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a b s t r a c t

Ocean wave energy capacity has been pointed out as one of the unexplored renewable energy sources
to help reach net zero carbon emissions by 2050, contributing to meeting the European Green Deal
targets. However, despite the broad range of wave energy converter technologies already developed
in a sustainable and economic model, there is still a lack of structured projects with high performance
beyond the prototype stage. This paper investigates the potential for large-scale electricity production
by the innovative HiWave-5 project in Aguçadoura (on the Northern coast of mainland Portugal).
Wind–wave data (1950–2020) from the ERA5 reanalysis model are used to estimate inter- and intra-
annual wave energy variability in Aguçadoura. ERA5 data is compared with field wind–wave data
recorded between 2012–2019 near the study area. A mean wave power resource of 25.84 kW/m
is obtained, for a possible device capture equal to 119.45 kW, despite a considerable intra-annual
variability (ranging between 8.03 and 47.57 kW/m) and inter-annual variability (between 18.29 and
35.47 kW/m). Results show that local wave conditions do not substantially compromise the absolute
performance of the device, given its survival limitations to adverse conditions. Considering a Levelized
Cost of Energy of around =C60/MWh, an annual investment of =C62 885 is estimated, tending to meet
targets for large sustainable electricity generation with the exponential growth expected until 2030,
aided by the increase of devices in an energy farm concept. Wave power resources estimated using
ERA5 data can underestimate about 7.20% values obtained with the wave buoy data.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The use of sustainable renewable energy has been increasing
n recent years, which is reflected in a projection of its prevalence
n the global energy market between 2035 and 2050 (Sandu and
ribincea, 2019). It is expected that ocean energy will make a
arge contribution with a total installed capacity going from 1 GW
n 2013 to 178 GW by 2050, notably thanks to South Korea, China,
he United States, Italy, Spain, and Portugal (Jin and Greaves,
021).
By the end of 2050, it is estimated that 10% of Europe’s

lectricity will be supplied via ocean energy, which would be
quivalent to supplying 94 million homes per year, in an annual
lobal market estimated at 53 billion euros. Portugal has been
aking significant progress in this context, collaborating with

he National Energy and Climate Plan 2021–2030, which aims to
ontain CO2 emissions (Gomes et al., 2020). This plan envisages
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meeting the targets of the European Green Deal, which is the
most recent set of policy initiatives to make Europe the world’s
first climate-neutral continent by planning for net-zero carbon
emissions by 2050 (Eckert and Kovalevska, 2021; Leonard et al.,
2021). In addition, the European Commission is committed to
promoting renewable energy solutions and achieving the 2015
Paris Agreement, through the following targets: reduction ≥ 55%
f greenhouse gas emissions, ≥ 32.5% for the share of renewable
n the electricity system, and ≥ 21.5% of energy efficiency (see
.g., Lavidas and Blok, 2021).
Even at an early stage of development, wave energy has a

reat potential for the resilience of the energy mix, with the
ikely highest contribution among different options of renewable
nergies, offering the possibility of offsetting wind and solar
roductions (e.g., Kies et al., 2016; Caetano et al., 2020; Jin and

Greaves, 2021; Costoya et al., 2022). Portugal has been the im-
plementation site of several projects in this field, starting with
the Pico wave power plant in 1992, followed, for example, by
Archimedes Waveswing in 2005, Flow and Breakwater in 2005,
Pelamis in 2006, Waveroller in 2007, Oscillating Water Column
in 2008, WEGA in 2011, CorPower Ocean in 2015 (e.g., Brito-Melo
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

CDS Climate Data Store
CO2 Carbon dioxide
CPOWEC CorPower Ocean Wave Energy Converter
Cw Wavefront capture width (m)
ECMWF European Centre for Medium-range

Weather Forecasts
ERA5 Fifth generation ECMWF atmospheric re-

analysis of the global climate
g Gravitational acceleration (9.81 m/s2)
Hs Significant wave height (m)
IAV Inter-Annual Variability
LCOE Levelized Cost of Energy
MAV Mean Annual Variability
n Number of measurements
P Wave power resource (kW/m)
PCPOWEC Wave power captured by the CPOWEC

prototype (kW)
PE Electrical power (kW)
R2 Determination coefficient
RMSE Root mean square errors
Te Wave energy period (s)
Tp Peak wave period (s)
UTC Coordinated Universal Time
WEC Wave Energy Converter
Θm Mean wave direction (◦)
α Wave spectrum
ρ Sea water density (1025 kg/m3)
η Efficiency of the electricity generation (%)
ψ Bias estimator

et al., 2001; Dalton et al., 2010; Rusu and Guedes Soares, 2013;
Castro-Santos et al., 2018).

In a scenario of more than 100 different types of Wave Energy
onverter (WEC) prototypes classified according to location, size,
nd operating system, López et al. (2013) observed that 81.78%
f the long-term wave energy projects work with oscillating-body
evices (point absorber type). These types of devices can reach an
fficiency (η) of about 50% (Falnes, 2002), such as the Wavebob
roject (η = 51%) (Aderinto and Li, 2019), in cases of sea states

with peak wave periods close to 12 s in deep waters.
The HiWave-5 project aims to deploy WEC operational devices

structured in five stages to reach the pre-commercial phase in
2025 and a future large-scale production based on the wave
energy farm concept. Within the HiWave-5 project, the CorPower
Ocean Wave Energy Converter (CPOWEC) technology has been
working on stage 4 with a single C4 WEC full-scale device, located
at Aguçadoura — North of Portugal (41.4306◦N, −8.7861◦E) in
n area of 750 × 500 m2 at sea depths between 35 and 50 m

(CorPower Ocean, 2020). CPOWEC is a relatively small device
(9 × 18 m and 60 tons), aiming to produce five times more energy
per ton of device than previous technologies (CorPower Ocean,
2020). Furthermore, CPOWEC focused on overcoming usual wave
energy project challenges such as complying with environmental
and economic issues, operational and maintenance competitive-
ness, replacing entire units, and the well-known grid connec-
tion architecture. The wave motion in CPOWEC is captured by
a composite buoy connected to the seabed over a Power Take-
Off system and a tensioned mooring line. This prototype uses
a WaveSpring phase control and a transparent storm survival
6412
mode, which only turns off when the significant wave height
exceeds 8 m for peak wave periods above 12 s.

Latitude is known to influence the mean wave power re-
sources. Therefore, high energy values are expected per meter of a
wavefront for latitudes between 30◦ and 60◦ in both hemispheres
(e.g., Angelis-Dimakis et al., 2011). Located at a latitude of 37◦

o 42◦, the Portuguese mainland coast has been considered an
nergetic wave location based on long-term wave buoy data
ollected at around 100 m depth (e.g., Oliveira et al., 2018). Placed
n the North coast of Portugal, the worldwide relevance of the
guçadoura region is noteworthy, being a privileged place with
ong years of experience in receiving related projects, such as
elamis and Archimedes Waveswing (Mota and Pinto, 2014).
The implementation of any wave energy device requires a

rior study of the local environmental conditions. As reported by
ota and Pinto (2014) after studying 7 points off the Portuguese
oast, between 1995 and 2010, there is a regional distinction at
depth of 50 m due to the refraction effect on the height and
irection of waves as they approach the coast. While the South-
estern coast of mainland Portugal may have a wave energy
otential between 18.81 kW/m and 20.53 kW/m, the North and
enter regions present a spatial variation between 24.56 kW/m
nd 25.91 kW/m. However, considering a recent study by Lavidas
nd Blok (2021), wave energy development focuses on areas
ith resources ≥ 25 kW/m, with moderate resources often not
onsidered.
For the interpretation of the seasonal variation of the energy

otential, the contribution of the inter-annual variability (IAV)
nd the mean annual variability (MAV) should be emphasized.
ccording to a 30 year data analysis from 1989 to 2018 carried
y Rusu and Rusu (2021), who successfully converged ERA5 re-
nalysis and satellite databases, the South Pacific, Indian Ocean,
nd Atlantic Ocean regions can achieve the lowest IAV results
below 10%). Concerning the MAV, the greatest annual variations
re found in the Northern Hemisphere due to the different wave
nergies obtained in the summer and winter seasons.
Despite the positive projection for wave energy production in

he Portuguese coast, it is worth paying attention to the influence
f maritime storms, occurring between December and March
Oliveira et al., 2018), and those of a post-tropical nature that
each the coast between September and October (Oliveira et al.,
020). These storms result in an extremely energetic events, tend-
ng to generate instability and damage to the installed devices.
or recent examples, recall the severe winter of 2013–2014 (Rusu
t al., 2015), the storms Emma and Felix in 2018 and Fabien in
019 (Mendes and Oliveira, 2021), or the post-tropical storms
phelia in 2017, Leslie in 2018, and Lorenzo in 2019 (Oliveira
t al., 2020).
Several studies estimated the wave energy distribution in

ifferent parts of the world based on numerical models, buoy
ata, and reanalysis. Table 1 lists some study cases, highlighting
hat the covered periods vary from 5–6 years (López et al., 2015;
uimarães et al., 2019) to a few decades in general (e.g., Rusu and

Onea, 2015; Guillou and Chapalain, 2020). As exception is made
by Sierra et al. (2013), who assessed the wave energy resources
in Lanzarote (Spain) for 5 decades.

This paper aims to assess the wave resource potential for
large-scale electricity production by the innovative HiWave-5
project in the coastal location of Aguçadoura based on seven
decades of wave data, also exploring the inter- and intra-annual
variability of the wave energy resources. In view of the fore-
going, it is crucial to understand the wave resource availability
at Aguçadoura for a future contribution to Portugal’s general
renewable energy market using a mix of different sources. More
specifically, it is essential to know when the energy market can

rely on wave energy by characterizing its inter- and intra-annual
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Table 1
Overview of relevant case studies for wave energy potential.
Case study Covered period Reference

Japan 1994–2014 (21 years) Sasmal et al. (2021)
The North-West Atlantic
The Gulf of Mexico
The Caribbean Sea

1979–2009 (31 years) Guillou and Chapalain (2020)

Australia 1980–2017 (38 years) Cuttler et al. (2020)
Brazil 1979–1983 (5 years) Guimarães et al. (2019)
Peru 2007– 2012 (6 years) López et al. (2015)
European seas (Mediterranean
Sea, Black Sea and Baltic Sea)

1989–2018 (30 years) Rusu (2021)

European continental coast 2003–2013 (11 years) Rusu and Onea (2015)
Lanzarote (Spain) 1958– 2008 (51 years) Sierra et al. (2013)
Portugal 1979–2012 (34 years) Silva et al. (2018)
variability. In fact, a sound energy consumption system can be
well managed only if the variability of each source of renew-
able energy is well known. In particular, the following questions
are addressed in this paper: (i) what is the inter- and intra-
annual variability of the wave energy resources in the Aguçadoura
site? (ii) how do wave power estimates based on long-term
wind–wave reanalysis model data represent local conditions? (iii)
from a commercial perspective, how much would be the annual
HiWave-5 project investment, considering a Levelized Cost of
Energy?

Wind–wave reanalysis data from the ERA5 model (Hersbach
t al., 2018) between 1950 to 2020 are utilized to analyze the
nter- and intra-annual variability of the wave energy resources.
odel data are compared with field wind–wave data recorded
etween 2012–2019 near the study area.
This paper is composed of 4 sections. After this introduc-

ory section, the methodology is presented in Section 2. Re-
ults are presented and discussed in Section 3. Finally, Section 4
ummarizes the main findings.

. Material and methods

Considering the performance of the HiWave-5 project proto-
ypes, aiming at a large-scale deployment, a wave data analysis
eeds to be taken for the study location. Essentially, the charac-
erization of different sea states can be made through three key
ave parameters: the mean wave direction (Θm), the significant
ave height (Hs) and the peak wave period (Tp). This section

presents the collated buoy and ERA5 reanalysis data and how this
information is used to estimate the wave power and the Levelized
Cost of Energy (LCOE).

2.1. Buoy data

The acquisition of field data through buoys is still of interest
for wave climate monitoring. This monitoring is fundamental for
the implementation of forecasting models and their validation,
for the characterization of extreme conditions and for a more
accurate determination of design waves. Here, ERA5 reanalysis
data from 2012 to 2019 is compared with Leixões buoy data (tri-
hourly records). This wave buoy is located at an offshore distance
of 1.6 km from Leixões (northwest coast of mainland Portugal) at
coordinates 41.15◦N–9.58◦W (see Fig. 1 and Table 2). The data
is freely available based on the European Union effort to provide
access to the observations made by individual organizations in all
Member States, mainly through the European Marine Observa-
tion and Data Network (EMODnet, www.emodnet.eu) Data were
collected by a multi-parametric SEAWATCH Wavescan buoy be-
tween 10/01/2012 and 28/12/2019. The Portuguese Hydrographic
Institute (IH, www.hidrografico.pt) secures the deployment and
maintenance of this wave buoy, which for the analyzed period

presented 34% of unregistered data (Mendes and Oliveira, 2021)

6413
Table 2
Definition of study points.
Reference Latitude/longitude Analyzed period

Buoy (Leixões offshore) 41.15◦N/−9.58◦W 10/01/2012–28/12/2019
ERA5 (Leixões offshore) 41.00◦N/−9.50◦W 10/01/2012–28/12/2019
ERA5 (Aguçadoura) 41.50◦N/−9.00◦W 01/01/1950–31/12/2020

The unregistered records could be mostly due to the very rough
wave conditions during major storms, ship collisions or buoy
maintenance periods (Mendes and Oliveira, 2021). Wave param-
eters are calculated using the spectral method. A 25 min long
record of sea-surface elevation with a sampling frequency of
1 Hz is processed internally by the wave buoy. This procedure is
repeated every hour, and wave parameters are subsequently sent
to the IH office, where data is checked and stored.

2.2. ERA5 wind–wave data

ERA5 reanalysis data provided by the European Centre for
Medium-range Weather Forecasts (ECMWF) over 71 years (1950
to 2020) is considered in this study. Using an atmospheric res-
olution of 0.25◦

× 0.25◦ and ocean waves of 0.5◦
× 0.5◦, by a

temporal coverage via Climate Data Store – CDS of the Copernicus
program, this work was carried out with data on single levels
(ERA5 Hourly Data on Single Levels), every 3 h from Coordinated
Universal Time - UTC (00 UTC, 03 UTC, 06 UTC, . . . ), for every day
and month of the studied years. The considered historical data is
subdivided into two well-defined datasets:

• 1950–1978: preliminary extension, satisfactory, although all
results are considered experimental (Bell et al., 2020);

• 1979–present: updated version (Hersbach et al., 2018).

For the detailed characterization of the area foreseen for energy
use in Portugal, considering both latitude and longitude positions,
two different ERA5 points listed in Table 2 were chosen. The ERA5
(Leixões offshore) data was selected as the closest point on an
0.5◦

× 0.5◦ grid to Leixões wave buoy, making it possible to
establish a comparison of the modeled data with real data. The
second location, ERA5 (Aguçadoura) was considered by the rep-
resentativeness of the North region, close to Aguçadoura, being
the demonstration site of the HiWave-5 project. The locations of
these study points are identified in Fig. 1.

Additionally, the validation of the wave buoy parameters of
both buoy and ERA5 data is assessed by computing the respec-
tive determination coefficients, R2, the root mean square errors,
RMSE, and the percentages of systematic deviation between ex-
pected values and the true values, through the bias estimation,
ψ , obtained by:

R2
=

⎛⎝ ∑n
i=1 (yi − y)− (xi − x)√∑n
(y − y)2

√∑n
(x − x)2

⎞⎠2

(1)
i=1 i i=1 i

http://www.emodnet.eu)
http://www.hidrografico.pt
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Fig. 1. Location of points analyzed in the study.
r

P

MSE =

√1
n

n∑
i=1

(yi − xi)2 (2)

ψ = 100

∑n
i=1(

xi
yi

− 1)

n
(3)

|ψ | = 100

∑n
i=1

⏐⏐⏐ xiyi − 1
⏐⏐⏐

n
, (4)

where x and y denote the observed and modeled values of the
studied parameter, respectively. The overbar denotes mean, and
n denotes the number of data pairs.

2.3. Wave power estimation

Wave generation results from the action of the wind blowing
across the surface of the oceans water and wave energy results
from the transfer of a portion of the winds kinetic energy to the
water below. The wave power resource in deep waters can be
obtained through Eq. (5):

P =
ρg2

64π
H2

s Te ≃ 0.491H2
s Te, (5)

where the wave power resource (P) is measured in kW/m, the
sea water density considers ρ = 1025 kg/m3 and the gravitational
acceleration g = 9.81 m/s2. Although the energy period (Te) can
be modeled (e.g., Sasmal et al., 2021), in most cases it is hardly
accurately indicated and its uncertainties can be considered based
on the shape of the wave spectrum (α) of parametric spec-
trum models (e.g., Pierson–Moskowitz and JONSWAP spectrum)
(Ribeiro et al., 2020; Ahn, 2021). Here, Te is computed based on
α and Tp as shown in Eq. (6) (e.g., Sierra et al., 2013).

Te = αTP (6)

The parameter α can vary from 0.86 (considering the adoption of
a Pierson–Moskowitz spectrum) and increase towards unity with
decreasing spectral width (Cornett, 2008; Pastor and Liu, 2016;
Ahn and Neary, 2020). This work adopts a conservative value of
α equal to 0.86.

When analyzing the best WEC in terms of efficiency for a
specific location, the study of the capture width (Cw) is extremely
important. In practical terms, C represents the ratio between the
w
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device electrical power (PE) and P (e.g., Ribeiro et al., 2020). The
confirmation of a clear relationship between the real results of
electrical production through waves, within the scale of months
and years, as well as the wave power captured by the CPOWEC
prototype (PCPOWEC), took into account the survival mode limita-
tions (Hs = 8 m when Tp > 12 s), the wavefront capture width
(Cw = 9 m) and an estimated yield, η, of 51.5% (CorPower Ocean,
2020). This value of η is slightly higher than the maximum of 51%
found in the literature for the Wavebob Point Absorber project
(Aderinto and Li, 2019). Then, PCPOWEC can be obtained by (e.g.,
Aderinto and Li, 2019):

PCPOWEC = 0.491H2
s TeηCw, (7)

considering η = 0.515. From a commercial point of view, consid-
ering all days and hours in the database, Eq. (8) shows the sum
of monthly production (converted into MWh). Therefore, based
on a LCOE of around =C60/MWh (CorPower Ocean, 2020), Eq. (9)
epresents the total annual amount to be invested, in EURO.

monthly amount [MWh] = PCPOWEC(24 hours)(number of days)

×
1 MW

1000 kW
(8)

Total annual investment = 60
dec∑
jan

P monthly amount [MWh]

(9)

Fig. 2 presents a general flowchart of material and methods
section, showing the adopted methodology where the wave pa-
rameters are collated from buoy and ERA5 reanalysis data and
how this information is used to estimate the wave power and the
respective CPOWEC annual investment.

3. Results and discussion

This section compares the wave climate analyzing Leixões
offshore buoy data (tri-hourly records) and ERA5 reanalysis data
acquired near that location, considering the most relevant wave
spectral parameters, namely, Hs, Tp, and Θm. From this informa-
tion, the characterization of the LCOE and of the wave energy at
Aguçadoura in terms of its inter- and intra-annual variability are

made and the results are discussed.
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Fig. 2. General flowchart of material and methods.

.1. Buoy versus ERA5 (Leixões offshore)

The simultaneous comparison of the data available by the
uoy limits the coverage period to 8 years (2012 to 2019). How-
ver, as mentioned before, it is usual the occurrence of buoy data
aps, some of them caused by the need of station maintenance,
nd others, by occasional malfunctions. Often, these gaps occur in
xtreme conditions in winter months and, in particular, during
torms. For example, in the year 2013, known for its severe
torm conditions (e.g., Mendes and Oliveira, 2021), there are only
ata records for six months (between March and August). In
he other years, even though there may be measurements in
ll months, there are always data gaps on certain days/hours.
uring the 8 years analysis, there are 53 074 measurements, n,
orresponding to about 24.3% of hourly data gaps. Nevertheless,
t is considered that the existing data set allows estimating the
obustness of the model to represent a wide range of normal and
torm (Hs > 4.5 m) wave conditions at Leixões offshore buoy
ocation.

Fig. 3 compares the values of Hs, Tp, Θm and P (obtained
y Eq. (5)) for the Leixões buoy data and the ERA5 reanalysis
ata. The color gradation of the scatter plots and respective color
ar, ranging from red to blue, reflects a higher and lower point
ensity and represents the number of points in the same bin,
eing directly associated to histograms that compare occurrence
requencies.

In general, the measured and estimated data follow similar
rends for the various parameters.

The comparison of the data for Hs (Fig. 3a) reveals a high value
of the determination coefficient (R2

≈ 0.95). This illustrates a very
good fit with the observed data. The presented density is asso-
ciated with the histogram of Hs. The wave regime is essentially
characterized by Hs between [1, 2] m, with relative frequencies
close to 40% and between [2, 3] m, with relative frequencies of
30%. This regime is characterized by a Rayleigh distribution, as
lower Hs show a higher frequency compared to greater Hs. The
RMSE (≈ 0.32 m) and bias (ψ ≈ −0.78%, |ψ | ≈ 9.8%) values are
6415
low, corroborating the good fit of the estimates. Nevertheless, the
ERA5 reanalysis data slightly underestimate the highest values of
Hs as evidenced by the linear regression line.

A larger dispersion of the points is observed for Tp (Fig. 3b).
This is reflected in a reduction of the determination coefficient
value to R2

≈ 0.73, still confirming a good fit of the estimates.
The largest percentage of the measurements is in the interval
[10, 12] s with relative frequencies of 27%, being followed by the
intervals [8, 19] s and [12, 14] s with relative frequencies of about
22%. The values of RMSE (≈ 1.5 s) and bias (ψ ≈ 3.4%, |ψ | ≈ 9.7%)
are low, corroborating a good agreement.

Regarding the mean wave direction, Θm (Fig. 3c), it is ob-
served, as for Tp, a good determination coefficient value (R2

=

0.72). There is a predominance of wave directions between [315,
360]◦, with about 30% of occurrences, followed by the range
[292.5, 315]◦ with about 15%. The good fit of the estimated data
is also reflected in both RMSE (≈17.5◦) and bias (ψ ≈ 0.1%, |ψ |

4.3%) values.
The comparison of the wave power resource, P (Fig. 3d),

hows a high determination coefficient value (R2
≈ 0.91) and

ow values of RMSE (≈ 19.4 kW/m) and bias (ψ ≈ 4.1%, |ψ |

24.7%) due to the high correlation observed for Hs. Although
arger P values reach up to 800 kW/m, 80% of both data values
tay below 50 kW/m and about 13% in the range [50, 100] kW/m.
he dependence of P on Hs also replicates the tendency of the
egression line where ERA5 reanalysis data slightly underesti-
ates larger P buoy values. The average power at the buoy is
4.7 kW/m, while the modeled data is 30.3 kW/m, corresponding
o a difference of less than 12%. According to the available data, it
s also possible to establish a monthly comparison of the mean P
alues. Fig. 4 shows that the data follow the same seasonal trend.
xcept for October, where the values are practically identical, a
lightly greater energy return is observed every month for Leixões
ffshore buoy. On average, wave power resources estimated using
RA5 data can underestimate about 7.20% the values obtained
ith the wave buoy data. At the seasonal level, the energetic win-
er months between December and March present a difference of
0.24% while for the rest of the months the difference reduces to
.67%.
Fig. 5 presents scatter diagrams, emphasizing the influence

f the various sea states that contribute to the offshore total
nnual energy for both buoy (Fig. 5a) and ERA5 data (Fig. 5b).
dditionally, Fig. 5c presents the scatter diagram at the point
bsorber location (Aguçadoura) using ERA5’s data for the same
eriod, displaying the overall performance. A general offshore
ood agreement is observed with the highest-energy percentages
orresponding to Tp between 11 and 15 s and Hs between 2 and
m, which are associated with swells generated in the North At-

antic Ocean. Considering the storm survival mode of the HiWave-
project prototype that turns off when Hs exceeds 8 m for a Tp
bove 12 s, it is possible to perceive that these energetic occur-
ences are residual. This is also confirmed at Aguçadoura location
Fig. 5c), denoting highest energy contributions for Tp ≈ 12 s and
s ≈ 2.5 m.

.2. Wave power characterization at Aguçadoura

The comparative study between the two databases supports
he assumption that the modeled data are suitable for assessing
he wave energy in this area. As a result of this reliability, a
easonal and long-term study using the complete ERA5 reanal-
sis data between the years 1950 and 2020 is carried out for
he Aguçadoura study site to obtain, respectively, the intra- and
nter-annual variabilities.
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Fig. 3. Comparison between buoy and ERA5 (Leixões offshore) data for (a) Hs , (b) Tp , (c) Θm and (d) P . (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)
Fig. 4. Monthly comparison of wave power estimated by Buoy and ERA5 at Leixões offshore and respective relative monthly differences (%)
.2.1. Annual wave power variability
Initially, the wave direction was studied in the Aguçadoura

egion. The mean value of Θm was equal to 300.88◦N, with an
verage standard deviation of 36.82◦. This value is important
or confirming the origin of the natural resource. However, it is
oted that this factor is of relative relevance, as CPOWEC is of
he point absorber type, which manages to extract energy from
ll directions.
Fig. 6a illustrates a comparison between the annual aver-

ge variation of both Hs and Tp over the studied years. Table 3
lso lists these wave parameters, including minimum, maximum,
6416
mean and standard deviation values per decade, helping to inter-
pret Fig. 6. Special concern is also given regarding the limitation
and disconnection of the device in adverse situations (Tp > 12 s
and Hs > 8 m) by including the limits of CPOWEC (referred to
as «CPOWEC limited Hs»), but it can be seen these constraints are
practically non-existent. During the 71 year period, the restriction
of energy production would be for very short periods of time, in
particular, three days in 1959 (30/11, 01/12 and 07/12), one day
in 1973 (17/01), one day in 1978 (11/12), two days in 1979 (13
and 14/02), two days in 1986 (16 and 17/02), one day in 2001
(28/01), one day in 2011 (17/02) and one day in 2013 (19/01).
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Fig. 5. Scatter diagrams showing the contribution percentage of the total annual energy for various sea states of (a) Leixões Buoy, (b) ERA5 data (offshore) and (c)
ERA5 data (Aguçadoura).
It was noted that the maximum value of Hs reached was 9.85 m,
hich corresponded to a value of Tp = 16.41 s, for the year 1986.
or this reason, the mean and standard deviation values in Table 3
hat consider the limits of CPOWEC are practically identical to the
bserved wind–wave climate values.
It is possible to observe that between 1950 and 2020 the

ean annual Hs values in Fig. 6a ranged between 1.77 m (1973)
nd 2.29 m (2002), and Tp between 10.22 s (1973) and 11.38 s

(2018). Based on Fig. 6b, P ranged between 18.29 kW/m (1953)
6417
and 35.47 kW/m (2014), which is also directly reflected in PCPOWEC
values varying between 84.8 kW and 164.4 kW. This 70-year data
analysis leads to an IAV of 14%, which is slightly higher when
compared to the Atlantic Ocean values obtained by Rusu and Rusu
(2021) in the 30-year data analysis (below 10%).

On average, in Northern Portugal between 1950 to 2020, ERA5
data leads to P = 25.84 kW/m. This result corroborates the
value proposed by Lavidas and Blok (2021), for a solid resource
development (≥ 25 kW/m) and the values presented by Mota and
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Fig. 6. Annual means (solid lines) and respective linear trends (dotted lines) from 1950 to 2020 at Aguçadoura of (a) Hs and Tp , (b) P and PCPOWEC .
Table 3
Approximate values for Hs , CPOWEC limited Hs and Tp at Aguçadoura.

Years Variables Min. value Max. value Mean Standard deviation

1950–2020
Hs [m] 0.37 9.85 2.04 0.98
CPOWEC limited Hs [m] 0.00 8.00 2.04 0.97
Tp [s] 2.70 23.92 10.74 2.42

1950–1959
Hs [m] 0.37 8.89 2.04 0.95
CPOWEC limited Hs [m] 0.00 8.00 2.03 0.95
Tp [s] 3.46 23.92 10.70 2.47

1960–1969
Hs [m] 0.39 7.72 2.02 0.95
CPOWEC limited Hs [m] 0.39 7.72 2.02 0.95
Tp [s] 3.49 20.39 10.55 2.41

1970–1979
Hs [m] 0.40 9.27 1.99 1.02
CPOWEC limited Hs [m] 0.00 7.86 1.99 1.01
Tp [s] 2.97 19.73 10.56 2.44

1980–1989
Hs [m] 0.38 9.85 1.99 0.97
CPOWEC limited Hs [m] 0.00 7.94 1.99 0.97
Tp [s] 3.02 20.64 10.63 2.42

1990–1999
Hs [m] 0.39 7.88 1.99 0.96
CPOWEC limited Hs [m] 0.39 7.88 1.99 0.96
Tp [s] 3.54 20.89 10.63 2.41

2000–2009
Hs [m] 0.41 8.28 2.06 0.97
CPOWEC limited Hs [m] 0.00 7.84 2.06 0.97
Tp [s] 3.04 20.15 10.88 2.38

2010–2019
Hs [m] 0.37 8.40 2.12 1.00
CPOWEC limited Hs [m] 0.00 8,00 2.12 1.00
Tp [s] 2.70 20.03 10.92 2.41
l
h

Pinto (2014), regarding the study of 7 points off the coast of Por-
tugal, between 1995 and 2010, at a depth of 50 m. These authors
presented values for the North and Center regions (ranging from
24.56 kW/m to 25.91 kW/m), which shows the value found for
Aguçadoura region is in accordance with the data extracted from
the ERA5 model. Therefore, the historic variation shown in Fig. 6b
results in an average value of PCPOWEC = 119.45 kW for the wave
ower extracted from the CorPower Ocean device.
Fig. 6a reveals that the mean Hs values over the 7 decades

emain fairly constant. However, a recent slight increase in Tp val-
es is perceptible, as can be seen from the respective trend line.
6418
Without intending to explore the reasons that are associated with
this possible change (e.g., climate change), it is pertinent to study
the values dividing them by decades as represented in Fig. 6b. On
average, an increase in Tp values led to a power increase in the
ast three decades and, particularly, the last 10 years present the
ighest energy return, with an average of PCPOWEC = 129.64 kW.

Despite this tendency, it is noticed the resulting wave power
estimates are proportional to Tp and to the square of the Hs.
Therefore, variations in the period are less significant than varia-
tions in wave height for wave power computations (e.g., Cornett,
2008).
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Fig. 7. Monthly variation of (a) Θm , (b) Hs , (c) Tp and (d) P at Aguçadoura. Solid lines represent average values. Dashed lines add and subtract the standard deviation.
.2.2. Monthly wave power variability
To explore the seasonal variability a study per month was also

arried out for Θm, Hs, Tp and P concerning ERA5’s data (see
ig. 7). It is observed that there is a small seasonal variability
n the recorded data of Θm compared to the other parameters.
Fig. 7a shows that in the months of July and August, in high sum-
mer, the wave direction presents values fairly constant between
317.83◦N and 315.21◦N, respectively. Calculations of the standard
deviation allow the conclusion that, in the seven decades of data,
it is also in the summer that there is a smaller standard deviation
of Θm. The other months present higher variations of Θm and, in
average the values decrease to about 291◦N between December
nd March. The history of atmospheric oscillations in Portugal is
onfirmed, due to more frequent depressions during the winter
December to March), which lead to reporting averages of Hs
nd Tp with variations that are also distinct from the summer
alues (also in line with what is pointed by Rusu and Rusu, 2021
oncerning the MAV for the Northern Hemisphere).
Figs. 7b and 7c reflect the seasonal behavior of these variables,

resenting the average values and the corresponding fluctua-
ions regarding the standard deviation around the average. It is
ell known that the Northern Hemisphere presents between De-
ember and March greater wave energy associated with greater
alues of both Hs and Tp variables. Fig. 7d shows the corre-
ponding wave power resource at Aguçadoura. January is the
onth with the highest power return, with an average of P =

7.57 kW/m. It is also verified that this value is practically six
imes lower in the month of July (8.03 kW/m), which highlights
large monthly variability of P throughout the year.
In view of a future risk analysis concerning the consideration

of a monthly inter-annual variability of P, a filtering of the 71 year
data for some maritime winter months (December to March) is
shown in Fig. 8. Except for March (Fig. 8d), where the range
between maximum and minimum values over the years can vary
less than 50 kW/m (e.g., max = 62.14 kW/m in 1978 and min
= 13.68 kW/m in 2000), it is denoted a large variability for the
other months with range differences greater than 80 kW/m. Con-
sidering January (Fig. 8b), the minimum value occurred in 1953
(18.05 kW/m) and the maximum value in 1996 (102.96 kW/m).
6419
These different orders of magnitude are also observed for Decem-
ber and February, and they are expected due to greater monthly
standard deviation values of Fig. 7d.

3.3. CPOWEC commercial perspective

When considering P average values, it is possible to show the
difference for the resource obtained by the CPOWEC prototype,
already in kW (Fig. 9a). As expected, the maximum value is
obtained in January (PCPOWEC = 219.5 kW). From a commercial
perspective, considering all days and hours of the database, a
possible annual production is obtained totaling 1048.1 MWh at
Aguçadoura (Fig. 9b). An inter-annual comparison (Fig. 10) shows
that the annual production for the seven decades can range
between 742.5 MWh and 1440.2 MWh.

Considering a Levelized Cost of Energy (LCOE) of around
=C60/MWh with a mean annual production of 1048.1 MWh and
using Eq. (9), this would result in approximately =C62 885 of
annual investment. The LCOE is an economic indicator that trans-
lates the cost of the energy generation system, including all
expenses over its useful life, such as the initial investment, op-
eration and maintenance, fuel cost and capital invested costs.
Therefore, the achieved value represents a measure used to evalu-
ate and compare the cost of producing electricity from alternative
sources.

4. Conclusions

This work uses ERA5 reanalysis data to obtain wind–wave
climate characteristics, between 1950 to 2020, aiming to estimate
inter- and intra-annual variability of wave energy in Aguçadoura
region, located in Northern mainland Portugal. The objective
was to evaluate the wave potential energy where the HiWave-5
project has been installed. The ERA5 data is validated with Leixões
buoy data records obtained between 2012–2019. The comparison
between the two databases for different wave parameters (mean
wave direction, significant wave height, and peak wave period)
reveal a good agreement, supporting the assumption that the
modeled data are suitable for assessing the wave energy in this
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Fig. 8. Monthly means of P between 1950 to 2020 at Aguçadoura for: (a) December, (b) January, (c) February and (d) March.

Fig. 9. Comparison between the wave power resource and the CPOWEC device (a) and a commercial perspective of the CPOWEC power value (b), over the months
at Aguçadoura.

6420
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Fig. 10. CPOWEC annual power between 1950 and 2020 at Aguçadoura.
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rea. In general, the ERA5 reanalysis tends to slightly underes-
imate the wave power estimations of about 7.20%, resulting,
n average and at the seasonal level, in a difference of 10.24%
etween December and March, and 5.67% for the rest of the
onths.
The data analysis from the seven decades show that the values

f significant wave height and peak wave period, for the North
f Portugal, do not significantly compromise the absolute perfor-
ance of CPOWEC, in survival mode to adverse conditions. Given

he limitations of the device, it is seen they are only reached very
ccasionally. It is also to be noted that this type of technology
oes not depend on wave propagation directions.
In terms of the annual resources assessment, a mean wave

ower of 25.84 kW/m was obtained at Aguçadoura, correspond-
ng to a proposed prototype capture of about 119.45 kW. A
trong inter-annual variability is observed with values ranging
etween 18.29 and 35.47 kW/m. The last decades tend to ex-
ibit a slight increase in the wave energy potential, due to an
pparent increase in the peak wave period. Concerning the intra-
nnual variability, a monthly assessment indicates a significant
easonal variability with average values ranging between 8.03
nd 47.57 kW/m, respectively, in July and January. The months
f the winter season present the highest energy returns, but they
lso have large standard deviations. For example, for January, a
inimum value is observed in 1953 (18.05 kW/m) and a maxi-
um value in 1996 (102.96 kW/m), evidencing a large variability
long the seven decades.
Finally, despite these inter- and intra-annual variability with

ery low energy productions during the summer season, this
ocation consolidates its wave energy potential, given the accu-
ulated annual value of 1048.09 MWh with this CPOWEC device.
o produce this accumulated annual value, an annual invest-
ent of =C62 885 is required, tending to meet targets for large
ustainable electricity generation with the exponential growth
xpected until 2030, aided by the increase of devices, in the farm
oncept. The implementation of a hybrid production using wave
nergy farms integrated with an offshore wind farm can also
oost the Portuguese energy scenario. This kind of future research
hat identifies the variability of different renewable sources will
ontribute to the knowledge and resilience of the energy mix.
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