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Abstract 7 

๠e intra-annual variability in the wave resource is often disregarded when analysing the performance 8 

of wave energy converters (WECs), despite the fact that this variability is substantial in the majority 9 

of the areas of interest for the development of wave energy. ๠e objective of this work is to analyse 10 

and quantify the intra-annual variability in the performance of oscillating water column (OWC) 11 

WECs through a case study in Galicia (NW Spain). To this end a three-step methodology which 12 

combines numerical and experimental modelling is followed: (i) intra-annual wave energy resource 13 

matrices are determined numerically through a high-resolution procedure; (ii) efficiency matrices of 14 

the device are determined by means of physical modelling, considering the influence of air 15 

compressibility and different turbine specifications represented through different values of turbine-16 

induced damping; and (iii) finally, intra-annual energy capture matrices are calculated by combining 17 

the resource and efficiency matrices. It is found that the intra-annual variability in the energy capture 18 

of an OWC converter is significant, over 20% in the case study considered, albeit slightly smaller than 19 

that of the wave energy resource itself. ๠e turbine-induced damping exerts a modulating effect over 20 

the variability in the intra-annual captured energy. Furthermore, the optimum damping which 21 

maximises the performance of the OWC converter varies from month to month. 22 
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Nomenclature 26 

Roman symbols 27 

Ac  Area of the chamber in plan view [m2] 28 

B*  Dimensionless damping coefficient [–] 29 

Cg  Wave group velocity [m s−1] 30 

CWR  Capture-with ratio [–] 31 

D  Diameter of the orifice that simulates the turbine [m] 32 

Ep  Total pneumatic energy per unit width of converter [MWh m−1] 33 

Ew  Total wave energy per metre of wave front [MWh m−1] 34 

Hm0  Significant wave height [m] 35 

Pp  Pneumatic power captured by the device [W] 36 

Pw  Wave power per metre of wave front [W m−1] 37 

Q  Flow rate [m3s−1] 38 

S  Spectral wave energy density [m2Hz−1rad−1] 39 

Te  Wave energy period [s] 40 

Vm  Air volume of the OWC chamber at model scale [m3] 41 

Vp  Air volume of the OWC chamber at prototype [m3] 42 

g  Gravitational acceleration [m s−2] 43 

h  Water depth [m] 44 

k  Wave number [m−1] 45 

np  polytropic exponent of the turbine [–] 46 

tmax  Total time of the tests [s] 47 

w  Width of the OWC converter [m] 48 

Greek symbols 49 

Δp  Pressure drop [Pa] 50 

δ  Tank-to-sea water density ratio [–] 51 

θmean  Mean wave direction [º] 52 

λ  Linear scale factor [–] 53 

ρa  Air density [kg m−3] 54 

ρw  Water density [kg m−3] 55 

ω  Wave angular frequency [rad s−1] 56 

Acronyms 57 

EMEC  European Marine Energy Centre 58 

BBDB  Backward Bent Duct Buoy 59 

JONSWAP Joint North Sea Wave Observation Project 60 

OWC  Oscillating water column 61 

RANS  Reynolds-averaged Navier–Stokes equations 62 

VOF   Volume of fluid 63 

WEC  Wave energy converter 64 

iWEDGE Intra-annual wave energy diagram generator  65 
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1. Introduction 66 

Wave energy is one of the most promising energy sources under development, thanks to four 67 

fundamental characteristics. First, the worldwide wave energy resource is vast and, importantly, 68 

widely available [1,2]. Second, it can be exploited without a high impact [3]. ๠ird, it is easily 69 

predictable [4,5]. Last, but not least, its exploitation allows synergies with other marine renewables to 70 

be realised [6,7]. On the downside, the wave energy resource presents significant variability on 71 

different timescales, from decadal to seasonal to individual waves, which poses challenges for the 72 

design and exploitation of efficient and robust wave energy converters (WECs). 73 

 Over the last few years, numerous works have been carried out to analyse the variability in the 74 

wave energy resource, considering both inter-annual [8] and intra-annual timescales [9,10]. In 75 

particular, it has been shown that the locations with the largest amount of wave energy present a great 76 

intra-annual variability in the available resource [11]. ๠is variability goes beyond a mere seasonality, 77 

and monthly variations have been shown to significantly affect the performance of WECs [12,13]. It 78 

follows that an intra-annual characterisation of the wave energy resource is the first step towards a 79 

comprehensive evaluation of the performance of a given WEC at a site of interest. Although the 80 

variability in the captured energy is typically smaller than the variability of the wave energy resource 81 

itself, it remains very significant; indeed, monthly differences in the range of 156%-384% have been 82 

found depending on the WEC technology [12].  83 

 Among the wide variety of WECs developed over the last decades, including oscillating water 84 

column (OWC) devices [14], oscillating body systems [15] and overtopping converters [16], OWC 85 

devices are one of the most successful. ๠ey consist of a partially submerged empty chamber open to 86 

the sea below the free surface, and an air turbine. Wave action excites the water column inside the 87 

chamber, which oscillates vertically, forcing the air above to alternately flow into and out of the 88 

chamber, and in the process driving the turbine. Unless a rectifying system with non-return valves is 89 

provided, a special turbine design, capable of operating under bidirectional flow, is required. Wells 90 

(reaction) and impulse (action) turbines are typically used [17]. ๠e simplicity of the system—only a 91 

chamber and an air turbine—and its suitability for being integrated into coastal structures [18,19], 92 

with the consequent benefit regarding the reduction of construction costs, are some of the main 93 

advantages of OWC converters. 94 

 When evaluating the energy production of an OWC device at a given coastal site, which implies 95 

the analysis of the performance of the converter under a wide range of sea states (irregular waves), the 96 
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most common solution is to make use of theoretical hydrodynamic models, both frequency-domain 97 

and time-domain models. Among them, frequency-domain models are probably the most employed. 98 

Although there are many examples in the recent literature, only a few are focused on evaluating the 99 

energy production in a real case study. A frequency-domain stochastic model was developed in [20] to 100 

calculate the annual power performance of the OWC plant on Pico Island (Portugal), equipped with a 101 

Wells turbine. On this basis, a method for optimising the turbine size of the Pico OWC was proposed 102 

in [21]; two alternative criteria were followed: maximum energy production and maximum 103 

economical profit. ๠e stochastic method was also used for optimising the annual power extracted by 104 

a floating-type OWC converter operating in the western coast of Portugal [22]. More recently, a 105 

frequency-domain hydro-thermodynamic model was proposed by [23] in order to evaluate the annual 106 

energy production of a Backward Bent Duct Buoy (BBDB) floating OWC device for the wave 107 

conditions off the west coast of Ireland. However, although frequency-domain models are 108 

computationally undemanding, they present the disadvantage of being limited to linear problems, i.e., 109 

those involving small amplitude waves and linear turbines (e.g., Wells). 110 

 On the other hand, time-domain models allow the consideration of non-linear effects as well as 111 

the analysis of non-linear turbines (e.g., impulse turbines). A time-domain model for a BBDB device 112 

off the west coast of Vancouver Island (Canada) was presented in [24]; the model includes some non-113 

linear effects namely: mooring forces, viscous drag and air compressibility, which were found of great 114 

importance for adequately modelling the converter. ๠e performance of the OWC plant at the 115 

breakwater of Mutriku (Spain) was also investigated through time-domain models. First, in [25] the 116 

annual average performances of two air turbines, a Wells turbine and a biradial turbine [26], were 117 

compared. Second, in [27] the influence on the power production performance of the plant of three 118 

speed control strategies for the biradial turbine was analysed. Finally, a time-domain model was 119 

developed in [28] for evaluating the annual power performance of the Tupperwave floating OWC 120 

device and compared to that of a conventional floating OWC, both located at the European Marine 121 

Energy Centre (EMEC) wave energy test site, off the coast of Scotland. 122 

 When a most accurate analysis is needed, two alternatives emerge: (i) computational fluid 123 

dynamic (CFD) models based on the Reynolds-averaged Navier–Stokes (RANS) equations, and (ii) 124 

physical models. RANS models, with the help of a turbulence closure model, determine the velocity 125 

fields on the entire domain, being capable of solving the non-linear wave-converter interactions, 126 

including complex phenomena such as wave breaking. Moreover, by using the volume of fluid (VOF) 127 
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technique [29], these models manage to accurately capture the air-water interface. A RANS-VOF 128 

numerical model was applied to study the annual energy capture of an OWC plant at the breakwater 129 

of A Guarda (Spain) in [30]. Similarly, the annual performance of a breakwater-integrated OWC 130 

converter on the southern Brazilian coast was evaluated through a RANS-VOF model [31]. Regarding 131 

physical model tests, they are still one of the best options in order to obtain trustworthy results, 132 

avoiding numerical approximations and uncertainties and high computational times. Physical 133 

modelling was used for evaluating the annual energy capture of an OWC device at three different 134 

locations in the north west coast of Spain [32]. 135 

 Despite the great number of models presented above for evaluating the energy production of an 136 

OWC device at a given coastal site, all of them analyse the energy production of the device in annual 137 

average figures. Taking into account the fact that the performance of an OWC depends on both the 138 

wave conditions and the turbine-induced damping [33], and considering that the variability in the 139 

wave conditions is typically large in the areas of interest for wave energy exploitation, the intra-140 

annual variability in the performance of an OWC and its relationship with the turbine-induced 141 

damping must be investigated—and therein lies the motivation and novelty of the present work.  142 

 ๠e methodology followed in the present piece of research combines numerical and physical 143 

modelling. First, the intra-annual wave energy resource characterisation matrices at a location of 144 

interest—for illustration, a case study in NW Spain was considered—were computed through high-145 

resolution spectral numerical modelling based on the energy bin concept. Second, the efficiency 146 

matrices of the OWC wave energy converter were determined by means of physical modelling—147 

therefore, considering non-linear effects—taking into account specifically the influence of air 148 

compressibility and considering three (non-linear) impulse turbines of different characteristics, 149 

emulated through three values of the turbine-induced damping, an essential parameter to be 150 

considered when studying OWC devices [34,35]. Lastly, the intra-annual energy capture matrices (one 151 

per each turbine-induced damping) were computed by combining the intra-annual resource matrices 152 

with the efficiency matrices of the device. ๠e paper is organized as follows. In Section 2, the location 153 

and main characteristics of the study site are presented. ๠e methodology is described in Section 3, 154 

and the results of its application to the case study are described and discussed in Section 4. Finally, the 155 

main conclusions are summarised in Section 5. 156 
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2. Study site 157 

๠e installation of an OWC in Corme, a medium-size port in Galicia (NW Spain), was considered for 158 

the study (Figure 1). Corme is in the coastal stretch known as the Death Coast, extending from Cape 159 

Finisterre to the Sisargas Isles. ๠e entrance of the port is located at a depth of approx. 12 m at mid 160 

tide. ๠is area stands out for its vast wave energy resource [36], which is subject to a very significant 161 

intra-annual variability [9]. For these reasons Corme is well suited as a case study for this research. 162 

 163 
Figure 1. Location of the study site, the Port of Corme, with a sketch of the proposed OWC device 164 

(coordinate reference system ETRS89 - UTM zone 29N). 165 

3. Materials and methods 166 

3.1. Numerical model 167 

As established in Section 1, an appropriate analysis of the intra-annual variability in the performance 168 

of an OWC at location of interest should be conducted based on a thorough knowledge of the existing 169 

wave conditions at this specific site. ๠e information required for this analysis should consist of 170 

characterization matrices with the same level of resolution as that of the efficiency matrix of the OWC 171 

and covering time periods short enough in order to appropriately characterise the intra-annual 172 

variation of the wave resource, which in turn may well lead to significant intra-annual variations in the 173 

performance of the OWC considered. 174 

 With this in view, the methodology iWEDGE (intrannual Wave Energy Diagram Generator) 175 

[9,12] is used in order to obtain the required information at the selected location. ๠e methodology is 176 

based on the energy bin concept, or energy intervals describing the available energy and occurrence of 177 

combinations of the relevant wave spectral parameters. ๠e implementation of this procedure is 178 
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divided in three main steps. First, the deepwater wave energy resource in the area of interest is 179 

characterized by analysing deepwater in situ data recorded by the Silleiro’s deepwater buoy, being the 180 

result a 3D characterization matrix providing the distribution of the total energy available along with 181 

its intra-annual occurrence amongst trivariate energy bins, i.e., energy bins whose intervals are 182 

defined by combinations of significant wave height (Hm0), energy period (Te), and mean wave 183 

direction (mean). In the second step, the most energetic bins providing 95% of the total wave energy 184 

resource are propagated towards the coastal location of interest by means of high-resolution spectral 185 

numerical modelling. Finally, the resulting wave conditions of Hm0 and Te for all the energy bins 186 

propagated are obtained at the grid node closest to the selected location. ๠is information together 187 

with the intra-annual occurrence of each selected bin is used to reconstruct 2D characterization 188 

matrices composed of bivariate energy bins (or energy intervals of Hm0 and Te), i.e., the required 189 

information for conducting accurate intra-annual performance analysis [12,37]. 190 

3.2. Physical model 191 

๠e experimental campaign was performed in the wave flume of the University of Santiago de 192 

Compostela. ๠e tests were carried out at a 1:25 scale. ๠e experimental set-up and the geometry of 193 

the model are depicted in Figure 2. Nine wave gauges located along the flume and two ultrasonic level 194 

sensors located in the interior of the chamber were set to monitor the free surface elevations and the 195 

oscillations of the water column. Moreover, a differential pressure sensor was allocated to monitor the 196 

relative pressure inside the chamber. 197 
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 198 
Figure 2. Side and plan view of the experimental set-up. 199 

 ๠e OWC model follows, in its submerged part, the Froude similitude criterion—sine qua non 200 

condition when free-surface flows are involved [38]—and full geometrical similarity. However, for 201 

correctly modelling air compressibility effects, which are essential to avoid significant errors in the 202 

evaluation of the performance of an OWC device [39,40], the air volume in the chamber (V) must be 203 

scaled according to [41]: 204 

 
2p

p
m

V
n

V
   , (1) 205 

where the subscripts p and m indicate prototype and model, respectively; λ is the linear scale factor; np 206 

is the polytropic exponent of the turbine; and δ is the water density ratio. ๠us, a distorted aerial part 207 

was set to accomplish a total air volume in the chamber of, according to Eq.(1), Vm = 538.4 dm3. As 208 

shows Figure 2, the extra air volume was achieved by connecting an air reservoir to the OWC model 209 

chamber [41]. 210 

 Amongst the two most common OWC turbines (Wells and impulse), the self-rectifying impulse 211 

turbines were chosen in this work due to the fact that its average efficiency is kept practically 212 

unchanged within a wide range of sea states and, in addition, they present a lower level of noise in 213 

comparison with Wells turbines [17], which is an important feature for port-located OWC devices. 214 
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Impulse turbines present a quadratic pressure-vs-flowrate relation [42]. ๠erefore, the turbine-induced 215 

damping was modelled through orifices of different diameter [43,44]. Unlike with Wells turbines, with 216 

self-rectifying impulse turbines the turbine-induced damping barely depends on the rotational speed 217 

of the turbine [14], and therefore a turbine of a given diameter can be simulated through a single 218 

orifice for the complete range of operating conditions. ๠e orifices were characterised by means of the 219 

damping coefficient, defined as 220 

 
1 2

1 2
c

a

Ap
B

Q 
 
  , (2) 221 

where ∆p is the pressure drop between the interior of the chamber and the atmosphere; Q is the flow 222 

rate through the orifice; Ac is the area of the chamber in plan view; and ρa is the density of air. ๠e 223 

ratio ∆p1/2Q−1 was obtained following López et al. [32]. A summary of the different parameters that 224 

characterise the orifices is presented in Table 1. 225 

Table 1. Diameter (D), opening ratio (ratio between the area of the orifice and the plan area of the 226 
chamber), pressure-vs-flowrate relation (∆p1/2Q−1) and damping coefficient (B*) for the different 227 
orifice diameters tested. 228 

D (mm) Opening ratio (%) ∆p1/2Q−1 (kgm−7) B* (–)
39 1.5 1.48 × 106 84.85
31 1.0 3.59 × 106 132.18
28 0.8 5.30 × 106 160.49

 ๠e testing programme comprised forty-nine irregular wave conditions, resulting from the 229 

combination of five significant wave heights, (Hm0 = 0.79, 1.65, 2.60, 3.57 and 4.55 m) and eleven 230 

energy periods (Te = 4.5, 5.5, 6.5, 7.5, 8.5, 9.5, 10.5, 11.5, 12.5, 13.5 and 14.5 s). ๠ese wave 231 

conditions, generated following a JONSWAP-type spectra [45], are representative of an equal number 232 

of energy bins (Figure 3). 233 

 ๠e efficiency of the OWC device under each wave condition was evaluated based on the 234 

capture-width ratio, defined as: 235 

 
p

WR
w

P
C

P w
  , (3) 236 

where w is the width of the device (dimension orthogonal to the incident wave direction); Pp is the 237 

pneumatic power captured by the device, calculated following 238 

    
0

1 maxt

p
max

P p t Q t dt
t

   , (4) 239 

where tmax is the total time of the test.  240 

 Finally, Pw is the incident wave power per metre of wave front, defined as: 241 
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    
0w w gP g S C d   


   , (5) 242 

where ρw is the water density; g is the gravitational acceleration; S(ω) is the spectral density of the 243 

incident wave; and Cg is the group velocity defined as 244 

   21
1

2 sinh 2




 
  

 
i i

g
i i

k h
C

k k h
,  (6) 245 

where ωi and ki are the angular frequency and the wave number of each ith frequency band; and h is 246 

the water depth. ๠e wave number is related to the angular frequency through the dispersion relation: 247 

 2 tanh i i igk k h . (7) 248 

 ๠e efficiency of all the sea states included within the intervals of an energy bin is assumed to be 249 

the same, being all of them characterised by the most representative wave condition previously 250 

selected. ๠erefore, the capture-width ratios of the forty-nine wave conditions define, for each value 251 

of the damping coefficient, the efficiency matrices of the OWC (Figure 3). A comprehensive 252 

description of the experimental tests can be found in [32]. 253 
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 254 
Figure 3. OWC efficiency matrices expressed in term of the capture-width ratio (CWR) for the three values 255 
of the turbine-induced damping tested (B*1 = 84.85; B*2 = 132.18; B*3 = 160.49). 256 

4. Results and discussion 257 

4.1. Intra-annual wave resource 258 

๠e intra-annual wave resource characterisation matrices corresponding to the location of interest are 259 

presented for the months of January, April, July and October (Figure 4) with a view to covering the 260 

four seasons. A great intra-annual variability in the wave energy resource can be clearly observed. 261 

Among the represented months, January is the one that presents the largest amount of wave energy, as 262 

shown by the more reddish colours (more wave energy available) of its energy bins. In this month, the 263 

bulk of energy is provided by sea states with significant wave heights between 1 and 3 m, and energy 264 
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periods between 9 and 10 s. In addition, the wave energy resource is distributed over a wide range of 265 

wave heights up to 4 m. In October, although the wave energy is distributed again over sea states with 266 

wave height up to 4 m, the wave energy provided is lower than in January (yellowish colours of the 267 

energy bins). ๠e largest amount of energy is provided by sea states with significant wave heights 268 

between 1 and 2 m, and energy periods between 8 and 9 s. ๠e wave energy is even lower in April. In 269 

this month, the bulk of energy is provided by sea states of similar characteristics to those in October 270 

(1 m < Hm0 < 2 m and 8 s < Te < 9 s). ๠e wave energy resource, however, is distributed over a 271 

comparatively narrower range of wave heights (0 m < Hm0 < 3 m). Finally, July is the month with the 272 

lowest wave energy of the four analysed. ๠e resource is distributed in the narrowest range of wave 273 

heights of all the months (0 m < Hm0 < 2 m), and the bulk of energy is provided by energy bins in the 274 

range 0 m < Hm0 < 1 m and 6 s < Te < 7 s. 275 

 In sum, the wave energy resource distribution varies along the year going from a typical winter 276 

situation (e.g., January) in which the largest amount of energy is provided by sea states with energy 277 

periods between 9 and 10 s and significant wave heights between 1 and 2 m, to a typical summer 278 

situation (e.g., July) in which the largest amount of energy is provided by sea states with energy 279 

periods between 6 and 7 s and significant wave heights between 0 and 1 m, with an intermediate 280 

situation in the remaining months (e.g., April and October). ๠at is, the bulk of energy moves towards 281 

lower energy periods and wave heights during summer months. 282 
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 283 
Figure 4. Intra-annual wave resource characterisation matrices for four different months. ๠e colour scale 284 
indicates the total energy per metre of wave front (Ew) supplied by each energy bin and the numbers 285 
inside the bins provide the occurrence, in hours, of the sea states within each bin. ๠e wave power is 286 
indicated by the isolines. 287 

 To better comprehend the intra-annual variability of the wave energy resource, the available 288 

wave energy is represented on a monthly basis in Figure 5. A great variability in the intra-annual 289 

available energy can be clearly observed, in accord with previous studies in the region [9]. It was 290 

found that between the least and the most energetic months (Ew, aug = 0.8 MWhm−1 and 291 

Ew, jan = 4.5 MWhm−1, respectively) there is an increase of the available energy of more than 400%. 292 

From the total annual available wave energy (Ew, annual = 27.1 MWhm−1), the months of January 293 

(Ew, jan = 4.5 MWhm−1) and February (Ew, feb = 4.1 MWhm−1), that constitute only 16.2% of the time in 294 

a year, provide 31.7% of the total available resource. ๠e opposed situation takes place in the period 295 

from May to September that, despite constituting 41.9% of the time in a year, provide only 22.2% of 296 

the total annual available energy. ๠ese strong monthly variations in the available energy emphasise 297 

the importance of an intra-annual analysis of high temporal resolution (e.g., monthly). 298 
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 299 
Figure 5. Intra-annual wave energy resource in an average year. 300 

4.2. Intra-annual variability in the OWC performance 301 

๠e combination of the OWC efficiency matrices (Figure 3) with the intra-annual resource matrices 302 

(Figure 4) is presented in Figure 6 for the months of January, April, July and October. ๠e great 303 

influence of the wave energy resource on the captured energy is apparent; in fact, the energy bins that 304 

provide the bulk of captured energy match those providing the largest amount of available energy for 305 

the three values of the damping. For example, in January the energy bin which supplies the largest 306 

amount of captured energy is delimited, for the three values of the turbine-induced damping, by 307 

energy periods between 9 and 10 s and significant wave heights between 1 and 2 m, corresponding to 308 

the energy bin contributing the most to the available energy resource in that month (Figure 4). An 309 

analogous situation takes place in July and October. Interestingly, in April the turbine-induced 310 

damping presents a comparatively higher influence, i.e., the energy bin which supplies the largest 311 

amount of captured energy changes depending on the value of the damping coefficient. ๠us, for the 312 

highest damping (B*3) the energy bin that supplies the largest amount of captured energy is bounded 313 

by 8 s < Te < 9 s and 1 m < Hm0 < 2 m; for the lowest damping (B*1) it is bounded by 7 s < Te < 8 s 314 

and 1 m < Hm0 < 2 m; finally, for the intermediate damping (B*2), the two aforementioned energy bins 315 

provide virtually the same captured energy. In any case, even in those months in which the energy bin 316 

that supplies the largest amount of captured energy does not change with the turbine-induced 317 

damping, the influence of this factor on the captured energy is unequivocally high. For example, in 318 

July, paying attention to the energy bin that supplies the largest amount of captured energy, the highest 319 

damping coefficient provides 26% less captured energy (Ep, jul = 0.10 MWhm−1) than the lowest one 320 

(Ep, jul = 0.13 MWhm−1).  321 
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 322 
Figure 6. Intra-annual energy capture matrices of the OWC for the three values of the damping coefficient 323 
(B*1 = 84.85; B*2 = 132.18; B*3 = 160.49) and four months. ๠e colour scale indicates the total 324 
pneumatic energy per unit width of converter absorbed by the device in each energy bin (Ep) and the 325 
numbers provide the occurrence, in hours, of the sea states within that bin. 326 

 Instead of considering individual energy bins, it may be interesting to analyse the intra-annual 327 

variability of the OWC performance for the entire wave climate (Figure 7). Given that, first, there is a 328 

great intra-annual variability throughout the year (Figure 5), and second, the captured energy is highly 329 

influenced by the available energy [32], the great variability in the intra-annual captured energy 330 

(Figure 7) is to be expected. ๠e total annual captured energy changes as a function of the value of the 331 

damping coefficient from Ew, annual = 8.3 MWhm−1 for B*1, to Ew, annual = 8.2 MWhm−1 for B*2, and 332 

Ew, annual = 7.8 MWhm−1 for B*3. ๠e increase in the captured energy between the least and the most 333 
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energetic months is of 230%, 290% and 300% for B*1, B*2, and B*3, respectively, i.e., the lower the 334 

value of the damping coefficient, the lower the intra-annual variability in the captured energy, which 335 

emphasises again the influence of the turbine-induced damping on the intra-annual variability in the 336 

captured energy. Comparing these values with the increase on the available energy between the least 337 

and the most energetic months mentioned above, it can be seen that the variability in the intra-annual 338 

captured energy is lower than in the intra-annual available energy, for the three values of the turbine-339 

induced damping. 340 

 ๠e lower variability shown by the intra-annual captured energy in comparison with that of the 341 

intra-annual available energy is related to the configuration of the efficiency matrices, in which sea 342 

states with high wave heights and medium to large periods (high-power sea states) present lower 343 

values of the capture-width ratio than sea states with low wave heights and periods (low-power sea 344 

states). High-power sea states are common in winter months when the available wave energy is higher 345 

and low-power sea states are common in summer months when the available energy is lower (Figure 4 346 

and Figure 5), a fact which tends to reduce the variability in the intra-annual captured energy. Here, an 347 

interesting point arises: in order to reduce the intra-annual variability in the captured energy, it is 348 

necessary to maximise the performance of the device in the months with the lowest resource. Taking 349 

into account that, as shown above in Figure 4, the wave energy resource distribution varies throughout 350 

the year in such a way that the bulk of energy moves towards lower energy periods and wave heights 351 

during summer months, this optimisation process should be conducted when designing the converter 352 

for an specific coastal location.  353 

 354 
Figure 7. Intra-annual pneumatic energy captured by the OWC in an average year for the three values of 355 
the damping coefficient (B*1 = 84.85; B*2 = 132.18; B*3 = 160.49). 356 

 ๠e intra-annual capture-width ratio is presented for the three values of the damping coefficient 357 

in Figure 8. It can be clearly seen that, as pointed above, the intra-annual capture-width ratio follows 358 
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an inverse trend of that of the intra-annual available energy (Figure 5), which reduces the variability 359 

in the intra-annual captured energy when comparing with the intra-annual available energy. ๠erefore, 360 

the present OWC converter constitutes a good design for reducing the intra-annual variability in the 361 

captured energy. ๠is result applies to the three values of the damping, although with different 362 

intensity: the lower the value of the damping coefficient, the higher the intra-annual variability in the 363 

capture-width ratio. Furthermore, it can be seen that the value of the damping coefficient that performs 364 

best in each month varies throughout the year (Figure 8). In January, February, November and 365 

December the intermediate damping (B*2) achieves the higher values of the capture-width ratio. From 366 

April to September, the lowest damping (B*1) performs best. In March and October both values of the 367 

damping coefficient, B*1 and B*2, provide virtually equal values of the capture-width ratio. ๠e 368 

highest damping (B*3), however, does not provide the best performance in any month, thereby its use 369 

is inadvisable at this particular site. 370 

 371 
Figure 8. Intra-annual capture-width ratio (CWR) of the OWC in an average year for the three values of 372 
the damping coefficient (B*1 = 84.85; B*2 = 132.18; B*3 = 160.49). 373 

 As regards the intra-annual captured energy, the turbine-induced damping also plays an 374 

important role. In order to appropriately analyse its influence, in Figure 9 the intra-annual variation of 375 

the relative difference in the energy captured by the OWC is presented for two values of the damping 376 

coefficient. When the OWC is operating with the lowest damping, the captured energy increases 377 

throughout the year (with the exception of February) if comparing with the captured energy under the 378 

highest damping; the greatest differences are achieved in July with an increase of the captured energy 379 

of 18.4%. When comparing the performance of the lowest damping with respect to the intermediate 380 

one, there is an increase of the captured energy starting in April with 2.6%, progressively rising up to 381 

a maximum of 11.8% in July and, from that point on, progressively reducing again down to 0.6% in 382 
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October; in the months of January, February, March, November and December the captured energy 383 

decreases in percentages always below 4.3%, with this minimum value being attained in February. 384 

 ๠ese results add another criterion for selecting the optimum damping for a given study site. In 385 

the present case, in which the total annual captured energy is very close for the lowest and 386 

intermediate values of the damping coefficient (Ew, annual = 8.3 MWhm−1 and Ew, annual = 8.2 MWhm−1, 387 

respectively), the lower variability in the intra-annual captured energy achieved by the lowest 388 

damping (Figure 7) reinforces the selection of the lowest turbine-induced damping as the best 389 

performing one. What is more, even in those cases in which the total annual captured energy is 390 

slightly greater for a given value of the damping coefficient, it could be interesting to select another 391 

damping coefficient if it ensures a greater amount of captured energy in summer months, or what is 392 

the same, a lower variability in the intra-annual captured energy. ๠is could be the case of the energy 393 

supply on an off-grid system, e.g., an island, in which the provision of energy all over the year is of 394 

paramount importance. Is this situation, the converter should be designed in order to minimise the 395 

intra-annual variability in the captured energy. ๠e requirement is to supply sufficient energy 396 

throughout the year. ๠us, the analysis cannot be focused on achieving great annual numbers of 397 

captured energy but harnessing enough energy in the months in which the resource is scarce. At this 398 

point, knowing the intra-annual electricity demand could shed light on determining the most 399 

disadvantageous month.  400 

 401 
Figure 9. Intra-annual variation of the relative difference between the energy captured by the OWC for 402 
two different values of the damping coefficient. 403 

 Finally, based on the results achieved, the question arises as to whether the turbine-induced 404 

damping could be adapted for matching the optimum damping on a monthly basis, thereby 405 

maximising the captured energy. ๠is is not possible with self-rectifying impulse turbines given that 406 
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the damping is mainly determined by the turbine diameter (an invariable parameter) and virtually 407 

independent of the rotational speed [14]. ๠is impossibility, i.e., the fact that the turbine-induced 408 

damping is constant during the entire life of the turbine, makes it all the more important to apply an 409 

intra-annual analysis to select the most appropriate value. Moreover, from the point of view of the 410 

turbine efficiency, adjusting the rotational speed without modifying the turbine-induced damping is an 411 

important benefit, because the turbine rotational speed can be optimised without affecting the 412 

hydrodynamic performance of the chamber. A different situation occurs in the case of an OWC 413 

equipped with a Wells turbine, whose rotational speed affects the damping exerted on the system [14], 414 

enabling the adjustment of the turbine-induced damping depending on the month. However, a careful 415 

and complex analysis is necessary given that, when the damping of the turbine changes, the efficiency 416 

of the hydrodynamic process of wave energy absorption also changes. ๠is is a topic that deserves 417 

further study; however, it is out of the scope of this work, since a different methodology capable of 418 

emulating a linear turbine and different values of the damping coefficient must be applied depending 419 

on the rotational speed of the turbine. 420 

5. Conclusions 421 

In this work a methodology based on a combination of numerical and physical modelling—thus, 422 

considering non-linear effects, and in particular air compressibility—was applied to comprehensively 423 

analyse a usually disregarded factor when evaluating the energy production of an OWC wave energy 424 

converter at a given coastal site: the intra-annual variability in the performance of the device. To this 425 

end, the intra-annual variability in the performance of an OWC wave energy converter was 426 

comprehensively analysed through a case study in Galicia (NW Spain). First, numerical modelling 427 

was used to characterise, by means of a high-resolution procedure, the intra-annual wave energy 428 

resource, which yielded site-specific intra-annual characterisation matrices. Second, physical 429 

modelling was used to obtain the three efficiency matrices of the OWC converter (one per each value 430 

of turbine-induced damping considered). Finally, the intra-annual energy capture matrices were 431 

computed by combining the resource and efficiency matrices. 432 

 It was found that the wave energy resource at the study site presents significant intra-annual 433 

variability. Between the month with the lowest (July) and the greatest (January) available energy the 434 

difference is over 400%. Importantly, not only the amount of available energy varies but also its 435 

distribution across sea states: in winter the bulk of energy is provided by sea states with energy 436 
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periods in the range 9 s < Te < 10 s and significant wave heights in the range 1 m < Hm0 < 3 m; these 437 

ranges evolve towards lower energy periods and lower significant wave heights in summer 438 

(6 s < Te < 7 s, and 0 m < Hm0 < 1 m, respectively). As both parameters (energy period and significant 439 

wave height) greatly influence the capture-width ratio of the OWC, it follows that a high-resolution 440 

intra-annual wave energy characterisation is fundamental to correctly characterise the performance of 441 

an OWC throughout the year. 442 

 Regarding the intra-annual variability in the energy captured, the following conclusions may be 443 

drawn. First, the intra-annual captured energy follows the same trend as the intra-annual available 444 

energy. However, the variability in the intra-annual captured energy is slightly weaker thanks to the 445 

design of the OWC, that exhibits a better performance when the available energy is lower, that is, in 446 

summer months—characterised by lower energy periods and smaller significant wave heights, for 447 

which the capture-width ratios are higher. Second, the intra-annual variability in the captured energy 448 

changes its intensity depending on the damping coefficient, which adds another criterion for selecting 449 

the optimum damping for a given study site. In the study case, the lower the value of the damping 450 

coefficient, the lower the variability in the captured energy. Finally, it was found that the turbine-451 

induced damping which maximises the energy capture of the OWC is not constant, and depends on 452 

the succession of sea states in the period considered for the maximisation; in the study case, 453 

considering monthly periods, the optimum value varied from one month to the next. Taking the entire 454 

year as the period for the maximisation of the energy capture, the lowest value of the damping 455 

coefficient (B*1 = 84.85) was found to be the best of those considered, for it provided the largest 456 

annual captured energy along with the lowest intra-annual variability. 457 

 In sum, the turbine-induced damping ought to be regarded as one of the fundamental elements 458 

when designing an OWC plant, as it significantly affects the energy capture. However, an inter-annual 459 

analysis is not enough, given that the damping that maximises the performance of the OWC changes 460 

on a monthly basis. ๠erefore, to select the most appropriate turbine-induced damping overall—that 461 

is, for dimensioning the turbine—for a given site of interest both the turbine-induced damping and a 462 

high-resolution characterisation of the wave energy resource, carried out at an intra-annual level, are 463 

in order. 464 
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