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Abstract: Clean energies are being incorporated into the energy mix in numerous countries. Through
a spatial survey of maritime trade, restricted military maritime areas, marine planning, and the
presence of fauna and flora along the Ligurian Sea, locations for possible investments in wave energy
harvesting were identified in the Northern Thyrrenian Sea, along the Ligurian coast. Previous studies
in this region have demonstrated, at a lower spatial resolution, the wave energy potential that can
be captured and its variation over time. However, the optimization of wave energy exploitation
under the criteria of the functionality and safety of converter devices has not yet been evaluated in
the Ligurian Sea. The purpose of this study is to identify the optimal wave energy converter from
an economic and technical perspective at several selected locations in the Ligurian Sea. This study
involves the scaling of the employed power matrices to obtain the optimized capacity factors of wave
energy converters.

Keywords: Mediterranean Sea; marine renewable energy; wave energy harvesting; cost of energy

1. Introduction

Recently, there has been a growing awareness of the need to increase the contribution
of renewable energy sources to the electricity mix. For this reason, several governing
bodies have initiated this transformation process worldwide. It also will provide greater
human welfare and security for future generations [1]. Oceans are rich providers of
resources, including renewable energy, which can be harnessed in various ways. The
extraction of energy from the sea has undergone changes that have led to its optimization
after developing efficient equipment and adopting new devices for electricity generation
that operate alongside the most advanced technologies [2]. These technologies have the
potential to play a significant role in meeting the world’s energy needs, particularly in
coastal areas, where the majority of the population lives [3,4].

Renewable energies from the sea would also reduce fossil fuel use and greenhouse gas
(GHG) emissions into the atmosphere, making them optimal sustainable energy sources [5].
Another benefit that emerges from marine energy deployment is the generation of local
and centralized jobs, mainly related to the design, installation, construction and electrome-
chanical maintenance of wave energy converters [6]. An overview of energy exploitation
from renewable sources in Italy is shown in Figure 1.

Wave energy is among the most important marine renewable energy (MRE) resources,
as it is present throughout the ocean, and it varies depending on the geographical location
and annual seasonality [7]. Likewise, this resource is a continuous force that is predictable
and dense [8]. Moreover, the technologies of wave energy exploitation have experienced
a clear upsurge in the last few decades [9,10]. In 2021, the Recovery and Resilience Plan
to mitigate the economic impacts of the pandemic and invest in the ecological and digital
transition of Italy, as a member of the European Union, declared the investment of USD
33 million in the innovative development of renewable energy technologies [11,12].
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Figure 1. Total supply of renewable energies in Italy, in 2021. Source: [13].

The Mediterranean Sea, as a large enclosed sea, offers an intermediate level of wave
energy power between the open oceans and the enclosed small-fetch basins such as the
Black Sea or the Baltic Sea [14,15]. Detailed assessments have been developed for the
Mediterranean Sea regarding wave energy [16–21], and, more specifically, studies on energy
harvesting through converters along the Italian coasts [2,22–30], in which the evaluated
converter devices are applied to the wave climate and its features in each evaluated region.

In addition, wave energy converter (hereinafter WEC) resizing can increase the effi-
ciency of the devices [31], and the related costs are subsequently reduced proportionally
to the scale [2,32]. However, the cost of energy conversion from renewable sources must
be feasible, realistic, and justified, and supported even by government incentives and
subsidies to encourage the adoption of wave energy converter technology.

This study proposes a feasibility analysis based on technical and economic aspects re-
garding eight wave energy converters: F-2HB, Pelamis, SeaPower, Pontoon, AWS, OEBouy,
AquaBUOY, and Langlee [24,33,34], at 36 locations along the Ligurian Sea. The location
selection for wave energy converters is conducted based on marine spatial planning areas,
engineering criteria, and different socioeconomic activities along the Ligurian Sea. Then,
the information related to the use and management of maritime space in the Ligurian Sea is
collected in a Geographic Information System (GIS), aiming to identify the best areas for the
installation of wave converters. Subsequently, the wave energy amounts and performance
parameters for each WEC at each location are estimated considering a high-resolution
wave hindcast database. The performance enhancement of each device is also considered
through the scaling of the converters, and, finally, an economic analysis is carried out based
on well-known economic metrics such as the cost of energy and levelized cost of energy.
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2. Materials and Methods
2.1. Maritime Areas for Wave Energy Exploitation

In the first instance, the study started with the definition of the location in which
wave energy exploitation is feasible from a maritime management perspective. The spatial
coverage of this study is between latitudes 43.821◦ E and 44.428◦ E and longitudes 7.494◦ N
and 10.071◦ N. Mapping in the assessed region presents a challenge due to the coexistence
of various socioeconomic activities, marine protected areas, and restricted sectors, among
others. The mapping was performed by using a GIS that allowed us to collect and visualize
the detailed information for each layer in the GIS. Thirteen layers were considered in this
study, which comprise marine protected areas, marine vegetation cover, shore outfalls,
restricted areas for military use provided by the Istituto Idrografico della Marina Italiana
(IMM), GEBCO bathymetric information [35], the 12-nautical-miles limitation, fishing
facilities, ports and harbors, beaches, the most recent coastline (year 2016) available, the
marine fauna atlas, concessions for coastal works, navigation routes, and the locations of
meteorological survey stations of the Department of Civil, Chemical, and Environmental
Engineering (DICCA) of the University of Genoa. Layer information for the built GIS is
listed in Table A1.

Likewise, criteria such as wave hindcast information availability, the distance from the
coastline, the distance between each converter (seeking ∼ 5 km), and the water depth were
considered. It was also decided to place the converters in nearshore positions that were
minimally influenced by waves’ shallow water effects, since shallow water wave dynamics
are less suitable for converters such as attenuators, absorber points, and heavy buoys [36].
Thus, 36 locations were established for the evaluation of wave energy extraction. These
locations are mapped and listed in Figure 2 and Table A2, respectively.

Figure 2. Map of the studied locations: upper panel presents the study locations, while the zoomed-in
map at the bottom presents the GIS in a sector of the study region. The units of the shown coordinate
system are degrees.

2.2. Wave Energy Assessment and WEC Performance

The modeled wave information employed corresponded to a 44-year (1979–2022) wave
hindcast, developed by the MeteOcean group of the University of Genoa (http://www3
.dicca.unige.it/meteocean/hindcast.html (accessed on 22 January 2023)).The modeled wave
data were produced under an unstructured mesh that covered the entire Mediterranean
Sea [37]. Specifically, the wave hindcast outputs used to conduct this study were the
wave peak period Tp and zeroth-order moment wave height Hm0. The mesh resolution

http://www3.dicca.unige.it/meteocean/hindcast.html
http://www3.dicca.unige.it/meteocean/hindcast.html
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ranged from the lower resolution of approximately 30 km at deep waters to 0.4 km along
the coasts [37]. An hourly wave dataset from 1 January 1979 to 31 December 2022 was
employed in this study.

The wave power assessment and the temporal characterization were performed for all
the chosen locations, where the wave power, as defined in [38], was given by Equation (1):

Pwave =
ρw · g2 · H2

m0 · Tm 1,0

64 π
, (1)

where ρw corresponds to the sea water density of 1025 kg·m−3, g corresponds to the
gravitational acceleration of 9.81 m·s−2, and Tm 1,0 represents the wave energy period,
which is estimated as ninety percent of Tp. Equation (1) is usually expressed in kW/m.
Eight WECs with different energy conversion mechanisms and classifications [33,34,39]
were considered herein: F-2HB, Pelamis, SeaPower, Pontoon, AWS, OEBouy, AquaBUOY,
and Langlee. Each of them had different performance depending on the characteristics
of the waves in a given region, according to the categories established by the European
Marine Energy Center (EMEC) [40]. Converters such as F-2HB, Pontoon, and AquaBUOY
are classified as point absorber conversion devices; on other hand, Pelamis, SeaPower, and
OEBuoy are classified as oscillating water columns, whereas Langlee corresponds to a
terminator. Further characteristics of the assessed WECs are shown in Table 1.

Table 1. Wave energy converters’ features.

Wave Converter Size Installation Depth Power Take Off Rated Power

F-2HB [33]
Characteristic
area 2120 m2 40–150 m

Hydraulic PTO system
driven by 2 bodies

1000 kW

Pelamis [41]
150 m long,

3.5 m diameter
> 50 m

High-pressure hydraulic motors
and electrical generators

750 kW

SeaPower [42,43]
Characteristic
length 40 feet

> 50 m Hydraulic motor/pump 3587 kW

Pontoon [33,44]
Characteristic
area 4800 m2 > 50 m High-head water turbine 3619 kW

AWS [45]
7 m height,

4 m diameter
> 25 m Linear generator 2470 kW

OEbuoy [33]
Characteristic
area 6500 m2 Deep waters Bidirectional air turbine 2880 kW

AquaBUOY [46,47] Float diameter 6 m 150–250 feet High-head water turbine 250 kW

Langlee [33]
Characteristic
area 2160 m2 40–150 m

Relative motion between
four hinged flaps

1500 kW

The power matrices are representations of the extracted wave power by a converter
as a function of the combination of Hm0 and Tp, as shown in Figure A1. The total energy
produced (E0) by a specific WEC corresponds to the energy extracted by a specific WEC
under wave conditions, and its occurrence along a determined period. Then, the E0 is
summed over the entire wave data period, as follows:

E0 =
1

100
·

nTp

∑
i=1
·

nHm0

∑
j=1

pi,j · PMi,j , (2)

where pi,j corresponds to the adjoint probability of Tp and Hm0 obtained from the wave
modeled data, and PMi,j represents the power matrix for the evaluated energy converter.
The energy captured by WECs can be determined by the capacity factor (CF), which
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represents the theoretical maximum value that a converter can capture during a specific
period and is calculated through Equation (3):

CF =
E0

P0 · ∆T
, (3)

where P0, or the nominal rated power, corresponds to the maximum wave energy that can
be extracted using any WEC. According to this indicator for the analyzed conditions, the
closer the CF is to 1, the more efficient the converter is. The Wave Energy Development
Index (WEDI) [48] and the Selection Index for Wave Energy Deployments (SIWED) [49]
were employed to consider the presence of extreme events that influenced the WECs’ sur-
vivability and the control over the capital expenditures (CapEx), which is of interest from an
economic point of view for energy harvesting development. The WEDI and SIWED indices,
both dimensionless, can be estimated by applying Equations (4) and (5), respectively:

WEDI =
Pwave

Jwave
, (4)

with Pwave the annual average wave power, and Jwave the maximum wave power, and

SIWED =
e−CoVHm0 · CF

HEVA
HMax

, (5)

where HEVA corresponds to the wave height threshold defined from the Extreme Value
Analysis (EVA) methodology, and HMax is the maximum wave height. For the SIWED
index, the return period considered in this study corresponds to 30 years. The threshold
for determining the extreme values of Hm0 in the EVA analysis corresponds to the 95th
percentile of all the data. Then, the Hm0 values above this limit are fitted to a generalized
Pareto distribution (GPD), which is expressed in Equation (6):

GPD = 1−
[

1 + ξ

(
z− µ

σ

)]−1
ξ

, (6)

where µ is the location parameter, σ the scale parameter, and ξ the shape parameter of the
GPD distribution.

2.3. WEC Scaling

The energy extraction capacities in WECs are modified by the variation in the WEC
dimensions due to the factor λ. In the case of ocean waves, we employed the Froude
similarity, equating the Fr of the prototype to the Fr of the scaled device. Hence, the
physical dimensions of the converter are scaled by multiplying them by λ, the time is scaled
by a factor of

√
λ, and the power varies by a factor of λ3.5 [2].

Thus, the captured power by each WEC is scaled based on the aforementioned factor,
i.e., all entries of the PM are multiplied by λ3.5. Subsequently, the scaled terms E0 and
P0 produce the scaled CF. The CF-dependent parameters also generate new scaled values.
It is worth pointing out that the adjoint occurrence of the wave dataset matrix, in the E0
through Equation (2), is not scaled because the wave conditions remain the same.

Certainly, when a given WEC is scaled, the wave conditions with which it interacts
most efficiently vary, so the aim is precisely to adjust the device at its highest efficiency
point to the wave conditions at each location studied. The scaling λ values employed
in the present analysis vary from 0.2 up to 1.6 with a step of 0.1. Additionally, when
scaling a WEC, it can affect its economic costs, which similarly can be scaled based on a
factor λ [32]. Table 2 illustrates how these costs are affected in relation to the converter
installation and how they are associated with the cost of energy mentioned later in the next
subsection (Equation (8)).
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Table 2. Scaled energy-related costs. Information taken from [32].

Parameter Scale Relationship

Development λ

Main frame and second frame It is calculated based on on the weight of materials selected

Access system and platform λ3

Machine housing λ3

Total load carrying structure λ3

PTO λ3.5

Generator λ3.5

Power electronics λ3.5

Control and safety system λ3.5

Total power take-off system λ3.5

Mooring system λ3

Pre-assembly and transport λ3

Installation on site λ3

Electrical connection λ3.5

Contingencies Same values as reference machine

Operation and maintenance per year Scaled by:
Total el. production scaled machine/Total el. production reference machineOthers

2.4. Cost of Energy of the WEC Implementation

The focus here is on the feasibility of the conversion devices and the eventual opera-
tional lifetimes of the converters once the scaling and technical evaluation of the converters
has been completed. Wave conditions vary according to seasonality: for the highest
wave energetic conditions, the survivability of WECs during extreme wave events nega-
tively impacts the electricity production of the devices. A commonly used parameter in
the economic assessment of converters is the cost of energy (COE), which is calculated
through Equation (8):

COE =
CapEx + ∑n

i=1 OpExi

∑n
i=1 AEPi

, (7)

where the capital expenditure (CapEx) corresponds to the initial investment for a WEC
implementation. The considered CapEx in this study is based on the fact that the converters
are floating devices whose electrical transmission is achieved through submarine cables
whose lengths equal approximately the shortest distance to the shoreline, as indicated
in Table A2. One device per location is considered. Then, the CapEx is composed of
the following:

• Design and planning of the WEC deployment;
• Cost of the device and power take-off (PTO);
• Transportation, assembly, and installation;
• Electrical controlling system;
• Mooring system;
• Cables.

Likewise, the operational expenditure (OpEx) represents the maintenance and opera-
tion costs, which are amortized over the n years of the WEC lifetime. We assume an OpEx
of 10% of the CapEx cost, based on approximations indicated by [50]. The adopted lifetime
for WECs corresponds to 30 years. Costs related to CapEx that have been considered in
this evaluation are presented in the Table 3. A conversion to EUR was necessary, taking
into account these changes: EUR 1 is equal to GBP 0.88, and EUR 1 is equal to USD 1.08.
Moreover, all amounts listed in Table 3 have been projected to 2023 (the present).
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Table 3. Conversion of costs associated with WEC implementation, converted into EUR and projected
to the present values in 2023.

Item Costre f Unit Year Costre f Reference Present Cost Unit

PTO 800 €/kW 2000 [51] 1052.55 €/kW

Mooring system 250 £/m 2000 [52] 371.68 €/m

Pre-assembly and
transportation 10,000 £ 2017 [51] 12,138.40 €

Installation 33 % of WEC cost 2015 [53] 33 % of WEC cost

Cables 100 £/m 2000 [54] 148.67 €/m

Cost of steel 1.6 £/kg 2014 [55] 2.01 €/kg

Electrical connection 5 % of WEC cost 2015 [53] 5.00 % of WEC cost

Development 3 % of CapEx 2014 [32] 2.1 % of CapEx

Construction phase
insurance 17,500,000 €/MW 2013 [56] 19,717,106.11 €/MW

Operations and
maintenance costs (OM) 10–30% % of CapEx 2014 [40,57–62] 8 % of CapEx

F-2HB † 830.37 US $/MW 2015 [63] 855.14 €/MW

Pelamis 4666.67 US $/MW 2015 [53] 4748.90 €/MW

SeaPower † 542.08 US $/MW 2014 [63] 558.25 €/MW

Pontoon † 107.46 US $/MW 2014 [63] 110.66 €/MW

AWS † 209.93 US $/MW 2014 [63] 216.19 €/MW

OEBuoy † 180.04 US $/MW 2014 [63] 185.41 €/MW

AquaBUOY † 13,827.16 US $/MW 2014 [63] 14,239.65 €/MW

Langlee † 3989.75 US $/MW 2014 [63] 4108.78 €/MW
† Extrapolated by WEC weight.

Regarding the AEP, i.e., annual electricity production, it corresponds to the net elec-
tricity production, discounting the inherent energy costs of the converter during its period
of operation during the year [32]. The AEP assumes that the WEC is operative for its whole
lifetime, without disruption.

Another metric commonly used with the cost of energy is the levelized cost of energy
(LCOE). This indicator provides the cost of energy considering the annual operation and
maintenance costs (OM) every year (i) of the lifetime and is brought to the present value by
means of the discount rate (r) [55]:

LCOE =
CapEx + ∑n

i=1
OpExi

(1+r)i

∑n
i=1

AEPi
(1+r)i

(8)

The discount rate employed in this study corresponds to 4%, which considers that large
civil-beneficial projects can be co-financed by public–private partnerships (PPP) [64]. COE
and LCOE are given in currency units per unit of energy, usually in EUR per MWh. These
costs vary significantly among WECs depending on the assumptions and considerations
made. One of them, for instance, is a wide range of r values, usually reported in the
literature [50,65]. In addition, the feasibility of such projects is based on whether the
payback period does does not exceed the viability limit, which is usually set at 20 years [25].
Equation (9) indicates how the payback period (PBP) is estimated [25]:

PBP =
CapEx + RePower

Rn −OM
(9)
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The Rn in the previous equation represents the guaranteed selling price of electricity,
established as EUR 300 per MWh by the Italian National Electricity Authority [66], while
the average OM value corresponds to USD 222 per MWh [53] or EUR 328.4 per MWh at
present. The RePower cost must be included in the event that parts of the converter are
affected a few years after the start of its operation, i.e., the cost of repair or replacement of
parts of the device—for instance, the oscillating water column (OWC) device.

3. Results
3.1. Wave Energy Assessment

The mean wave power behavior along the Ligurian Sea is shown in Figure 3. As the
wave travels toward the coast, the wave transformation processes produce a net reduction
in its energy content. In the Ligurian Sea, wave energy comes predominantly from the
southwest direction and its intensities vary according to the characteristics of storms coming
from the Atlantic Ocean [67]. In particular, the months of October to February present the
highest wave power values in the region.

Figure 3. Monthly mean wave power along the Ligurian Sea, expressed in kW/m.

The wave energy potential does not provide information on energy harvesting. Instead,
the capacity factors and total energy produced E0 yield a proper representation for wave
energy exploitation, making a distinction between the evaluated WECs. The top panel of
Figure 4 shows the capacity factors at the evaluated locations. There is clear evidence that
CF varies according to the assessed WEC even at the same location. It is also noticeable
that locations 2, 8, 19, 20, 22, 23, and 36 have a higher CF than the other locations. Thus,
the E0 values exhibit similar behavior at these locations, as shown in the bottom panel of
Figure 4. In particular, locations 33 and 34 present high E0 values for the SeaPower and
AWS converters. The CF of all converters indicate low energy extraction capacity in the
region for the devices of their standard sizes—for instance, if they are compared to those of
the North Sea or Atlantic Ocean, where the estimated CFs are between 30% and 40% [2,50].
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Figure 4. Total energy produced (E0) and capacity factors (CF) of all WECs at each location.

In addition, Figure 5 illustrates the average annual energy produced for four sam-
ple locations, where the energy content differs owing to the spatial variability of the
wave conditions.

Figure 5. Mean yearly energy in kWh/m in locations 2, 11, 17, and 19. The dotted lines represent the
wave power potential curves in kW/m.

Concerning the WEC performance, the SIWED results indicate that there are significant
differences in this parameter among the evaluated WECs for each location, as shown in
Figure 6. SIWED is one of the indices that allows us to determine, from a technical point of
view, the most suitable locations for wave energy exploitation. The wave energy resource
at these suitable locations is less affected by extreme storm conditions. It was found that
the SIWED indices presented high variability among the evaluated WECs at all locations,
indicating that the wave conditions in the region are not the most desirable to obtain
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constant and suitable energy. Locations with higher SIWED values are 2, 3, 8, 19, 20, 22, 23,
33, 34, and 36, although only for some WECs. On the other hand, the WEDI index does
not show a distinction among WECs. This index indicates that all locations present WEDI
values around the mean value, except for the higher values at locations 3 and 32, as shown
in the lower panel in Figure 6.

Figure 6. SIWED and WEDI metrics at the studied locations.

The remaining insight from the previous results leads to an evaluation of the WEC scal-
ing to increase the efficiency of energy exploitation, which provides financial justification
for its development.

3.2. WEC Scaling and Its Feasibility

Figure 7 shows that the downsizing of the devices produces the highest CF for most
locations. Locations 10, 18, and 20 present higher CF for the upscaling of the Pontoon
device. In the case of the scaled F-2HB converter, it is observed that CF is increased at a
scale of around 0.6 for most locations, with the exception of locations 8, 19, and 23, where
the highest CF ratio occurs at the λ between 1.2 and 1.4. A similar pattern of the highest
performance after WEC scaling has been found for all locations. It is remarkable how
the SeaPower converter achieves up to approximately 30 times the CF of the prototype
converter.

Likewise, the CFs of the scaled WECs for all considered λ values are shown in Figure 8.
The λ values that produce the highest efficiency according to the CF ratio are summarized
in Table 4.

Once the device scaling has been performed, the SIWED index is re-estimated for
the scaled devices at all locations under its best performance scales, as indicated in Ta-
ble 4. This parameter is called SIWED30, or SIWED30 , scaled, and its results are shown
in Figure 9.

It is possible to detect some of the locations that offer greater potential for energy
extraction according to the SIWED30 , scaled. This is the case for locations 2, 3, 8, 19, 20, 22,
23, and 36, whose CF are considerably increased after the converter scaling, as in the case
of F-2HB, Pelamis, SeaPower, and AWS.
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Figure 7. CF scaled device over the CF of prototype device. The maximum values of the vertical axis
of each chart are varied for better visualization.

Table 4. Scale values λ for the most efficient WECs. Cells with scaled down devices are colored in
green, whereas non-scaled and scaled up devices are colored in yellow and blue, respectively.

Location F-2HB Pelamis SeaPower Pontoon AWS OEBuoy AquaBUOY Langlee
1 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
2 1.0 0.8 0.8 1.1 0.7 0.8 1.0 1.5
3 0.9 0.8 0.8 0.9 0.7 0.8 0.9 0.9
4 0.9 0.8 0.7 0.9 0.7 0.9 0.9 0.9
5 0.7 0.6 0.6 0.7 0.5 0.7 0.7 0.7
6 0.7 0.7 0.7 0.8 0.7 0.7 0.8 0.9
7 0.7 0.7 0.6 0.7 0.6 0.7 0.7 0.8
8 1.3 0.9 1.0 1.4 0.9 0.9 1.3 1.6
9 0.7 0.6 0.6 0.7 0.5 0.7 0.7 0.7

10 0.9 0.9 0.7 0.9 0.7 0.9 0.9 0.9
11 0.9 0.8 0.8 0.9 0.8 0.9 0.9 0.9
12 0.9 0.8 0.7 0.8 0.7 0.8 0.8 0.9
13 0.9 0.8 0.7 0.9 0.7 0.9 0.9 0.9
14 0.7 0.7 0.6 0.7 0.6 0.7 0.7 0.7
15 0.9 0.8 0.7 0.8 0.7 0.8 0.8 0.9
16 0.9 0.7 0.7 0.8 0.7 0.8 0.8 0.9
17 0.7 0.6 0.6 0.7 0.6 0.7 0.7 0.7
18 0.7 0.7 0.6 0.7 0.6 0.7 0.7 0.7
19 1.3 0.9 1.0 1.4 0.9 0.9 1.3 1.6
20 0.9 0.9 0.7 0.9 0.6 0.9 0.9 1.0
21 0.9 0.7 0.7 0.8 0.7 0.7 0.8 0.9
22 1.4 1.0 1.1 1.5 1.0 1.0 1.4 1.4
23 1.3 0.9 1.0 1.4 0.9 0.9 1.3 1.6
24 0.7 0.6 0.5 0.7 0.5 0.7 0.7 0.7
25 0.6 0.5 0.5 0.6 0.5 0.6 0.6 0.6
26 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.8
27 0.6 0.5 0.5 0.5 0.4 0.5 0.5 0.6
28 0.9 0.9 0.7 0.9 0.7 0.9 0.9 0.9
29 0.9 0.9 0.7 0.9 0.7 0.9 0.9 0.9
30 0.7 0.6 0.6 0.7 0.6 0.7 0.7 0.7
31 0.9 0.7 0.7 0.9 0.7 0.8 0.9 1.0
32 0.7 0.6 0.6 0.7 0.6 0.7 0.7 0.7
33 1.2 1.0 1.1 1.0 1.0 1.0 1.2 1.2
34 1.2 1.0 1.2 1.0 1.0 1.0 1.2 1.2
35 0.9 0.9 0.7 0.9 0.7 0.9 0.9 0.9
36 0.9 0.9 0.8 1.0 0.7 0.9 0.9 1.1
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Figure 8. Scale λ values with higher CF at the studied locations.

Figure 9. SIWED30 , scaled for all locations.

Thus far, the exploitation capacities have been shown to be increased by the scaling
of the converters; however, they still present lower CF values than those of other oceanic
regions that offer higher wave energy potential, as aforementioned. The SIWED30 , scaled
values are even higher in magnitude than those of the North Sea [49]. Thus, the possibility
of the higher survivability of the converters emerges, wherein the WECs will be less
compromised than at the current studied locations.

Moreover, since the CFs grow after downsizing most of the WECs, the associated
costs in the CapEx and OpEx are reduced. The LCOE indicator show similar behavior for
all locations, with low variation among the WECs. Nonetheless, SeaPower is the device
with higher related costs for almost all locations. The LCOE costs vary from EUR 17.23
to EUR 2631.68 per MWh, the COE costs vary from EUR 11.04 to EUR 1686.06 per MWh,
and the CapEx values range from EUR 0.09 million to EUR 5.24 million. A joint depiction
of the LCOE and CapEx costs is shown in Figure 10. The F-2HB, Pontoon, and Langlee
converters present high CapEx values at some locations; however, their associated LCOE
values remain in an acceptable range.

The maximum LCOE and CapEx for the SeaPower and AquaBUOY converters are
considered higher values in economic terms, although their payback periods are under
the maximum threshold of 20 years. The LCOE, COE, and PBP trends are presented in
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Figure 11. The Langlee converter produces a PBP of 21 years at locations 8, 19, and 23, thus
exceeding the non-feasibility threshold.

Figure 10. Levelized cost of energy (indicated at the left-hand side vertical axis) and capital expendi-
ture (indicated at the right-hand side vertical axis) for each converter, among all locations.

Figure 11. Cost of energy, levelized cost of energy, and payback period for the studied locations. The
black dashed line in the bottom panel indicates the viable PBP of 20 years.
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The scatter points shown in the left panel in Figure 12 describe graphically the per-
formance and behavior as a function of the LCOE for all locations and all WECs, whereas
the right panel of the figure shows the exponential decay trend based on the scatter points
in the left panel. These trends facilitate the identification of differences in costs for each
converter type. It is found that when downsizing the devices, Pelamis and F-2HB tend to
offer greater performance based on the implicit CF in the SIWED30 , scaled.

Figure 12. SIWED30 , scaled versus levelized cost of energy for all locations (the horizontal axis is
logarithmic). Left panel presents the values for all locations for each device, whereas right panel
shows the trends of each WEC.

4. Discussion and Conclusions

The evaluation criteria for converters such as WEDI and SIWED before the devices’
scaling provide an initial idea about the locations at which the waves present less variability
under moderate regime conditions, although they offer different patterns among locations.
An insight is gained into the importance of considering extreme events in evaluating the
performance of the converters after the WEDI and SIWED assessment for the non-scaled
converters. Some locations seem to offer higher performance based on the WEDI, whereas
these locations do not seem to have the highest SIWED performance, as in locations 2, 8, 19,
and 20, for instance. Nevertheless, at this point, we simply note the high SIWED variability
among WECs at each location.

Most locations reach a higher CF after WEC downsizing or, in other words, by adjust-
ing the maximum wave converter power rate to the local wave conditions. This also has
positive economic implications, as many of the CapEx and OpEx costs are related to the
WECs’ sizes [32], even more so considering that all the assessed locations are in nearshore
regions. Specifically, the Langlee converter has a flap mechanism as a PTO wherein the
downsizing does not improve substantially its performance. In other words, for this type
of converter, scaling to determine the new efficiency implicit in the CF is not advisable.
However, when Langlee is downsized, its related costs are reduced too, as a function of λ
(see Table 2).

In terms of the evaluated costs, the LCOE has been considered as the main economic
index since it involves the profitability over the lifetime of the WEC. This factor implicitly
takes into account the influences of inflation and the lending rates through the discount
rate. However, limitations in the economic analysis, such as a lack of knowledge of the
associated operational costs [50,68], as well as the estimation of a given cost as a percentage
of another, produce inaccurate estimations of the real value of the investment.
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The assumptions behind the COE and LCOE have been obtained from studies based
on the North Sea and the Mediterranean Sea, which makes them valid for the Ligurian
Sea. Given the limited exploration of the marine energy resources in many regions around
the world, it is not possible to establish the factors associated with the COE and LCOE,
as indicated by Wang et al. [69]. Certainly, it remains a drawback when generalizing or
comparing potential cost findings in other latitudes of the world, where such technologies
have not yet been implemented. In addition, the costs of marine energy generation are
also related to the local wave conditions, so extrapolating the costs based on parameters
such as the wave power or capacity factors would be inappropriate. In particular, the
consideration of converter survival in this study using the SIWED parameter again focuses
on a given region, given that extreme wave conditions vary with regional and global ocean
meteorological conditions. Nevertheless, once the mean and extreme wave conditions
have been characterized by a safety level for the converter, it is possible to determine
the cost of the device and its components at any geographic location, as demonstrated
in this evaluation.It has already been described how CapEx was estimated in this study;
however, it is worth emphasizing that related costs such as concessions and permissions
have not been considered. However, previously, in the selection of locations for wave
energy harnessing, the locations of WECs in sectors with environmental limitations, and
socioeconomic activities such as fishing, military protection, navigation, and recreation,
have been included. Then, the OpEx costs entail considerable uncertainty, particularly
owing to the dynamism of the currency market and the lack of knowledge of the concession
cost for the exploitation of offshore energy resources, which leads to a greater margin
of error. Currently, there is no regulation on the exploitation and commercialization of
wave energy on the Italian coast [70]. This shortcoming needs to be addressed in order
to progress along a path of sustainability, where GHG emissions would be reduced, the
energy matrix would be diversified, and marine biodiversity would be protected.

In the context of MREs, the LCOE values of wind offshore farms for all of Italy, for
instance, have been estimated at up to EUR 350 per MWh [71], which is a higher cost
than EUR 209.34 per MWh, the mean LCOE of the WECs assessed in this study. Another
comparison corresponds to the LCOE of between USD 274 and USD 361 per MWh (in 2020)
for the combination of energy produced by solar resources and induced currents from
tides, to produce up to 45 MW of installed capacity in the waters of the Philippines Sea
and neighboring countries [72]. One should also note the cost of the study carried out in
the Indonesian archipelago for ocean thermal energy conversion (OTEC), whose LCOE for
100 MW of installed capacity (conducted in 2018) was USD 156 per MWH [73].

In addition, the LCOE values obtained would be reduced during the next decade,
according to the predictions provided by Piscopo et al. [74,75], where the LCOE values will
be reduced to EUR 150 per MWh and EUR 100 per MWh in 2030 and 2035, respectively.
A similar trend has been presented by Simonetti and Cappietti [30], who estimated a
decrease in the future scenario (2071–2100) of the LCOE by about 20% along the Ligurian
Sea, compared to the present period between 1986–2016. Such estimations are included
in feasibility studies and investigations; when compared to the LCOE costs in this study,
it is found that WECs in the Ligurian Sea become an attractive option, as long as there is
viability in their PBP.

With respect to the PBP for energy converters, it is pertinent to consider the main-
tenance costs, such as repowering in the converters, mainly for those classified as OWC
converters [76]. For the assessed WECs, since they are floating oscillating bodies, their
costs do not consider the repowering cost: after its lifetime, it is more convenient to change
the WEC rather than repair it. It was found that the converter with the highest PBP was
SeaPower for the majority of locations, followed by AWS and OEBuoy.
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The relationship between the SIWED30 , scaled and the LCOE has been estimated to
determine which scaled device is the optimal one at each location, which corresponds to
the maximum value at each location of the estimated rate of SIWED30 , scaled (shown in
Figure 6) divided by the LCOE, as shown in Figure 13.

The ratio shown in Figure 13 has not considered the PBP, which is why the converters
whose PBP exceeds the threshold illustrated in Figure 11 must be excluded from the
selection of the optimal converter. Specifically, the Langlee converter exceeds the viable
PBP limit at locations 8, 19, and 23. The optimal converters by location are listed in Table 5.

Figure 13. SIWED30 , scaled over the LCOE cost ratio. The highest value of this ratio indicates which
WEC is most suitable at each location.

Table 5. Selected optimal WECs by location. Numbers within parentheses indicate the λ for the
optimal scaled WECs.

Location Optimal WEC Location Optimal WEC Location Optimal WEC Location Optimal WEC

1 Pontoon (0.7) 10 Pontoon (0.9) 19 AWS (0.9) 28 Pontoon (0.9)

2 AWS (0.7) 11 Pontoon (0.9) 20 Pontoon (0.9) 29 Pontoon (0.9)

3 Pontoon (0.9) 12 Pontoon (0.8) 21 Pontoon (0.8) 30 Pontoon (0.7)

4 Pontoon (0.9) 13 Pontoon (0.9) 22 AWS (1) 31 Pontoon (0.9)

5 Pontoon (0.7) 14 Pontoon (0.7) 23 AWS (0.9) 32 Pontoon (0.7)

6 Pontoon (0.8) 15 Pontoon (0.8) 24 Pontoon (0.7) 33 AWS (1)

7 Pontoon (0.7) 16 Pontoon (0.8) 25 Pontoon (0.6) 34 AWS (1)

8 AWS (0.9) 17 Pontoon (0.7) 26 Pontoon (0.7) 35 Pontoon (0.9)

9 F-2HB (0.7) 18 Pontoon (0.7) 27 AquaBUOY (0.5) 36 OEBuoy (0.9)

In brief, it is concluded that the Ligurian Sea has potential for wave energy harvesting
once the wave converters have been scaled. Maritime planning and mapping increase
the quality and safety of wave energy deployment. An assessment from a technical and
economic point of view clearly demonstrates the feasibility of energy harvesting through
several WECs. The performance indices SIWED and WEDI have been demonstrated to be
reliable indicators according to the results obtained in this study. It has been found that the
costs of deploying wave energy converters vary depending on the location, and the type of
WEC has a significant influence on the initial cost of the project.

The use of financial incentives for the exploitation of renewable energies can be applied
to develop a marine energy strategy in this type of study. Finally, challenges such as the
regulation of the commercialization, management, and establishment of marine energy
are, however, still to be carefully addressed, as well as to promote the growth of ongoing
research on marine energy resources and deployment technologies.
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Nomenclature

AEP Annual electricity production (MWh per year)
CapEx Capital expenditure (€ per MWh)
CF Capacity factor
COE Cost of energy (€ per MWh)
∆T Time duration (hours)
E0 Total energy produced (MWh)
€ Euro
EMEC European Marine Energy Center
EVA Extreme value analysis
F-2HB Floating two-body heavy buoy
Fr Froude number
GHG Greenhouse gases
GIS Geographic Information System
GPD Generalized Pareto distribution
Hm0 Zeroth-order-moment wave height (m)
Jwave Maximum wave power (kW/m)
£ Sterling pound
LCOE Levelized cost of energy (€ per MWh)
λ Scale factor
MRE Marine renewable energy
OpEx Operational expenditure (€ per MWh)
OTEC Ocean thermal energy conversion
OWC Oscillating water column wave energy converter
P0 Nominal rated power (kW)
PM Power matrix
PTO Power take-off
Pwave Wave power (kW/m)
r Discount rate (%)
SIWED Selection Index for Wave Energy Deployments
Tp Wave peak period (s)
Tm 1,0 Wave energy period (s)
USD $ United States Dollar
WEC Wave energy converter
WEDI Wave Energy Development Index
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Appendix A. Sources of Geographic Information System

Table A1. Sources of the geographic information layers.

Layer Information Source

Marine protected areas https://www.protectedplanet.net/en/thematic-areas/wdpa?tab=WDPA (accessed on 18 December 2022)

Marine vegetation http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html (accessed on 16 December 2022)

Shore outfalls Provided by the IMM

Restricted military areas Provided by the IMM

Bathymetry https://www.gebco.net/data_and_products/gebco_web_services/web_map_service/ (accessed on 18 December 2022)

Port and harbors http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html (accessed on 11 December 2022)

Beaches http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html (accessed on 11 December 2022)

Coastline http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html (accessed on 19 December 2022)

12-nautical-miles boundary https://www.marineregions.org/downloads.php (accessed on 18 December 2022)

Marine fauna atlas https://www.marineregions.org/downloads.php (accessed on 18 December 2022)

Concessions for coastal works http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html (accessed on 16 December 2022)

Navigation routes https://www.ogc.org/standards/wms (accessed on 16 December 2022)

Appendix B. Locations and Features of Wave Energy Converters

Table A2. WEC locations shown in Figure 2.

Location Longitude (◦) Latitude (◦) Depth (m)
Distance to

the Shoreline (km)

1 7.54441 43.77087 53 1.26

2 7.58157 43.76901 51 2.61

3 7.63560 43.77343 89 1.12

4 7.72464 43.78236 56 1.70

5 7.79011 43.79527 50 2.35

6 7.86119 43.81292 61 2.06

7 7.95337 43.82901 68 2.03

8 7.98501 43.83958 55 2.08

9 8.06536 43.87079 55 1.97

10 8.10805 43.88967 52 2.99

11 8.15561 43.91685 58 2.48

12 8.19063 43.96788 103 1.71

13 8.25927 44.06441 75 2.74

14 8.29116 44.12218 60 2.06

15 8.36539 44.16223 90 1.17

16 8.43884 44.21363 116 2.14

17 8.46772 44.27304 64 1.99

18 8.53074 44.32048 52 1.29

19 8.58924 44.35409 51 0.71

20 8.66587 44.37254 61 2.00

21 8.72468 44.39703 58 2.18

22 8.75038 44.36038 102 7.03

23 8.83122 44.39960 54 1.88

24 8.87802 44.38630 70 2.05

25 8.92684 44.38100 63 1.21

https://www.protectedplanet.net/en/thematic-areas/wdpa?tab=WDPA
http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html
https://www.gebco.net/data_and_products/gebco_web_services/web_map_service/
http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html
http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html
http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html
https://www.marineregions.org/downloads.php
https://www.marineregions.org/downloads.php
http://srvcarto.regione.liguria.it/geoviewer2/pages/apps/geoportale/index.html
https://www.ogc.org/standards/wms
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Table A2. Cont.

Location Longitude (◦) Latitude (◦) Depth (m)
Distance to

the Shoreline (km)

26 9.01363 44.35465 85 3.21

27 9.13305 44.32701 70 1.17

28 9.19365 44.29541 99 1.26

29 9.29381 44.29624 53 2.48

30 9.38171 44.25016 74 1.81

31 9.47145 44.22088 51 1.40

32 9.57666 44.15170 72 2.64

33 9.68491 44.08329 65 4.49

34 9.75133 44.06773 52 2.07

35 9.78530 43.99765 53 6.96

36 9.89009 43.91506 53 14.94

Figure A1. Power matrices of assessed WECs. Data taken from [24,33,41,42].
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