i.e.,
<+ 5%) if using OWC geometries specifically optimized with reference
to the wave climate of the future scenario, instead of that optimized on
the SMs relative to 1986-2016.

The SMs of the available wave resource in the future scenario, the
AEP obtained with the optimal geometry and the scatter of CW* over
different chamber lengths W and dampings K for points P1-P5 (defined
in Table 1 and Fig. 7) are reported in Appendix II.

4. Discussion

In the present work, an approach based on SM is used to represent sea
states and to estimate the OWC device performance by applying the
MRM proposed by Simonetti et al. (2018a). In this approach, sea states
are represented considering only a pair of wave parameters (i.e., sig-
nificant wave height Hy, and energy period Tp.1,0). The shortcomings of
this approach were discussed in Mérigaud and Ringwood (2018). The
authors concluded that SM-based representations of the sea state and of
the related WEC performance may introduce inaccuracy in the estima-
tion of the power production of WECs, especially for locations where
wave spectra significantly differ from standard shapes. The effect of the
degree of fidelity in representing wave and environmental conditions (i.
e., assessment of power production and performance based on
two-parameters SM, or more sophisticated environmental representa-
tions) was also discussed by Robertson et al. (2019). The authors proved
that an assessment based on full environmental representation
(including wind, tidal currents and considering spectral width and
directional spreading to characterize waves) could reduce the estimated
mean power production by 11.6% compared to assessments based on
SMs in which wave heights and periods are divided into 0.5 m and 1 s

Fig. 14. Percentage variation of AEP (a) and LCOE (b) of OWCs between present (1986-2016) and future (2071-2100, with RCP8.5 emissions) scenarios. Results are
relative to the performance of the optimal OWC geometry determined for the present scenario, applied alternatively on both the scatter matrices SMs of the present

the future scenarios.
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bins. To partially overcome this limitation, a higher resolution was
adopted in the present work to discretize the SM for the application of
the MRM, using bins of 0.125 s and 0.125 m for wave heights and wave
periods. However, using a two-parameters SM-based approach in rep-
resenting sea states was fundamental to allow assessing the OWC per-
formance for a vast number of geometry alternatives over the whole 20
m water depth-contour in the Mediterranean Basin, as needed to
perform an optimization study, maintaining a feasible computational
time. Furthermore, in the present work the strong assumption of stan-
dard spectral shape is used to obtain the energy period Tp.1,0 from the
only available data in the CDS-C3S of Copernicus, i.e. the peak period.
The authors recognize that this assumption may introduce some inac-
curacies in the estimation of the device performance. These inaccuracies
are, however, considered acceptable for the present study, which pri-
marily aims at providing preliminary information on the optimal sizing
of OWC devices in different geographical locations and on the relative
differences expected in the projected climate change scenarios. An
assessment of spectral shape variations in climate change scenarios, and
the consequent effect induced by such variations on WECs productivity
should be evaluated in future research works.

This work, in line with most of the published literature (Mentaschi
et al., 2017), considers projected change in annual average conditions,
as well as in high percentile values and annual maxima. Possible
large-scale variations in extreme events with a high return period are not
considered. It is recognized that the impact of extreme events on the
overall power production of WECs and, even more relevantly, on their
survivability, with related implications for the engineering design pro-
cess, should be carefully considered in future studies. Possible variations
in the wave direction are not analysed as well.

The use of the MRM allows to include the effect of nonlinear phe-
nomena observed in the dataset used for the model formulation. How-
ever, since the MRM is formulated based on multiple regression, its
applicability is bound to the prescribed formulation range, limiting the
geometric configurations of the device which can be studied. However,
in the application of the MRM in this work it is possible to clearly
identify an optimal geometry configuration in all the geographical lo-
cations considered. This suggests that the range of parameters used is
adequate. Moreover, being formulated on laboratory tests and CFD nu-
merical modelling at small scale, i.e. in a context where air-
compressibility spring like effects are not properly reproduced, the
model represents incompressible flow conditions (Falcao and Henriques,
2014). For OWC devices with similar geometry characteristics to those
studied in the present work, the magnitude of the error induced by this
approximation on the prediction of CW* was found to be lower than
10% (Simonetti et al., 2018b). Moreover, the impact of considering air
compressibility was assessed to be irrelevant for the selection of the
optimal OWC geometry in a previous work by the Authors (Simonetti
and Cappietti, 2019): the optimal design parameters selected for the
OWC would be the same whether air compressibility is considered or
not. Further limitations of the present work arise from the fact that the
MRM has been formulated based on a dataset of CW* obtained under
regular and orthogonal wave attacks, possibly introducing some inac-
curacies in the predicted performance under irregular and inclined
waves. Considering the relatively shallow water depth used for the
application in this work, it is assumed that, due to refraction, the ray of
each wave of the local wave climate is already almost orthogonal to the
20 m depth contour, i.e. in turn parallel to the OWC’s frontal wall.
Therefore, the approximation derived by the application of the MRM is
deemed acceptable, at least to the limit of validity of such a hypothesis.

Maximum values of the AEP obtained in this study, for the present
scenario, are of the order of 37 MWh/m-year, for western Sardinia,
Corse and Algeria. Such values are consistent with available data in the
literature. In this respect, it is worth mentioning that the AEP obtainable
with the optimal OWC configuration for a hypothetical installation
along the Tyrrhenian coasts in central Italy, for a total length of the plant
of 1 km, would be estimated in around 12-10° MWh/year (Fig. 6,a).
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Hypnotizing a global efficiency of the secondary and tertiary conversion
processes of around 0.5, this value would be of the same order of the
estimated electrical energy produced in a year from a REWEC3 plant
with a total length of 1 km near Civitavecchia, i.e. 6-9-10> MWh/year
(Arena et al., 2017; Mattiazzo, 2019).

Finally, it should be mentioned that, in the present work, the PTO
system is optimized only in terms of the ideal damping which should be
applied on the OWC caisson. The possibility to design and manufacture
air turbines capable of operating at such damping levels, while main-
taining satisfactory performance, should be addressed in future works.

5. Conclusions

The optimal geometry and damping applied by the PTO for fixed,
bottom-detached, asymmetric and rectangular-shaped OWC devices are
evaluated along the whole 20 m water-depth contour of the Mediter-
ranean basin, comparing results obtained under wave conditions
representative of the present scenario to those obtained under waves
projected to 2100 by the Climate Data Store of the Copernicus Climate
Change Service. The empirical model proposed in Simonetti et al.
(2018a), is used to evaluate the capture width ratio of the OWC. The
model provides a compromise between high-fidelity and more simpli-
fied modelling approaches, allowing to compare a vast number of design
alternatives of the OWC with limited computational cost.

Concerning the projection of significant wave height Hp,, positive
trends, significant but limited in magnitude, are observed in the Alboran
Sea close to the Strait of Gibraltar for annual mean values, 90th
percentile and annual maxima of Hy,p. Decreasing trends of the mean
and 90th percentile of H,;p are found in some locations in the north
Africa and the eastern Levantine Sea. The divergence of the trend be-
tween mean and extreme wave conditions observed at the global scale in
the literature (Lobeto et al., 2021) is evident also at the Mediterranean
basin scale, particularly when considering different statistics of the wave
period: negative and significant trends on T}, are observed, e.g., on
the western coasts of Corse and Sardinia, on the north of Sicily and in the
Eastern Ionian Sea close to Greece and Albania. In the same geographical
areas, negative trends are not observed, instead, when considering
higher percentiles of T;,_1 ¢ or annual maxima. In the Alboran Sea close
to the Strait of Gibraltar, T;;%] ; shows a decreasing trend, while T;°T,
and T . in the same zone show an opposite increasing trend. In
general, trends of annual maxima are more geographically dispersed
compared to lower percentiles or mean values, but they are character-
ized by higher magnitude. As far as the wave energy resource is con-
cerned, increasing trends with a high level of significance are detected in
the mean annual value of wave power in the Alborean Sea, along most of
the western coast of Italy and the Aegen coasts of Croatia, Grece and
Albania.

The best-performing geometry of the OWC is found to vary signifi-
cantly across the different geographical locations, with maximum values
of the chamber length (W~11 m) along the north African coasts and the
west coasts of Sardinia and Corse, i.e. in locations where a greater
fraction of the wave energy is associated with longer waves. The mini-
mum optimal value of chamber length is found in the Adriatic and
Aegean Seas (W~7 m). Correspondingly, lower optimal values of
damping were found in combination with higher chamber lengths, and
vice-versa. A relative comparison of the LCOE among different
geographical locations allowed identifying spots with the higher eco-
nomic potential for installing OWCs, i.e. most of the north African coast,
the Balearic Islands, western sides of Corse, Sardinia and Sicily and some
areas in central Italy. Favourable spots are also found in the Aegean Sea,
where the smaller size of the optimal device (which in turn reduces the
construction costs) allows to compensate for the lower available wave
resource.

Considering the more pessimistic emission scenario (RCP8.5), the
long-term change in the wave energy resource results in moderate
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modifications of the optimal geometry of the OWC, with relative vari-
ations of dimensions between the present and the projected future sce-
nario up to 10%. A high correlation is found between locations showing
increasing or decreasing trends in T;%] ; and 'I,’;fl”{_yo and those showing
corresponding variations in the optimal OWC chamber length. In the
future wave climate scenario, the AEP of the OWC would significantly
increase in most of the Mediterranean 20 m water-depth contours,
attaining variations of 75% in some locations in the Aegean Sea and up
to 50% in the Alboran Sea. These variations would result in a decrease of
LCOE, in turn potentially increasing the commercial competitiveness of
the OWC technology from an economic point of view.
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Nomenclature

Symbols

AE, Annual energy associated to the n-th pair of Hyg, Tm-1,0 in the SM [kWh/m]
B OWC chamber length, perpendicular to wave propagation direction [m]

Cg group velocity for surface waves [m/s]

Ccw* capture width ratio of the OWC [—]

CW*, Capture width associated to the n-th pair of Hyg, Tr-1,0 in the SM [—]

D Draft of the OWC front wall [—]

Fb OWC chamber freeboard [m]

G Length of the OWC lateral and back walls [m]

g gravitational acceleration [m/s%]

HmO significant wave height [m]

h water depth [m]

j weighted average cost of capital [%]

K Quadratic damping applied by the PTO on the OWC chamber [kg!/?m~7/2]
k wave number [1/m]

kh relative water depth [—]

m lifetime of the project [years]

P p-value of Mann-Kandall tests [—]

Powe wave energy extracted by the OWC device in the form of pneumatic energy [kW/m]
Pyave energy of the incident wave [kW/m]

s Theil-Sen’s slope [unit/year]

energy period [s]

w OWC chamber width in wave propagation direction [m]
a Correlation factor between energy and peak period [—]
y peach enhancement factor of JONSWAP spectrum [—]

A wavelength of sea waves [m]

p water density [kg/m3]

Pa air density [kg/m>]

Abbreviations

AE Annual Energy associated to the local wave resource
AEP Annual Energy Production of the OWC

C3S Copernicus Climate Change Service

CAPEX Capital expenditure

CDS Copernicus Data Store

ECMWF European Centre of Medium-range Weather Forecast
GHG Greenhouse Gasses
IPCC Intergovernmental Panel for Climate Change

LCOE Levelized Cost Of Energy
MRM Multiple Regression Model
OPEX Operational Expenditure
OWC Oscillating Water Column

PTO Power Take Off

RCP Representative Concentration Pathway
SM Scatter Matrix of annual wave energy
WEC Wave Energy Converters
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The parameters, functions and numerical coefficients constituting the MRM proposed by the Authors in (Simonetti et al., 2018a) are reported in
Equations AL.1-AL9 and in Table AI1. The applicability limits of the model are as follows: h* = 1.5-3.5, D* = 1.8-5, W* = 0.08-0.2, K* = 20-170. The
reader is referred to the original paper for details on the model derivation.

0 =kh
oo (20
WE=W

K*=K-B-W/p}?

(Py+(K* —d) + P>)
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. AR = d()
exp(a(h*)D*)-1 + (W* — W"’UP,) -b(h*)-c(h*)

Table Al 1

numerical coefficient of the MRM proposed in (Simonetti et al., 2018a).

Numerical coefficients

P, = 145 P, =396
P3 =0.133 P, = —0.18
Ps =117.1 Pe = —581.3
Pg = 3.08 Py = —2.68
P; = —6.68 Piy = 67.6

Q1 =-23.1
Qs = -5.38
P, = 748.9
P1o = 0.58
P13 = —196.4

Q2 = 6300
Qq = 8.02
P14 =176.4

Appendix II

(AL1)

(AL2)

(AL3)

(AL4)
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(AL6)

(AL7)
(AL8)

(AL9)

(AIL.10)

Fig. AIL 1. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P1 (a); scatter
plot of CW* of the OWC device in the same location, for different W and K with Dopt = 3.9 m (b). Results refer to the projected wave climate for 2071-2100 under

RCP8.5 emission scenario.
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Fig. AIL 2. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P2 (a); scatter
plot of CW* of the OWC device in the same location, for different W and K with Dopt = 4.9 m (b). Results refer to the projected wave climate for 2071-2100 under
RCP8.5 emission scenario.

Fig. AIlL 3. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P3 (a); scatter
plot of CW* of the OWC device in the same location, for different W and K with Dopt = 3.9 m (b). Results refer to the projected wave climate for 2071-2100 under
RCP8.5 emission scenario.

Fig. AIL 4. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P4 (a); scatter
plot of CW* of the OWC device in the same location, for different W and K with Dopt = 3.5 m (b). Results refer to the projected wave climate for 2071-2100 under
RCP8.5 emission scenario.
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Fig. AIlL 5. Distribution of the available annual wave energy resource and of the pneumatic energy extracted by the optimal OWC geometry for point P5 (a); scatter
plot of CW* of the OWC device in the same location, for different W and K with Dopt = 3.5 m (b). Results refer to the projected wave climate for 2071-2100 under

RCP8.5 emission scenario.
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