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A B S T R A C T

This study presents a detailed performance assessment of a wide variety of Wave Energy Converters (WECs) 
across the coast of mainland Portugal, which presents one of the largest wave energy resources in continental 
Europe. Furthermore, the analysis is extended to the six concession zones designated by the Portuguese gov
ernment for the exploitation of offshore renewable energy. For this purpose, a 44-year historical wave data 
analysis obtained through a high-resolution numerical model is used to estimate key performance parameters of 
18 case-study WECs. The results highlight the coastal area in the vicinity of Figueira da Foz (Central Portugal) as 
a particularly promising location for WEC deployment, validated by the high Annual Energy Production (above 4 
GWh), capacity factor, and favorable capture width values. Conversely, the southern locations of the Portuguese 
shore do not appear to present favorable conditions for the WECs analyzed, largely due to lower wave energy 
availability and less optimal sea states. Additionally, this study emphasizes the need for research efforts to 
improve energy capture efficiency to fully utilize wave energy as a key component of the energy mix.

1. Introduction

The global commitment to combat climate change and reduce reli
ance on fossil fuels has catalyzed a profound transformation in the en
ergy sector, necessitating a shift toward sustainable, environmentally 
responsible, and carbon-neutral energy solutions. To achieve this, it is 
essential to broaden and diversify the energy mix with alternative 
renewable sources. In this context, wave energy stands out as a prom
ising option due to its substantial global availability, high predictability 
compared to other intermittent sources, and minimal environmental 
footprint [1–3].

However, the development of reliable and commercially viable Wave 
Energy Converter (WEC) technologies has, thus far, proven elusive, and 
no standard WEC design has yet emerged [4]. Numerous concepts based 
on different operating principles—such as point absorbers, attenuators, 
oscillating water columns, overtopping devices, and oscillatory surge 
converters—have been proposed, but none has gained universal 

acceptance as the optimal solution [5]. This slow progress can be 
attributed to two primary factors. First, WECs face substantial technical 
challenges due to the complexity of the conversion process, which in
cludes energy absorption, transmission, generation, and conditioning 
[3]. Each of these stages often require specialized control strategies to 
optimize efficiency across a wide range of wave conditions. Second, the 
harsh marine environment, particularly in offshore areas with strong 
wave climates, poses substantial risks to the durability of WECs, esca
lating both operational and maintenance costs [6]. This limited tech
nological progress has also led to gaps in essential industrial expertise, 
including supply chain management, logistics, and key operational as
pects like deployment, maintenance, grid integration, and decom
missioning. Consequently, the current Levelized Cost of Energy (LCoE) 
for wave energy remains high, estimated between 0.30 and 0.55 $/kWh, 
rendering it commercially unviable at present [7].

In consequence, for wave energy to become economically viable, 
further advancement in WEC technology is essential, with a focus on 
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enhancing efficiency and reliability while reducing costs [8]. In this 
regard, assessing WEC performance under real-world conditions is 
crucial for enhancing device efficiency and durability, reducing costs, 
and ultimately supporting the economic feasibility of large-scale 
deployment [9]. To achieve this, two main approaches are available. 
For WEC technologies at high Technology Readiness Levels (TRL), 
physical testing of scaled devices in wave basins and/or offshore test 
sites (Table 1) offers crucial insights into device performance and 
resilience under extreme wave conditions [10]. Conversely, for WEC 
technologies at lower TRLs, evaluating performance across diverse wave 
conditions and locations is crucial to guide development and optimiza
tion [11]. In this early stage, numerical modeling, particularly spectral 
wave models, offers a cost-effective and consistent approach for such 
assessments [12]. Spectral wave models provide detailed characteriza
tion of coastal wave conditions over extended periods, capturing the 
spatial and temporal variability of the wave resource. This insight is 
critical for accurately evaluating WEC performance and viability in 
diverse marine environments. Additionally, it supports device optimi
zations, such as aligning the device’s natural frequency with incoming 
waves to achieve resonant mode operation and velocity amplification, 
ultimately resulting in a quadratic increase in energy extraction [13].

In the context of WEC development, Portugal has emerged as a key 
player due to its substantial wave energy resource, reaching up to 35 kW 
per meter of wave front [34]. The central region holds the highest po
tential for WEC deployment at depths around 50 m, followed by the 
northern region and specific areas of the southern coast with favorable 
seabed morphology [35,36]. As a result, the interest in harnessing 
Portugal’s wave energy resource has driven the development of testing 
sites and power facilities. These initiatives have become instrumental in 
advancing diverse WEC technologies and solidifying Portugal’s role in 
the wave energy sector [35]. On these grounds, the CorPower Ocean 
project known as HiWave-5 stands out. The project entails the first-ever 
full-scale WEC deployment by the company off the coast of Portugal 
[37]. As a result, the CorPower C4 device with 9 m diameter, 18 m 
height, 300 kW rated power, and 70 tons weight [38], assembled in 
Viana do Castelo and towed offshore to the Aguçadoura test site, was 
connected to the national grid via a subsea cable. In addition, Eco Wave 
Power has achieved a significant regulatory milestone by securing 
approval from the Portuguese government for the installation and grid 
connection of a 1-MW wave energy project. The project will be deployed 
on the ocean side of the north breakwater of river Douro mouth, in the 
city of Porto [39]. These milestones align with Portugal’s National En
ergy and Climate Plan for 2021–2030 (PNEC 2030), aiming to reach 70 
MW of wave power capacity by 2030 [39]. To support this goal, six 
concession zones along the coast have been designated for the com
mercial development of offshore renewables (offshore wind and wave 
energy), as shown in Fig. 1. Furthermore, plans are also underway to 

complete the installation of an international offshore energy testing 
center by 2026 [40].

While the wave resource in Portugal has been adequately character
ized in previous research [41,42], a comprehensive assessment of power 
production across a diverse array of WECs with varying operational 
modes and principles is still lacking. Most studies to date have focused on 
specific WEC technologies and locations, often using wave hindcast data 
with limited temporal and spatial resolution. For example, Rusu et al. 
assessed the performance of four WEC concepts—Pelamis, Aqua Buoy, 
Wave Dragon, and Archimedes Wave Swing—based on a 3-year wave 
hindcast for selected regions along the northern and central Portuguese 
coast [43]. Similarly [36,44,45], examined the performance of the CECO 
device in various operational modes along the Portuguese coast, but the 
analysis was confined to water depths of 30, 40, and 50 m and based on a 
limited 11-year hindcast wave dataset. Ribeiro et al. evaluated the his
torical and near-future efficiency of two WECs (Aqua Buoy and Pelamis) 
using a SWAN model under the RCP 8.5 climate change scenario. How
ever, their analysis was limited to these two devices and relied on a 
climate change scenario [46]. Furthermore, to date, there are no studies 
evaluating WEC performance in the six concession zones designated by 
the Portuguese government for offshore renewable energy projects.

Against the foregoing backdrop, the goal of this study is to address 
these gaps by evaluating the effectiveness of different WECs for offshore 
wave energy exploitation in mainland Portugal and conducting a 
detailed performance analysis of specific WECs within the six concession 
zones. For this purpose, a 44-year hindcast obtained from a high- 
resolution SWAN numerical model, which was successfully calibrated 
and validated in Refs. [2,47,48], was used to determine key performance 
indicators of WEC performance. The remainder of this paper is struc
tured as follows: Section 2 details the materials and methods used in this 
research. Section 3 presents the results and discusses the key findings. 
Finally, conclusions are drawn in Section 4.

2. Materials and methods

This study used advanced computational techniques to thoroughly 
investigate Portugal’s entire coastal region using the SWAN (Simulating 
WAves Nearshore) model [49]. It is worth noting that the model was 
implemented following the recommendations set by the IEC technical 
specification for wave energy resource assessment [50], which has 
proven to be a robust methodology for obtaining accurate wave resource 
characterizations [51]. Therefore, the model was forced with wind data 
from the ERA5 reanalysis dataset. This highly reliable dataset provides 
hourly wind fields at 0.25◦ resolution, which is essential for improving 
and verifying wave climate hindcasts [52]. Furthermore, the data 
collected from the ERA5 wave hindcast reanalysis, at 1◦ spatial resolution 
[53], were used as wave boundary conditions for the SWAN model. The 

Table 1 
Wave energy test facilities worldwide [14].

Test sites Scale Wave Resource (kW/m) Grid Connection Distance from Shore Water Depth

Danish Marine Test Site (DanWEC), Denmark [15] Full 5 Yes 200 m 12 m
Wave Hub, England [16,17] Full 20 Yes 16 km 55–65 m
SEM-REV, France [18,19] Full 15 Yes 15 km 35 m
Atlantic Marine Energy Test site, Ireland [20] Full 70–75 Yes 10 km 100 m

55–60 6.5 km 50 m
Runde Island, Norway [21] Full N/A Yes 500 m 30–35 m
Pilot zone, Portugal [22] Full 32 Yes 5–8 km 30–90 m
European Marine Energy Centre, Scotland [23] Full 22–25 Yes 1–2 km 20–75 m
Biscay Marine Energy Platform (Bimep), Spain [24] Full 21 Yes 1.7 km 50–90 m
Plocan, Canary Islands, Spain [25,26] Full 8–10 Yes 2 km 30–1000 m
Nissum Bredning, Denmark [27] 1:4–1:10 Hm0 = 1.2 m Yes 200 m 4–10 m
The Galway Bay Wave Energy Test Site, Ireland [28] 1:3–1:5 3 No 2.4 km 21–24 m
European Marine Energy Centre, Scotland [14] 1:10 Hm0 ~0.35 m Yes 500 m 21–25 m
Falmouth Bay test site, England [29] N/A N/A No 3–5 km 20–50 m
Pacific Marine Energy Centre USA [30,31] Full, Large, Small >15 kW/m Yes 16 km 100 m
The Hawai’i Wave Energy Test Site, USA [32] Large N/A No N/A –
Shandong Test Site, China [33] Large 4 kW/m Yes 30 m –
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bathymetric data is based on the General Bathymetric Chart of the Oceans 
(GEBCO) [54] and is included in the model onto an unstructured mesh 
with cell sizes ranging from 250 m to 30 km. The finer resolutions are 
found nearshore to capture relevant bathymetric details. This unstruc
tured mesh (Fig. 1) with 114,518 elements was created using the ADCIRC 
software [55]. This mesh ensured computational efficiency in areas with 
a more uniform environment while enabling a detailed depiction of pla
ces with significant bathymetric fluctuations [56–58].

In accordance with prior research in the area, the SWAN model was 
operated in a non-stationary mode, utilizing a JONSWAP spectrum with 
a peak enhancement factor set at 3.3. The simulations were carried out 
at hourly intervals and covered 44 years, from 1979 to 2022. Outputs 
have been produced at the lower temporal resolution of 2 h to manage 
data volume and space constraints. The model calibration and valida
tion, as presented in Refs. [47,59], involved comparison with data from 
10 wave buoys managed by the Portuguese Hydrographic Institute and 
the Spanish Port Authority, ensuring fidelity in depicting the observed 
wave climate. Parameters such as the energy wave period (Te), signifi
cant wave height (Hm0), and the power per unit length of the wavefront 
(Pw) are crucial for characterizing wave conditions and are provided as 
output by the SWAN model.

The scatter diagram and the power matrix categorize data into 
distinct and ideally consistent classes, offering structured insights into 
wave resource and WEC performance, respectively. The scatter diagram 
illustrates the joint probability distribution of wave heights (typically, 
Hm0) and periods, thereby indicating the frequency of the different sea 
states. Conversely, the power matrix specifies the power generated by a 
particular WEC for a given combination of wave height and period. By 
integrating these two elements, it is possible to estimate a WEC’s energy 
production (ET) at a particular site during a specific period of time (T). 
To compute the energy production, the probability distribution of wave 
heights and periods is first derived from wave models or wave buoy 
measurements (if available). This distribution is then multiplied 
(element-wise) by the power matrix corresponding to the specific WEC, 
yielding a matrix of energy production values across various sea states. 

Subsequently, the total energy production is determined by summing 
these values in the energy production matrix, weighted by their 
respective probabilities as given by Ref. [60], 

ET =
∑nT

i=1

∑nH

j=1
fij PijT (1) 

where fij represents the percentage of occurrence of wave energy for a 
specific combination of wave period (i) and wave height (j), and Pij the 
power generated by the WEC for a specific combination of wave period 
(i) and wave height (j). The value of fij is obtained from the wave scatter 
diagram calculated over the period T at the chosen location, while the Pij 

is obtained from the power matrix of the WEC. The values of nT and nH 
represent the total number of wave period and wave height classes, 
respectively [60]. Finally, in the present work, ET is referred to as 
Annual Energy Production (AEP) or Monthly Energy Production (MEP) 
when T corresponds to an annual or monthly period, respectively.

The capacity factor, cf , is one of the most important parameters for 
understanding the performance of WEC concerning power production 
since it shows how much of the device’s overall capacity is utilized to 
produce electricity in a given situation. It also displays the ratio of full 
running load hours over time. The capacity factor can be calculated 
using [61,62], 

cf =
PE

Pr
(2) 

where Pr is the rated power of the WEC and PE is the expected wave 
power output of the WEC for the defined period.

Another important parameter is the capture width (cw) in meters. 
This parameter is commonly used as a proxy for wave power capture. It 
is also known as the wave-front width, which may be used to extract all 
of the absorbed power by WECs. It is given by Ref. [61], 

cw =
PE

Pw
(3) 

Fig. 1. Study area and bathymetry overlapped by the unstructured mesh utilized in the model (left) and 44-year mean Pw distribution with identification of the six 
Portuguese concession zones (right).
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The Pw in the present study was directly the resultant of Px and Py 
components of the energy transport per meter of the wave front in both 
directions [49], 

Pw =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Px
2 + Py

2
√

(5) 

Px = ρg
∫∫

cxE(ω, θ)dσdθ and Py = ρg
∫∫

cyE(ω, θ)dσdθ (6) 

where ρ represents the water density (in kg/m³), g denotes the gravity 
constant (in m/s2), cx and cy stand for the x and y components of the 
group velocity of waves (in m/s), E(ω, θ) denotes the wave spectrum, 
depicting the energy density of waves at frequency ω and direction θ, σ 
serves as an integration variable representing frequency within the wave 
energy spectrum, and ω represents the intrinsic angular frequency of the 
waves, defined as ω = 2πf, where f is the frequency in Hz.

This study undertakes a complete evaluation of multiple WEC tech
nologies deployed offshore the coast of mainland Portugal, focusing on 
their spatial and temporal performance in terms of ET, cf , and cw. 
Monthly- and annual-based analyses are considered in order to capture 
trends in seasonal and yearly fluctuations. Table 2 provides an overview 
of the main characteristics of the considered WEC technologies, whose 
power matrices were available. These characteristics include rated 
power output, classification, installation depth, and power matrix clas
ses. The assessed WECs varied from point absorbers like AquaBuoy and 
AWS to bottom-fixed systems such as HeaveBuoy. Each WEC is designed 
for a specific optimal deployment environment varying from offshore to 
nearshore and shallow waters. The power matrices, with bin classes 
defined by the significant wave height (Hm0) and either peak period (Tp) 
or energy period (Te) of the devices highlighted in Table 2, are presented 
in Appendix A. It is worth noting that while power matrices were 
available for the considered WEC technologies, some of these technol
ogies are no longer in use. Therefore, the applicability of the results may 
vary depending on the current state of the technology and its relevance 
to contemporary wave energy projects.

Finally, Table 3 provides detailed information on the six concession 
zones designated by the Portuguese government for offshore renewable 
energy extraction. Each zone is mostly characterized by its distance to 
the shore and estimated wave potential. The geographical coordinates 
are included for the representative center point locations, denoted as P1 
to P6, of the associated zone. The mean and standard deviation (Std) of 
potential Pw presents insights into the variability of the energy resources 
at representative locations. Additional details such as water depth from 
mean sea level and distance to the shore offer crucial insight into 
possible environmental and operational conditions within each 
concession zone.

3. Results and discussion

As indicated in the previous section, the procedure to assess the 
performance of case-study WECs, chosen for their ability to operate in 
offshore environments and well-documented power matrices in the 
literature, was based on metrics such as AEP, cf, and cw. The spatial 
distributions of those metrics were examined along the whole coast of 
the study area, with particular emphasis on the six designated conces
sion zones (P1-P6) for offshore renewable energy extraction. Addition
ally, scatter diagrams provided insight into the wave resources at 
representative locations, while heatmaps depict the mean monthly wave 
energy flux variation over 44 years. Monthly changes in mean electricity 
production and cf for selected WECs across the six locations were also 
analyzed, shedding light on their performance dynamics throughout the 
year. These analyzes provide a comprehensive understanding of indi
vidual WEC performance operating in diverse environmental conditions, 
offering valuable insight for future wave energy initiatives.

3.1. Wave resource characterization

Wave resource characterization is essential for optimizing the 
deployment of WECs. Understanding the spatial and temporal variations 
in wave energy helps in identifying the most promising locations for 
energy extraction and designing efficient WECs tailored to specific 
environmental conditions. Fig. 1 provides a comprehensive view of the 
study area along the coast of Portugal, combining bathymetric data and 
wave power distribution.

The left plot of Fig. 1 illustrates the study area’s bathymetry overlaid 
with the unstructured mesh used in numerical modeling, with the mesh 
density higher near the coastline, indicating greater resolution in these 
areas. Key cities such as Lisbon, Porto, Coimbra, and Faro are marked for 
reference. The right plot of Fig. 1 displays the 44-year mean Pw, 
revealing that the highest wave power is concentrated along the 
northern and central coast (with values up to 35 kW/m), while the 
southern coast exhibits significantly lower values (in the order of 10 
kW/m). Additionally, the six concession zones designated by the Por
tuguese government for offshore renewable energy extraction are shown 
as polygons labeled P1 to P6 on the right side of Fig. 1.

The monthly mean Pw variations in the six designated concession 
zones (P1 to P6) are critical for understanding the temporal distribution 
of wave energy resources, informing the optimal deployment and 
operation of offshore renewable energy systems in each zone. The 
heatmaps of the Pw during 44 years against the 12 months for P1, P3 and 
P5 locations are plotted in Fig. 2 (P2, P4 and P6 are presented in Fig. D1, 
Appendix B).

The analysis of Pw data across locations P1 to P6 in Fig. 2 and Fig. B1, 

Table 2 
Main characteristics of the considered WEC technologies [63–66].

No WECs Nominal power [kW] Classification Operation depth range [m] Power matrix classes [m × s]

1 CorPower 750 Point absorber Offshore (>40) 0.5 × 1.0 [Hm0 × Tp]
2 AquaBuoy 250 Point absorber Offshore (>50) 0.5 × 1.0 [Hm0 × Tp]
3 AWS 2470 Point absorber Offshore (40–100) 0.5 × 0.5 [Hm0 × Te]
4 OEBuoy 2880 Point absorber Offshore (>100) 0.5 × 1.0 [Hm0 × Tp]
5 Pontoon 3619 Point absorber Offshore (>100) 0.5 × 1.0 [Hm0 × Tp]
6 Langlee 1665 Oscillating surge transducer Offshore 0.5 × 1.0 [Hm0 × Tp]
7 CETO 260 Point absorber Nearshore (20–50) 0.5 × 1.0 [Hm0 × Te]
8 Oyster 2 3332 Point absorber Nearshore (<50) 0.5 × 1.0 [Hm0 × Te]
9 Oyster 290 Terminator Nearshore (10–25) 0.5 × 1.0 [Hm0 × Te]
10 Seabased AB 15 Absorber Nearshore (30–50) 0.5 × 1.0 [Hm0 × Tp]
11 SSG 20000 Terminator Foreshore 0.5 × 0.5 [Hm0 × Te]
12 HeaveBuoy 2192 Bottom-fixed Shallow water 0.5 × 1.0 [Hm0 × Te]
13 Oceantec 500 Absorber Offshore (30–50) 0.5 × 1.0 [Hm0 × Tp]
14 WaveStar 2709 Point absorber Nearshore (30–50) 0.5 × 1.0 [Hm0 × Te]
15 PWEC 480 Oscillating body Nearshore (10–50) 1.0 × 2.0 [Hm0 × Tp]
16 Pelamis 750 Absorber Offshore (50–70) 0.5 × 0.5 [Hm0 × Te]
17 WaveBob 1000 Point absorber Offshore (>50) 0.5 × 0.5 [Hm0 × Tp]
18 WaveDragon 7000 Terminator Nearshore (30–50) 0.5 × 0.5 [Hm0 × Te]
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Appendix B reveals several commonalities and variations, providing 
valuable insight into oceanic conditions across the concession zones. A 
clear seasonal trend is observed across all locations, with winter (Dec, 
Jan, and Feb) consistently exhibiting the highest mean Pw, followed by 
autumn (Sep, Oct, and Nov). Winter mean Pw ranges from 42.8 kW/m in 
location P6 to 58.9 kW/m in location P1. Spring (Mar, Apr, and May) 
and summer (Jun, Jul, and Aug) generally exhibit lower mean Pw values 
compared to winter and autumn months, with values ranging from 9.3 
to 30.6 kW/m. This pattern of stronger wave activity during colder 
seasons is influenced by atmospheric and oceanic dynamics, with the 
North Atlantic Oscillation (NAO) playing the most significant role, 
alongside the East Atlantic (EA) and Scandinavia (SCAND) patterns 
[67]. The NAO is a large-scale atmospheric oscillation characterized by 
fluctuations in the pressure difference between the Icelandic Low and 
the Azores High [68]. Thus, the NAO plays a pivotal role in steering 
storm trajectories across the North Atlantic. The NAO index, indicating 
this oscillation, alternates between positive and negative phases, asso
ciated with a strong or weak pressure contrast between these regions, 
respectively. When the NAO index is positive, intensified winter storms 
tend to move northeastward across the Atlantic, generating high-energy 
waves predominantly from the northwest, particularly impacting the 
northern Iberian coast [69]. Conversely, negative NAO phases result in 
weaker and less frequent storms, with mid-latitude storm tracks shifting 
eastward, causing a more uniform wave climate along the Iberian 
Atlantic coast as wave directions become more westerly [70]. Similar to 
the NAO index, positive phases of the East Atlantic (EA) pattern 
contribute to the generation of northwest-oriented swells [71]. Over the 
past 25 years, a trend toward positive NAO and EA values has been 
observed, contributing to increasingly intense wave conditions [72,73].

Year-to-year variability in Pw is also evident, with some years 
experiencing heightened wave activity compared to others. Notably, 
2014 stands out as the year with the highest mean Pw across all loca
tions. Under positive phases of NAO and EA indices (exceeding values of 
1 [74,75]) the 2014 winter was characterized by a continuous cluster of 
extreme storm events occurring every 48–72 h [76]. This led to some of 
the highest winter wave energy levels recorded along the East Atlantic 
coast at mid and southern latitudes (38◦N–55◦N) over the past seven 
decades [77]. Conversely, the years 2005 and 2010, which featured 
negative phase values of NAO and EA [75], presented significantly lower 
mean Pw values, ranging from 27 to 36 kW/m, indicating the strong 
influence of atmospheric teleconnection patterns in the region [36].

Extremes in Pw, represented by maximum and minimum months 
exhibit high variability within and across years at all locations. February 
2014 consistently emerges as the month with the highest mean Pw, while 
July 2013 consistently exhibits the lowest mean Pw. The maximum mean 
Pw ranges from 112 kW/m in location P6 to 142.6 kW/m in location P1, 
whereas the minimum mean Pw ranges from 4.3 kW/m in location P6 to 
6 kW/m in location P4. These extremes underscore the dynamic nature 
of Pw variability and stress the importance of understanding both sea
sonal and yearly fluctuations. Furthermore, location P1 exhibits the 
highest volatility in Pw among the six, with a wide range of values 
observed across seasons and years. Conversely, concession zone P6 
shows the least volatility, with a narrower range of mean Pw values. 

Overall, while each location exhibits unique characteristics and varia
tions in Pw, common patterns such as seasonal variations and yearly 
trends are evident. Understanding these patterns is crucial for applica
tions like coastal management, offshore engineering, and renewable 
energy development, emphasizing the importance of comprehensive 
analyses and monitoring of oceanic conditions.

The scatter diagrams in Fig. 3 offer a detailed view of the mean 
annual energy distribution across the six concession zones. These dia
grams, employing energy bin sizes of 2 s for Tp and 1.0 m for Hm0, 
provide valuable insights into the frequency and total energy delivery 
for various sea states on an annual basis. Notably, the color map within 
each diagram visually represents the yearly energy output in MWh/m 
for different sea state combinations, while the number of hours denotes 
the frequency of occurrence for each specific condition. Analyzing the 
plots in Fig. 3 individually, intriguing similarities and differences across 
the locations are observed. For example, P1 exhibits a predominant 
energy concentration within the 12–16 s Tp range and 2–5 m Hm0 range, 
translating to substantial Pw levels of 20–200 kW/m. With a peak energy 
delivery of 32.4 MWh/m/year, this location demonstrates robust po
tential for wave energy extraction, particularly in sea states character
ized by approximately 13 s of Tp and 2.5 m of Hm0. Moving to P2, P3, P4, 
P5, and P6, a recurring pattern of high energy concentration within 
similar sea state ranges – aligning closely with P1’s findings – is noted. 

Table 3 
Characterization of the six concession zones for offshore renewable energy extraction by the Portuguese government, adapted from Ref. [34].

Regions Distance to shore 
(km)

Area 
(km2)

Expected 
potential (GW)

Label Lon (◦) Lat (◦) Mean Pw 

(kW/m)
Std of Pw 

(kW/m)
Distance to 
shore (km)

Water 
depth (m)

Viana do 
Castelo Norte

7–19.5 312 1.09 P1 − 9.1611 41.7116 32.3 40.2 13 111

Viana do 
Castelo Sul

10.5–17.9 294 1.03 P2 − 9.1010 41.4676 30.7 42.1 14 104

Leixões 22.5–32.3 644 2.0 P3 − 9.2434 40.9703 32.3 30.8 27 150
Figueira da Foz 21.7–34.1 1325 4.0 P4 − 9.5191 40.1715 32.3 40.5 28 160
Ericeira 7.5–12.4 171 0.5 P5 − 9.6341 39.0563 29.5 43.7 10 98
Sines 9.8–19.3 430 1.5 P6 − 9.1086 37.6888 24.5 34.5 15 332

Fig. 2. Mean monthly power variations across 44 years in three representative 
locations in the center of the concession zones designated by the Portuguese 
government for P1, P3 and P5.
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These locations also showcase significant Pw potential in the range of 
20–100 kW/m, with a maximum annual energy resource ranging from 
31.1 to 34.1 MWh/m/year. However, subtle differences in the exact Tp 

and Hm0 combinations contribute to the differences found in energy 
distribution and frequency of occurrence among these locations. The 
number of sea state occurrences among the bins, changes in each 

Fig. 3. Scatter diagrams of the wave resources at the six representative locations in concession zones designated by the Portuguese government labeled as P1 to P6.
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location, reflecting the uniqueness of the local wave climate and hy
drodynamic conditions at each site. This outcome can be used in 
designing the natural period of the Power Take-Off systems of resonant 
wave energy converters, allowing for the optimization of energy con
version efficiency and system performance. Finally, Appendix C pro
vides the monthly scatter diagrams for the six concession zones, 
enabling an assessment of wave energy distribution and the frequency of 
various sea states over the course of the year.

3.2. Wave energy Converter performance assessment

Figs. 4–6 present the performance across the Portuguese coast of six 
selected WEC technologies—CorPower, AquaBuoy, AWS, OEBuoy, 
Pontoon, and Langlee. These technologies were chosen for two main 
reasons: first, they are capable of operating in offshore environments at 

the depth characteristic of the six concession zones under this study; 
second, their power matrices are well-documented and available in the 
literature, providing a reliable basis for performance comparison and 
analysis.

The spatial distributions of annual energy production (AEP) for 
CorPower, AquaBuoy, AWS, OEBuoy, Pontoon, and Langlee WECs, as 
depicted in Fig. 4, reveal distinct performance patterns along the Por
tuguese coast. For CorPower, the AEP values display a pronounced 
northward increase, with zones P4 and P5, situated north of Lisbon, 
achieving the highest energy outputs, exceeding 1.33 GWh. AquaBuoy 
identifies zones P3 and P4, also north of Lisbon, as the most favorable 
locations, with AEP values surpassing 0.53 GWh. For AWS, the highest 
AEP values are observed in the northern and central zones, specifically 
P1 to P4, where they range from 3.87 GWh to 3.98 GWh. Among these, 
zone P4, located off the coast of Figueira da Foz, stands out with the 

Fig. 4. Spatial distributions of mean annual energy production (AEP) for CorPower, AquaBuoy, Langlee, Pontoon, OEBuoy and AWS WECs in their operation 
depth range.
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maximum AEP of 3.98 GWh. The OEBuoy demonstrates a similar trend, 
with zones P3 and P4 recording the highest AEP values, both exceeding 
2.9 GWh, with a peak of 2.99 GWh in zone P4. The Pontoon WEC ex
hibits performance comparable to that of the Langlee device, with zones 
P3, P4, and P5, situated between Lisbon and Porto, emerging as the most 
productive site. In these zones, the AEP values exceed 2.4 GWh, with 
zone P4 reaching a peak of 2.56 GWh. Finally, the Langlee WEC achieves 
its highest AEP values in zones P3, P4, and P5, surpassing 0.85 GWh, 
with zone P4 standing out at 0.91 GWh. These results underscore the 
central and northern zones, particularly zone P4, as consistently offering 
the most favorable conditions for wave energy production across all six 
WEC technologies analyzed.

Fig. 5 illustrates the capacity factor (cf) values for the six Wave En
ergy Converters (WECs), highlighting notable spatial trends along the 
Portuguese coast. CorPower demonstrates a peak cf of 20.82 % in zone 
P4, strongly indicating the central and northern zones as optimal loca
tions for deployment. Similarly, AquaBuoy achieves its highest cf values, 
surpassing 24 %, in zones P3 and P4, further emphasizing the suitability 
of these areas for efficient energy conversion. For AWS, the cf values 
exceed 17.3 % across zones P1 to P4, with a maximum value of 18.4 % 
recorded in zone P4. The performance of OEBuoy aligns with this trend, 
reaching its highest cf of 11.5 % in the same zone. The Pontoon WEC also 

exhibits its best performance in zone P4, attaining a maximum cf of 8.06 
%. Langlee follows a similar pattern, with its highest cf of 6.22 % 
observed in zone P4 as well. These results consistently highlight zone P4 
as offering the most favorable conditions for energy efficiency across all 
six WEC technologies considered in this study. The notable clustering of 
peak cf values in zone P4 underscores its optimal suitability for large- 
scale deployment of wave energy converters, particularly at the opera
tional scale examined.

The capture width (cw) values shown in Fig. 6 reveal a different 
spatial trend to AEP and cf. For CorPower and AquaBuoy, the highest cw 
values are observed in zone P6 in the south, indicating higher potential 
for energy capture in these regions. Similarly, AWS and OEBuoy show 
their highest cw values in zones P5 and P6, despite these zones having 
lower AEP and cf values. For the Pontoon WEC, zones P5 and P6 exhibit 
the highest cw values, reflecting efficient energy capture in southern 
zones. Finally, the Langlee WEC shows its highest cw values along the 
coast of Faro city in the south, although these remain relatively 
consistent across all zones at approximately 0.2 m, indicating lower 
efficiency compared to the other WECs analyzed.

The comprehensive analysis of spatial distributions of AEP, cf , and cw 
for six different wave energy converters (CorPower, AquaBuoy, AWS, 
OEBuoy, Pontoon, and Langlee) along the Portuguese coast consistently 

Fig. 5. Spatial distributions of capacity factor (cf) for CorPower, AquaBuoy, Langlee, Pontoon, OEBuoy and AWS WECs in their operation depth range.

A.G. Majidi et al.                                                                                                                                                                                                                               Renewable Energy 243 (2025) 122540 

8 



highlight zone P4 as the optimal site for the full-scale WEC technologies 
considered in this study. This zone, located north of Lisbon, presents the 
highest energy production and efficiency across all WEC types, with 
notable peaks in AEP and cf , particularly for CorPower, AquaBuoy, AWS, 
and OEBuoy. Zones P3 and P5 also show favorable conditions, though to 
a slightly lower extent, making them viable alternatives for WEC in
stallations. In contrast, the southern zones particularly zones P5 and P6, 
exhibit higher cw but lower overall cf and AEP, suggesting they are less 
suitable for large-scale wave energy farms. Notably, the rated power of 
the considered WEC technologies, particularly the Pontoon and Langlee 
devices, appears to be oversized for the wave conditions along the 
Portuguese coast. To enhance their efficiency, it is necessary to optimize 
their PTO systems accordingly. This spatial analysis underscores the 
importance of a balanced approach that considers AEP, cf , and cw to 
identify optimal deployment sites. In addition to the performance 
analysis of the six selected WEC technologies in Figs. 4–6, detailed in
formation on an additional 12 WECs (CETO, Oyster 2, Oyster, Seabased 
AB, SSG, Bottom Fixed HeaveBuoy, Oceantec, WaveStar, PWEC, Pela
mis, WaveBob, and WaveDragon) is provided in Appendix D. These 12 
WECs were not included in the main analysis due to space limitations 

and their operation depth does not extend to the offshore renewable 
energy concession zones targeted in this study.

Fig. 7 presents a detailed analysis of the monthly energy production 
(MEP) and cf for six different WECs across six locations. The energy 
output at P4 with the best performance ranges from 36 to 579 MWh, and 
the cf varies from 5.2 % to 31.8 %. Conversely, location P6 consistently 
exhibits the lowest performance, with energy output ranging from 26 to 
497 MWh and capacity factors between 3.8 % and 27 %.

In Fig. 7, CorPower technology shows a peak in energy output during 
the winter months at all locations, with P4 providing the highest energy 
production and cf , while P6 displays the lowest values. AquaBuoy ex
hibits significant seasonal variation with higher outputs in winter, 
particularly in P4, where it peaks around 55 MWh in January. The cf 

follows this trend, with P4 outperforming the other locations. AWS 
stands out as the best-performing WEC overall, delivering the highest 
energy output across all locations, especially at P4, where it reaches up 
to 579 MWh. OEBuoy also performs well, particularly at P4, maintaining 
a high energy output consistently throughout the year. Pontoon displays 
a notable performance in the summer months across all locations, with 
the highest output in P4. Langlee shows significant monthly 

Fig. 6. Spatial distributions of capture width (cw) for CorPower, AquaBuoy, Langlee, Pontoon, OEBuoy and AWS WECs in their operation depth range.
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fluctuations, with higher energy outputs and capacity factors in the 
summer months.

Location P4 is consistently the best site due to superior wave con
ditions. AWS emerges as the top-performing WEC in terms of mean 
monthly energy output across all locations, followed by OEBuoy and 
Pontoon. Langlee and Pontoon, despite lower outputs compared to AWS, 
show strong summer performance, highlighting their potential to com
plement winter-peaking WECs like AWS and OEBuoy in a diversified 
wave energy farm. This outcome is attributed to the characteristics of 
the Langlee and Poonton WECs, whose optimal operating range corre
sponds to TP values between 7 and 11 s. These values align with the 
predominant wave conditions observed from May to August (Fig. C4, 
Appendix C), characterized by TP values between 6 and 10 s, associated 
with wind sea conditions. Conversely, AWS operates optimally within a 
TP range of 10.5–14.5 s (Table A3), aligning with swell-dominated 
winter wave conditions. However, assessing the complementarity of 
different WECs to achieve more stable energy production would require 
a comprehensive techno-economic analysis, which lies beyond the scope 
of this study.

Finally, it is important to note that the performance metrics obtained 
for the different WECs analyzed may be limited, particularly regarding 
the capacity factor (cf) and capture width (cw) parameters. This is pri
marily because the WECs studied are not optimized for the specific wave 
conditions of Portugal, such as the power capacity and/or resonant 
periods that match the typical wave periods of the Portuguese wave 
climate. Consequently, future optimization efforts are necessary to adapt 

the WECs to the characteristics of the Portuguese shoreline, thereby 
enhancing their efficiency, which will be addressed in future research. 
Additionally, while this analysis was conducted on the most relevant 
WECs for which power matrices are available (Appendix A), the meth
odology presented in this paper can be applied to any other WEC.

4. Conclusions

This study presents a comprehensive assessment of wave energy 
potential along the coast of mainland Portugal, with a particular focus 
on the six designated concession zones for marine renewable energy 
exploitation. Utilizing advanced computational techniques, the perfor
mance of various WEC technologies was evaluated to identify optimal 
deployment areas. The analysis revealed significant wave energy po
tential, especially highlighting the effectiveness of different WEC de
vices in specific regions and seasons.

The results indicate that point absorbers like AWS and OEBuoy show 
high energy production potential in offshore locations, while devices 
such as Pontoon and oscillating surge transducers like Langlee exhibit 
favorable performance metrics, particularly during the summer months. 
Spatial mapping of performance metrics identified zones P3 (Leixões) 
and P4 (Figueira da Foz) as particularly favorable for WEC deployment, 
demonstrating high AEP, cf , and moderate cw. The study found that the 
northern regions generally offer higher energy production potential 
compared to the southern regions. Additionally, a temporal analysis 
revealed seasonal fluctuations in wave energy flux, with winter months 

Fig. 7. Monthly variations in the energy production (left y-axis, continuous lines) and capacity factor (right y-axis, dashed lines) of 6 WECs in six representative 
locations in the center of the concession zones designated by the Portuguese government labeled as P1 to P6.
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consistently yielding higher mean energy outputs compared to summer 
months. Notably, Pontoon and Langlee performed better in the summer 
months, while CorPower, OEBuoy, AquaBuoy, and AWS were more 
efficient in the winter months. These findings consider the operational 
months, incorporating the functionality of shutdown and protection 
mechanisms for survivability. The study also observed year-to-year 
variations in wave energy resources, underscoring the importance of 
understanding both seasonal and yearly trends for effective energy 
forecasting and strategic deployment decisions.

In summary, this study provides valuable insights into the wave 
energy potential along the Portuguese coast, offering strategic guidance 
for the development of wave energy projects. While the findings 
demonstrate the potential for significant contributions to Portugal’s 
renewable energy mix and support the country’s ambitions for sus
tainable energy production, it is crucial to acknowledge that these re
sults are based on current WEC technologies that may not be fully 
optimized for local conditions. This limitation underscores the need for 
further research and development to tailor WEC designs to specific site 
conditions, ensuring optimal performance in real-world applications. 
Nonetheless, through continued technological advancements and stra
tegic planning, Portugal can leverage its abundant wave energy re
sources to play a leading role in global efforts to combat climate change 
and achieve energy security.
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Appendix A 

Table A1 
Power matrix for CorPower in kW with the rated power of 750 kW [78].

Tp (s)

Hm0 (m) ​ 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0
0.5 0 0 20 30 40 43 45 45 38 35 30 25
1.0 0 10 30 50 65 70 75 80 70 53 50 48
1.5 0 35 63 90 110 125 140 140 130 100 80 75
2.0 10 50 88 120 160 180 185 190 180 125 115 105
2.5 27 80 130 190 225 230 235 240 210 190 165 130
3.0 45 115 170 240 260 300 310 320 250 217 180 160
3.5 60 145 230 300 320 330 345 350 300 245 220 190
4.0 75 160 300 340 365 400 400 400 340 300 240 225
4.5 85 180 340 380 400 445 440 450 395 320 280 250
5.0 95 230 380 455 480 490 500 510 440 350 300 280
5.5 125 250 440 500 530 560 560 570 490 390 330 310
6.0 140 300 460 570 600 610 600 600 500 460 390 340
6.5 150 350 530 630 650 690 680 700 580 540 400 370
7.0 175 350 560 690 700 750 750 750 650 540 440 400

Table A2 
Power matrix for AquaBuoy in kW with the rated power of 250 kW [79].

Tp (s)

Hm0 (m) ​ 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0
1.0 0 0 8 11 12 11 10 8 7 0 0 0 0
1.5 0 13 17 25 27 26 23 19 15 12 12 12 7
2.0 0 24 30 44 49 47 41 34 28 23 23 23 12
2.5 0 37 47 69 77 73 64 54 43 36 36 36 19
3.0 0 54 68 99 111 106 92 77 63 51 51 51 27
3.5 0 0 93 135 152 144 126 105 86 70 70 70 38
4.0 0 0 0 122 176 198 188 164 137 112 91 91 49
4.5 0 0 0 223 250 239 208 173 142 115 115 115 62
5.0 0 0 0 250 250 250 250 214 175 142 142 142 77
5.5 0 0 0 250 250 250 250 250 211 172 172 172 92
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Table A5 
Power matrix for Pontoon in kW with the rated power of 3619 kW [80].

Tp (s)

Hm0 (m) ​ 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0
1.0 180 166 153 171 125 87 72 65 85 85 37 29 16
1,5 223 195 157 148 261 192 223 139 155 155 74 67 46
2.0 0 0 214 227 396 335 237 235 172 138 115 104 70
2,5 0 0 0 440 598 514 379 342 204 169 142 128 95
3.0 0 0 0 681 801 735 594 486 199 174 151 134 121
3,5 0 0 0 904 1035 949 788 617 239 209 183 164 146
4.0 0 0 0 1131 1269 1163 982 743 285 248 216 195 175
4,5 0 0 0 1358 1488 1374 1187 869 330 287 250 225 201
5.0 0 0 0 1585 1712 1585 1392 988 380 334 285 263 226
5,5 0 0 0 1812 1937 1798 2138 1107 429 381 323 301 261
6.0 0 0 0 2040 2162 2010 2884 1234 439 416 361 336 295
6,5 0 0 0 2267 2386 2221 3143 1360 449 450 406 372 329
7.0 0 0 0 2494 2611 2433 3619 1483 506 464 451 408 363

Table A6 
Power matrix for Langlee (Floating 3 Body Oscillating Flap) in kW with the rated power of 1665 kW [81].

Tp (s)

Hm0 (m) ​ 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0
1.0 19 29 47 57 52 37 29 20 17 13 9 7 7
1,5 42 63 92 111 109 65 56 38 29 22 19 13 11
2.0 66 99 151 201 165 105 85 59 52 41 23 24 19
2,5 0 160 242 262 226 166 118 83 70 57 39 29 26
3.0 0 213 319 372 327 211 152 116 94 75 66 45 42
3,5 0 0 436 503 408 293 203 148 115 93 75 58 44
4.0 0 0 554 540 521 355 261 192 144 123 84 81 56
4,5 0 0 645 746 587 379 302 236 190 154 106 90 74
5.0 0 0 796 926 695 486 341 287 211 168 136 111 94
5,5 0 0 0 955 808 603 430 343 231 201 150 120 97
6.0 0 0 0 1161 957 642 481 329 289 212 172 146 111
6,5 0 0 0 1476 1039 702 488 397 312 237 204 153 120
7.0 0 0 0 1665 1197 821 612 466 385 252 223 181 146

Table A7 
Power matrix for CETO in kW with the rated power of 260 kW [82].

Te (s)

Hm0 (m) ​ 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
1.0 0 0 0 0 0 0 0 0 0 0 0 0
1.5 1 8 15 15 2 2 0 0 0 0 0 0
2.0 0 29 34 29 19 13 5 0 0 0 0 0
2.5 0 47 49 44 41 31 20 25 7 2 0 2
3.0 0 51 60 54 51 43 36 20 15 7 1 3
3.5 0 0 92 74 54 51 43 31 25 15 14 10
4.0 0 0 110 116 91 53 51 43 35 25 18 23
4.5 0 0 147 147 102 87 58 51 46 35 29 28
5.0 0 0 178 193 138 111 70 52 52 44 35 29
5.5 0 0 0 227 183 130 78 63 50 47 37 37
6.0 0 0 0 252 225 168 122 82 68 52 43 49
6.5 0 0 0 260 240 194 157 109 91 69 50 53
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Table A8 
Power matrix for Oyster 2 -Bottom Fixed Oscillating Flap Buoy (B-OF) in kW with the rated power of 3332 kW [83].

Te (s)

Hm0 (m) ​ 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0
1.0 27 39 57 76 87 104 109 100 101 98 94 94 87
1.5 63 92 126 188 201 213 201 239 207 198 183 150 154
2.0 75 180 233 301 380 408 383 399 329 365 319 265 259
2.5 0 254 378 467 568 623 618 601 519 523 481 390 428
3.0 0 368 503 693 799 824 876 792 759 704 546 579 554
3.5 0 0 655 934 1032 1085 1241 1075 973 925 862 747 688
4.0 0 0 843 1093 1352 1427 1430 1390 1158 1224 1139 1138 863
4.5 0 0 1219 1408 1844 1877 1807 1841 1862 1562 1404 1370 1191
5.0 0 0 1247 1871 1965 1962 2000 2000 1833 1798 1814 1459 1442
5.5 0 0 0 1979 2339 2308 2115 2389 2120 2013 1940 1518 1587
6.0 0 0 0 2406 2713 2776 2344 2705 2451 2396 2182 2414 2133
6.5 0 0 0 2778 3044 3001 2989 3211 2986 2896 2716 2455 2309
7.0 0 0 0 2871 3119 3131 3127 3176 3332 2877 2925 2676 2658

Table A9 
Power matrix for Oyster in kW with the rated power of 290 kW [84].

Te (s)

Hm0 (m) ​ 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
0.5 0 0 0 0 0 0 1 3 3
1.0 20 30 38 42 44 44 45 47 45
1.5 80 85 92 97 102 103 104 100 104
2.0 140 147 152 158 155 155 160 161 156
2.5 192 197 208 202 203 209 211 201 204
3.0 241 237 237 241 243 230 236 231 235
3.5 0 271 272 269 268 267 270 260 260
4.0 0 291 290 290 280 287 276 278 277
4.5 0 291 290 290 280 287 276 278 277
5.0 0 0 290 290 280 287 276 278 277
5.5 0 0 290 290 280 287 276 278 277
6.0 0 0 290 290 280 287 276 278 277

Table A10 
Power matrix for SeaBased AB in kW with the rated power of 15 kW [85].

Tp (s)

Hm0 (m) ​ 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0
1.0 1.2 1.3 1.2 1.2 1.1 1.0 0.9 0.8 0.7 0.7 0.7 0.6 0.7
1.5 2.6 2.5 2.3 2.2 2.3 2.0 1.9 1.7 1.4 1.5 1.2 1.2 1.2
2.0 4.4 4.0 3.7 3.6 3.5 3.1 2.8 2.5 2.3 2.2 2.0 1.8 1.7
2.5 0.0 6.0 5.2 4.5 4.6 4.3 3.9 3.6 3.0 2.8 2.5 2.7 2.6
3.0 0.0 7.4 6.7 6.2 5.7 5.4 4.7 4.1 4.1 3.7 3.3 3.3 3.2
3.5 0.0 0.0 8.4 7.3 6.9 5.8 5.4 4.9 4.4 4.2 3.7 3.4 3.6
4.0 0.0 0.0 8.9 8.6 7.6 6.8 6.2 5.6 5.0 4.6 4.5 4.3 3.6
4.5 0.0 0.0 10.6 9.5 8.7 7.6 7.0 6.1 5.9 5.4 5.1 5.0 4.7
5.0 0.0 0.0 12.2 10.8 9.8 8.6 7.3 7.2 6.3 5.9 5.7 5.4 5.0
5.5 0.0 0.0 0.0 11.1 10.1 8.9 8.1 7.5 6.8 6.4 6.1 5.5 5.8
6.0 0.0 0.0 0.0 13.1 11.3 10.1 9.1 8.3 7.5 6.7 6.9 6.4 5.8
6.5 0.0 0.0 0.0 13.5 11.6 10.4 9.8 9.0 7.6 7.3 7.5 6.2 6.4
7.0 0.0 0.0 0.0 15.0 12.9 10.9 10.0 8.8 8.6 8.2 7.6 7.3 6.8
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Table A13 
The power matrix for Oceantec in kW with the rated power of 500 kW [87].

Tp (s)

Hm0 (m) ​ 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0
1.0 85 87 59 39 25 16 10 7 5 3 2 2 1
1.5 191 196 133 89 57 36 23 15 10 7 5 3 3
2.0 339 348 234 158 101 64 41 27 18 12 9 6 4
2.5 500 500 364 245 158 101 65 42 28 19 13 10 7
3.0 500 500 500 337 228 145 93 61 41 28 19 14 10
3.5 500 500 500 420 309 196 127 83 55 38 26 19 13
4.0 500 500 500 500 401 258 166 109 72 49 34 24 18
4.5 500 500 500 500 500 326 210 138 92 62 43 31 22
5.0 500 500 500 500 500 383 259 170 113 77 54 38 27
5.5 500 500 500 500 500 389 308 205 137 93 65 46 33

Table A14 
Power matrix for WaveStar in kW with the rated power of 600 kW [88].

Te (s)

Hm0 (m) ​ 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0
0.5 0 0 0 0 0 0 0 0 0 0 0
1.0 0 49 73 85 86 83 78 82 67 63 59
1.5 54 136 193 205 196 182 187 153 142 132 123
2.0 106 265 347 347 322 294 265 244 224 207 193
2.5 175 429 522 499 457 412 372 337 312 288 267
3.0 262 600 600 600 600 540 484 442 399 367 340

Table A15 
Power matrix for PWEC in kW with the rated power of 479 kW [89].

Tp (s)

Hm0 (m) ​ 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0
0.5 2.8 5.4 6.8 10.7 6.8 4.4 3.1 2.3
1.5 0.0 48.0 54.7 69.0 61.8 40.5 28.8 21.3
2.5 0.0 130.9 135.9 152.7 144.8 116.7 83.5 63.2
3.5 0.0 0.0 230.9 241.6 236.6 214.9 155.6 123.4
4.5 0.0 0.0 0.0 324.0 321.4 287.6 240.2 189.4
5.5 0.0 0.0 0.0 389.4 387.9 366.7 314.0 252.3
6.5 0.0 0.0 0.0 0.0 444.9 429.2 371.1 306.7
7.5 0.0 0.0 0.0 0.0 0.0 479.1 423.4 353.6

Table A16 
Power matrix for Pelamis in kW with the rated power of 750 kW [90].

Te (s)

Hm0 (m) ​ 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0
0.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1.0 0 22 29 34 37 38 38 37 35 32 29 26 23 21 0 0 0
1.5 32 50 65 76 83 86 86 83 78 72 65 59 53 47 42 37 33
2.0 57 88 115 136 148 153 152 147 138 127 116 104 93 83 74 66 59
2.5 89 138 180 212 231 238 238 230 216 199 181 163 146 130 116 103 92
3.0 129 198 260 305 332 340 332 315 292 266 240 219 210 188 167 149 132
3.5 0 270 354 415 438 440 424 404 377 362 326 292 260 230 215 202 180
4.0 0 0 462 502 540 546 530 499 475 429 384 366 339 301 267 237 213
4.5 0 0 544 635 642 648 628 590 562 528 473 432 382 356 338 300 266
5.0 0 0 0 739 726 731 707 687 670 607 557 521 472 417 369 348 328
5.5 0 0 0 750 750 750 750 750 737 667 658 586 530 496 446 395 355
6.0 0 0 0 0 750 750 750 750 750 750 711 633 619 558 512 470 415
6.5 0 0 0 0 750 750 750 750 750 750 750 743 658 621 579 512 481
7.0 0 0 0 0 0 750 750 750 750 750 750 750 750 676 613 584 525
7.5 0 0 0 0 0 0 750 750 750 750 750 750 750 750 686 622 593
8.0 0 0 0 0 0 0 0 750 750 750 750 750 750 750 750 750 690

A.G. Majidi et al.                                                                                                                                                                                                                               Renewable Energy 243 (2025) 122540 

16 



Table A17 
Power matrix for WaveBob (Floating 2 Body Heaving Converter, F-2HB) in kW with the rated power of 1000 kW [80].

Tp (s)

Hm0 (m) ​ 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0
1.0 6 11 19 25 30 44 50 53 44 34 22 20 17
1.5 13 25 43 55 68 90 102 92 91 66 65 45 37
2.0 24 45 65 100 121 153 175 151 122 126 87 61 58
2.5 0 65 104 141 191 179 243 255 190 181 135 99 83
3.0 0 96 137 205 244 357 293 353 260 248 184 137 120
3.5 0 0 192 254 291 431 385 424 314 285 239 222 172
4.0 0 0 256 366 403 551 536 531 473 420 289 268 179
4.5 0 0 327 418 574 678 708 665 509 415 386 244 249
5.0 0 0 358 514 658 824 828 618 638 512 452 384 333
5.5 0 0 0 610 774 880 936 905 805 603 456 397 311
6.0 0 0 0 711 952 974 1000 838 886 648 501 503 396
6.5 0 0 0 788 1000 1000 1000 979 1000 727 577 435 424
7.0 0 0 0 781 1000 1000 1000 1000 1000 959 748 574 472

Table A18 
Power matrix for WaveDragon in kW with the rated power of 7000 kW [86].

Te (s)

Hm0 (m) ​ 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0
1.0 160 250 360 360 360 360 360 360 320 280 250 220 180
2.0 640 700 840 900 1190 1190 1190 1190 1070 950 830 710 590
3.0 0 1450 1610 1750 2000 2620 2620 2620 2360 2100 1840 1570 1310
4.0 0 0 2840 3220 3710 4200 5320 5320 4430 3930 3440 2950 2460
5.0 0 0 0 4610 5320 6020 7000 7000 6790 6090 5250 3950 3300
6.0 0 0 0 0 6720 7000 7000 7000 7000 7000 6860 5110 4200
7.0 0 0 0 0 0 7000 7000 7000 7000 7000 7000 6650 5740

Appendix B

Fig. B1. Mean monthly wave energy flux variation across 44 years in three representative locations in the center of the concession zones designated by the Por
tuguese government labeled as P2, P4 and P6.

Appendix C 
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Fig. C1. Monthly scatter diagrams of the wave resources at P1 representative location in P1 concession zone designated by the Portuguese government.
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Fig. C2. Monthly scatter diagrams of the wave resources at P2 representative location in P2 concession zone designated by the Portuguese government.
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Fig. C3. Monthly scatter diagrams of the wave resources at P3 representative location in P3 concession zone designated by the Portuguese government.
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Fig. C4. Monthly scatter diagrams of the wave resources at P4 representative location in P4 concession zone designated by the Portuguese government.
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Fig. C5. Monthly scatter diagrams of the wave resources at P5 representative location in P5 concession zone designated by the Portuguese government.
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Fig. C6. Monthly scatter diagrams of the wave resources at P6 representative location in P6 concession zone designated by the Portuguese government.
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Appendix D

Fig. D1. Spatial distributions of mean annual energy production (AEP) for CETO, Oyster 2, Oyster SeaBased AB, SSG and Bottom Fixed HeaveBuoy WECs in their 
operation depth range.
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Fig. D2. Spatial distributions of mean annual energy production (AEP) for Oceantec, WaveStar, PWEC, Pelamis, WaveBob and WaveDragon WECs in their operation 
depth range.
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Fig. D3. Spatial distributions of capacity factor (cf) for CETO, Oyster 2, Oyster SeaBased AB, SSG and Bottom Fixed HeaveBuoy WECs in their operation depth range.
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Fig. D4. Spatial distributions of capacity factor (cf) for Oceantec, WaveStar, PWEC, Pelamis, WaveBob and WaveDragon WECs in their operation depth range.
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Fig. D5. Spatial distributions of capture width (cw) for CETO, Oyster 2, Oyster SeaBased AB, SSG and Bottom Fixed HeaveBuoy WECs in their operation depth range.
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Fig. D6. Spatial distributions of capture width (cw) for Oceantec, WaveStar, PWEC, Pelamis, WaveBob and WaveDragon WECs in their operation depth range.
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J. Nicolas, C. Peubey, R. Radu, D. Schepers, A. Simmons, C. Soci, S. Abdalla, 
X. Abellan, G. Balsamo, P. Bechtold, G. Biavati, J. Bidlot, M. Bonavita, G. De 
Chiara, P. Dahlgren, D. Dee, M. Diamantakis, R. Dragani, J. Flemming, R. Forbes, 
M. Fuentes, A. Geer, L. Haimberger, S. Healy, R.J. Hogan, E. Hólm, M. Janisková, 
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