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ABSTRACT 

 
Mutriku has recently become the first commercial wave farm to release its operating 
data. The plant has 14 OWC operating turbines, and this study has conducted an 
analysis of hourly data corresponding to the 2014-2016 period. The plant’s capacity 
factor has been calculated for this period, and its seasonal evolution characterized. 
Additionally, a plant efficiency index has been defined as the ratio between the wave 
energy flux at a reference buoy and the average power generation across the active 
turbines. The Mutriku wave farm’s annual output in the period analysed has been 
246,468.7 kW-h, with an average of around ten working turbines. The results indicate 
that Mutriku’s average capacity factor is around 0.11, with higher values in winter than 
in summer. These values are below the capacity factors reported for other renewable 
energy sources. The plant efficiency index is 0.26, and further advances in regulation 
and control may also raise this parameter’s values, as may lower rated power 
alternators. This will also help to improve the Mutriku wave plant’s capacity factor, and 
OWC technology in general. 
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1. INTRODUCTION 

 
Following the latest IPCC AR5 report, under the 450 Scenario, nearly 60% of the power 
generated in 2040 is projected to come from renewables [1][2].  
The theoretical global potential of wave power has been calculated as 29,500 TWh/year, 
and by 2050 it is estimated that 337 GW could be obtained from wave and tidal energy 
[3]. In the EU, the aim is to reach 100 GW of combined wave and tidal installed 
capacity by 2050 [4][5]. In the particular case of Spain, the Spanish Renewable Energy 
Plan 2011-2020 was approved in 2011, and included a target for ocean energy of 100 
MW of installed power by 2020 [2].  

The Mutriku wave farm was commissioned in July 2011 [6], and uses Oscillating Water 
Column (OWC) technology. Incoming waves pressurise the air in 16 chambers inside 
the breakwater, which is then directed up into the Wells fixed-pitch turbines above. For 



turbine regulation purposes, there are 16 butterfly valves with an adjustable degree of 
opening, thus controlling the air flow connecting the air chamber below with each 
turbine. This is used in combination with a rotation speed adjustment system [7]. Each 
Wells turbine is 2.83 m high, weighs around 1200 kg, and includes two five-blade rotors 
with a diameter of 1.25 m. A major difference with the Islay LIMPET layout is that the 
turbines in Mutriku are positioned vertically, instead of horizontally. The top opening is 
connected to a turbo-generator with a rated power of 18.5 kW [6]. Electricity is 
generated in AC and then rectified to DC, and finally converted to 50 Hz AC. After 
covering the Mutriku wave farm’s own electricity needs, the electricity is sold to the 
grid. More specific details on the general layout can be found in the literature [6][7][8]. 

A recent review of the state-of-the-art indicates that although OWC is one of the most 
popular and promising technologies [8], there is pressing need for a major improvement 
in the devices, adjusting and fine-tuning their design. Accordingly, the combined use of 
CFD simulations and small-scale lab tests is required [9][10][11][12][13][14][15][16], 
although some aspects, such as the effects of air compressibility and the subsequent loss 
of efficiency when transferring results to full-scale devices, have not been properly 
addressed. Additionally, phase control is an area in which efficiency improvements can 
be expected [8][9]. 
Regarding OWC performance, as reported in the aforementioned literature, it is 
important to note that the main focus of interest has, so far, been on the device itself. 
However, looking ahead to the future development of wave farms as a reliable source of 
energy, it will also be necessary to characterize the overall performance of multiple 
OWC devices working in a fully operational commercial wave farm equipped with this 
technology, and regularly supplying electricity to the grid. Apart from an analysis of the 
device itself, an overall indicator of this nature should incorporate the entire chain of 
factors affecting performance, from the incoming waves to the electricity finally 
generated. 

A useful indicator for characterising the average load of any power plant, including 
Mutriku, is the capacity factor (CF) [17]. It allows comparing different facilities or even 
technologies. Given a time reference (usually the number of hours in a period) the CF is 
the length of time a plant operates at rated power (Pr, stated in kW), as given by Eq.1. 

CF = (kW-h generated in a period)/(number of hours in that period x Pr)  (1) 
 
In the case of more mature renewable energy sources, such as solar or wind power, there 
are numerous facilities operating worldwide, and reliable figures for CF can be found in 
the specialised literature [18][19][20][21]. In the case of Spain, the CF for solar energy 
ranges between 0.2 and 0.45 depending on the technology used and the number of 
devices installed [17]. For wind farms, an assessment of CFs across Europe indicates 
that their average is no higher than 0.21 [21]. However, it should be noted that the 
annual CF of offshore wind farms can be as high as 0.49 in optimal locations, such as 
Danish waters [22]. 

Regarding wave energy, a recent study [23] provides estimations of the CF for different 
types of devices and 20 locations in the North Atlantic area. The CF seems to be 
dependent on local sea conditions, and is somewhat different when the whole year or 
only winter months are considered.  

Another useful indicator for characterising and comparing the performance of different 
Wave Energy Converters (WECs) is the so-called capture width, Cw. If the performance 
curves corresponding to a given WEC are known, Cw [m] is the ratio between the power 
output [kW] obtained at a given location and the wave energy flux [kW/m] at the same 



place. An extensive intercomparison of WEC devices using Cw and a derived 
hydrodynamic efficiency indicator can be found in the literature [23][24]. Other studies 
have focused on analysing this parameter for WEC control purposes [25].  

It is important to stress that the values of CF and Cw have not been calculated on actual 
WECs in these works. These indicators have been obtained by combining the power 
matrices of the wave generators with the scatter diagrams giving the bivariate 
distributions of the sea states defined by wave height and period values at a specific 
location. It is also to be noted that wave heights and periods have been computed using 
reanalysis data, and not actual local measurements.  
Nevertheless, although the CF estimations have been obtained on hypothetical 
standalone devices, and not from actual WECs working in operational wave farms, 
these studies are the only reference for a wave energy technology that is currently at 
very early stages of development. 

More particularly, the results gathered in one of these studies [23] for one of the 
devices, which is based on OWC technology (OCEANTEC, rated power 500 kW), 
provides a marker for contextualising the performance indicators obtained in this study 
at Mutriku, also operating with OWC technology.  

With more mature renewable energies, such as wind and solar power, which launched 
their commercial operations some time ago, power efficiency and production also tend 
to be analysed jointly. The focus in many cases is on the study of the factors that have 
an impact on the overall efficiency of the solar or wind farm as a whole [19], [20].  

In the case of wave energy, the technology is at an earlier stage, with many standalone 
prototypes still being developed, and performance in many cases is calibrated within the 
framework of lab-scale tests. 

However, in the coming years, as more and more commercial wave farms come into 
operation, it will also be necessary to characterize their overall performance, just like 
other more mature renewable energy sources. 

The aim here is therefore to provide an evaluation of Mutriku’s CF and provide a 
performance indicator for it. 

Additionally, besides the core activity of generating electricity from waves, new 
prototypes are currently being tested in this wave farm, with further developments and 
designs of OWC technology. The main advantage Mutriku has, as a test facility, is that 
being a fully operational wave farm any new prototype can be tested in real-life 
conditions, which among others include plant start-stop protocols depending on the sea 
state or power grid requirements. This allows a more complete calibration and 
performance evaluation of any OWC device. To the best of our knowledge, this is the 
only commercial breakwater OWC wave farm [8] currently operating and regularly 
supplying electricity to the grid. An analysis of recently released operating data 
covering a period of almost three years (Jan 2014-Oct 2016) can therefore provide 
insight into the performance of a group of Wells fixed-pitch turbines operating in real-
life conditions in a wave farm. 

The paper’s first objective is to provide as complete a description as possible of the 
operational behavior of the Mutriku wave plant over the period in question, including its 
CF. 
The second objective is to define and characterize an overall plant efficiency index for 
the Mutriku wave farm. This index is an adaptation of the capture width, and its 
calculation also needs to incorporate sea-state information from nearby buoys in order 
to evaluate the total conversion efficiency from waves into watts.  

This paper proceeds as follows. The next section describes the data used, and provides 
details on the methodology applied. Section 3 analyses the results, section 4 includes a 



discussion of the same, and the final section provides the conclusions and future 
outlook. 

 
2. DATA AND METHODS 

 
2.1. DATA:THE MUTRIKU WAVE FARM 

 
In 2011 the Basque Regional Government approved its own Energy Strategy for 2020, 
setting a target for ocean energy of 60 MW by 2020 [26][27]. It is estimated that the 
potential energy in the Bay of Biscay could supply between 37% and 50% of household 
electricity consumption in the Basque Country, which would avoid the emission of 0.96 
to 1.54 million tonnes of CO2 per year. 

The Mutriku wave farm plays a key role in meeting these objectives. The plant is run by 
the Basque Energy Agency (EVE), a public sector company belonging to the Basque 
Regional Government in Spain. It is located in northern Spain [2.38ºW, 43.31ºN], on the 
Bay of Biscay (Fig. 1), and was designed as a supplementary use for the breakwater that 
protects the local harbour by taking advantage of the construction work to introduce 
some form of wave-based power generation. Its design and implementation were largely 
inspired by the Islay LIMPET (UK) wave power device and the European OWC wave 
power plant on the Island of Pico/Azores [28][6].  

This study has combined data from four different sources. 
 

1. The Mutriku wave farm has a SCADA system that also keeps a log of hourly 
records of the most important variables regarding plant control and operation. 
SCADA operates with two redundant systems, so when one of them does not 
work properly, data from the other are available. SCADA has been 
systematically recording since late 2013. For this reason, the period in question 
here runs from 1 January 2014 to 7 October 2016. For several reasons, many 
data were missing, and the percentage of reliable data was below 20%, which 
meant a total of 3262 hourly cases. The hourly records at a given time t 
correspond to the following variables:  

 
a. Average power generated by each turbine over the past five minutes 
b. Number of working turbines over the past five minutes 
c. Inlet valve position   
d. Total pressure at the inlet chamber for each turbine 

 
2. After a small fraction of the electricity generated by the turbines has been 

diverted for local uses in the plant, it is sold to the grid. This study has used the 
hourly records from the plant’s electricity meter corresponding to the same 
period. They represent an independent source of data belonging to the electric 
company, providing accurate information on the total energy supplied to the 
grid. 

 
3. The second objective of characterizing a plant efficiency index involved the use 

of sea-state information. The idea was to choose a buoy in which the wave 
energy flux (WEF, kW/m) recorded could be related to the waves generating 
electricity at Mutriku. The flux may be interpreted as the hydraulic power held 



by waves per meter of crest length. Several buoys located at a range of 100 km 
were initially considered. Finally, the Bilbao-Bizkaia buoy [3.05°W, 43.64° N, 
depth=600 m], at a distance of 65.6 km from Mutriku, was selected (Fig. 2). At 
this buoy, the predominant incoming direction of WEF is NW (Fig. 3), which is 
roughly the geographical direction connecting this buoy and the Mutriku wave 
farm. Out of all the candidate locations, this buoy was selected because its 
geographical alignment made it reasonable to expect -albeit with a certain delay- 
a relationship between flux observations here and power generation at Mutriku. 
This buoy is run by the Spanish Port Authority (Puertos del Estado), and among 
other parameters it takes hourly records of significant wave height, mean wave 
period, and incoming wave direction, which allow calculating the flux. The flux 
is never measured directly, and is a function of significant wave height (Hws) 
and the mean wave period (Tz) [29]. WEF is affected by the bathymetry of the 
area, and if the depth is more than half the wave length, it is considered that the 
deep-water hypothesis has been met, and bed shoaling, partial reflection and 
diffraction effects can be ignored [29]. For a value of g = 9.81 m/s2, assuming a 
seawater density of ρ~1025 kg/m3, and according to the deep-water hypothesis, 
Hws and Tz combine according to Eq. 2 to yield the magnitude of WEF [29]. 

 
WEF[kW/m] = ρg2(64Π)-1Hws2Tz~ 0.491Hws2Tz    (2) 

4. Finally, due to the impact bathymetry is reported to have on the Islay LIMPET 
experimental plant [8], it was decided that bathymetry should also be 
incorporated into the analysis of Mutriku’s performance. To that end, 1 m 
resolution bathymetric data corresponding to the area in front of the Mutriku 
breakwater, along with a recent orthophotograph, were downloaded from the 
Basque Government’s geoinformation repository [30]: 

2.2. METHODS 

 
In a first step, hourly data from the SCADA system and the plant’s electricity meter 
were retrieved, and an initial stage of data cleaning and pre-processing was needed to 
arrange all the hourly data in the same timeline. 

All the Wells fixed-pitch turbines at the Mutriku wave plant have exactly the same 
design. However, turbines #1 and #16 do not accumulate enough pressure at the inlet 
because chambers #1 and #16 need a structural redesign, so these two turbines did not 
generate any electricity during the period analysed. The breakwater that houses the 
Wells turbines is designed to maximize the protection of Mutriku harbour, which means 
it has a boomerang-type shape (Fig. 4), so its walls face incidental sea waves at a 
varying angle. The air chambers and turbines inside the breakwater are also arranged 
following this design, so they receive different waves due to changes in sea depth before 
each chamber and a non-constant incidental angle. For this reason, the incoming air 
flow reaching each one of the 14 turbines differs, and the total pressure at the inlet is 
moderately different (Fig. 5). As a result, despite sharing the same design, they do not 
generate the same power (Fig. 6). 

Besides, owing to maintenance and repair activities, the number of active turbines is not 
always the same. The approach here has therefore been to calibrate an average power 
for all the working turbines, regardless of how many are generating electricity at a 
particular time. The combination of these sets of data has been used to meet our first 
objective, and provide as thorough a description as possible of the Mutriku plant’s most 



relevant operational aspects. This included determining the CF at Mutriku and its 
monthly/seasonal values for a close comparison with those from the literature [23]. 

Our second objective was to define an indicator of the plant’s overall performance, and 
characterize its evolution. Certain recent studies have focused on the simulation of 
several WECs, given a wave climate at a certain location.  
Mutriku is the only commercial breakwater OWC wave farm regularly supplying 
electricity to the grid. The recent release of the operating data has prompted the need to 
define an indicator to calibrate its overall performance. 
This indicator will be referred to here as the Plant Efficiency Index (PEI), and is a 
further development of the aforementioned capture width, Cw [24]. The PEI [m] is 
defined as the ratio between the average power generated over five minutes [kW] by the 
active turbines and the wave energy flux [kW/m] at a specific sea location. The PEI is 
different to the Cw in two aspects: 

1. It is applied to a wave farm, and not to a standalone device. In the case of 
Mutriku, as there is not a constant number of regularly active devices and, as 
mentioned above, they do not yield the same power, the calculation of PEI 
implies an average value of the power generated by the active turbines at a given 
time t. 

2. The reference location is not the same place where the device is installed 
(impossible because there is a breakwater), but instead at the nearest location 
where actual measurements –and not reanalysis data- are available. In this case, 
a buoy located 65.6 km away from the Mutriku wave plant. 

  Accordingly, data from the Bilbao-Bizkaia buoy were incorporated into the study. At 
the initial stages of this work, and after considering other buoys in the area, there was 
clearly a significant correlation between the flux [kW/m] at this buoy and the average 
power [kW] generated by all the turbines at Mutriku. The correlation coefficient 
between hourly observations of these two variables peaks at 0.572, with a delay of four 
hours (Fig. 7). This means that the sea states at the Bilbao-Bizkaia buoy are statistically 
related to the waves that generate electricity four hours later and 65.6 km away in 
Mutriku,  and in the same direction as the predominant flux (Fig.2-3).  
The Bilbao-Bizkaia buoy is located in open sea. Being a breakwater located on the 
coast, the waves near Mutriku have smaller values of WEF. However, the way in which 
the waves transform from the Bilbao-Bizkaia Buoy into the waves observed in Mutriku 
due to diffraction, reflection and shoaling is systematic. In other words, in Mutriku (near 
the coast, shallow waters) waves have lower WEF values than at Bilbao-Bizkaia, but the 
waves’ WEF decreases on their way to Mutriku always following the same path and 
according to the same decreasing pattern. In the absence of sea-state hourly 
measurements at a closer location, data from this buoy were used to characterize the 
Mutriku plant’s PEI.  
The four-hour delay detected was incorporated into the analysis by combining hourly 
data from SCADA and the electricity meter at a given time t, along with data from the 
buoy at t-4 hours. 

Finally, bathymetric data were overlaid onto a georeferenced orthophoto of the area to 
represent the local bathymetry leading up to the Mutriku breakwater (Fig. 4).  

  
3. RESULTS 

 
An analysis of the hourly readings from the electricity meter indicates that Mutriku is 
supplying energy to the grid 74.4% of the time. The rest of the time, mainly due to low 
energy waves, the plant stops. A few cases have also been detected in which the plant 



also stops due to maintenance operations or extreme waves, and then obviously no 
energy is generated. The highest hourly production recorded by the electricity meter has 
been 158 kW-h. The minimum value has been 1 kW-h, with the average being 37.4 kW-
h. 
 
The hourly power flow in Mutriku wave plant as recorded by the electricity meter, 
exhibits a high autocorrelation (Fig. 8a), although at time scales in the order of seconds, 
intermittency can be expected to be much higher.  
The electricity production follows the same seasonal pattern (Fig. 8b) as can be seen in 
the flux, with minimum values in summer and maximum ones in winter (Fig. 9). 

The total amount of kW-h sold in the Jan 2014-Oct 2016 period was 691867 kW-h, 
which makes a yearly average output of 246,468.7 kW-h. If compared with the 
hypothetical production of 14 turbines, each with a rated power of 18.5 kW over a 
standard year of 8,760 hours, the farm’s CF can therefore be calculated as 

 
CF = 246468.7 /(18.5x14x8760)~0.11     (3) 

 
However, CF also records a strong seasonal behavior, and when calculated on a monthly 
basis, the CF in December and January records values of 0.22, while in July-August it 
drops to 0.03.  
The number of active turbines in the period studied ranges from 1 to 14, with an average 
of 9.94. Furthermore, as mentioned above, the active turbines do not all generate the 
same power. To take this into account, the average values of the power generated over 
the past five minutes by all the active turbines at a given time t have been used.  

The average five-minute yield P5min   is 3.6 kW, although again, a strong seasonal 

behavior similar to WEF and the electricity generated (high in winter, low in summer) 
can be observed (Fig. 6). 

Using this variable in combination with the WEF at the selected buoy, the PEI has been 
calculated according to Eq. 4. 

 

PEI [m] = P5min   [kW]/WEF [kW/m]      (4) 

 
The average value of PEI for the period analysed is 0.26 and, in contrast to the CF, it 
does not have a clear seasonal behavior (Fig. 10). The highest PEI medians have been 
recorded in April (0.31) and October (0.30), and are associated with moderate values of 
the wave energy flux. 

The values of PEI at time t in Mutriku depend mainly on the sea conditions (Fig. 11). 
Based on the observations at the Bilbao-Bizkaia buoy at t-4 hours, the maximum value 
for this period was 1.91, recorded on 1/9/2015 at 19 h, with a significant wave height of 
1.3 m, a period of 4.9 s, and waves from the N-NW. In this case, the WEF at the Bilbao-
Bizkaia buoy was 4.05 kW/m, while the average total pressure at the inlet chambers was 
5,486.5 Pa. The control valves were open to 68.36º degrees [90º completely open, 0º 
closed]. There were 11 turbines working at that moment, with a five-minute average 
power yield of 7.73 kW. Fig. 11 shows that the highest values of PEI are obtained 
around this combination of Hws and Tz. Lower values of PEI are recorded when moving 
away from this point to other sea states. 

It is important to note that the combination of Hws and Tz leading to the maximum PEI is 
far from the sea states leading to the maximum power generated (Fig. 12). The 
maximum average power recorded in this study was of 12.72 kW. This observation was 



recorded on 17/02/2015 at 12 h, with Hws = 4 m, Tz = 6.6 s and WEF = 51.744 kW/m. At 
that moment, eight turbines were operational, and the PEI was 0.24, slightly below the 
mean value of 0.26. The butterfly valves were open to 33.125º, and the average total 
pressure across the eight active chambers was 11592.1 Pa, which suggests that non-
negligible compressibility effects may have been involved.  
 

4. DISCUSSION 

 
When it came online, the Mutriku wave farm was expected to operate with 16 turbines 
and produce 600,000 kW-h per year [6]. However, as shown above, the average yearly 
output for the period analysed is only 41% of initial expectations, which is roughly the 
same as reported at Islay LIMPET [28], although a mimetic attribution to the same 
causes at both farms would be highly misleading. At Islay, the experimental facility that 
inspired the Mutriku wave farm, the discrepancies between the lab-scale model and the 
final prototype were largely attributed to a poor representation of the actual offshore 
bathymetry before the facility and to the fact that the flare of the gully was not properly 
designed [28]. 
In the case of Mutriku, the reasons are different. Firstly, owing to design problems in the 
air chambers only a maximum of 14 out of 16 turbines can actually operate. 
Additionally, due to sundry reasons related to maintenance, the average number of 
turbines working simultaneously over the period analysed was 9.94. This means that, on 
average, only 62% of the turbines initially considered are routinely operating. This 
definitively accounts for an important part of the shortfall between initial expectations 
and recorded output, although other aspects may also be involved. In Mutriku, the total 
pressure generated in the air chambers by the incoming waves creates the static pressure 
drop between each turbine’s inlet and outlet, and also provides the kinetic energy 
necessary to move the air flow through the Wells turbines. In the absence of specific 
measurements, it is impossible to know which fraction moves the air flow, but the high 
values of the total pressure observed in some cases suggest that on these occasions the 
air crossing the turbines may be flowing at Mach numbers beyond 0.3. As a result, 
compressibility effects should not be ignored [31], as aerodynamic efficiency in the 
turbines would deteriorate, and this may subsequently have an impact on total power 
output. The rest may be explained by other aspects, such as the fact that not all the 
turbines generate exactly the same amount of electricity or certain features of the 
regulation mechanisms that are very difficult to simulate with the lab-scale model.  

The above factors leave little room for any other major causes of discrepancies – such 
as bathymetry- between expectations and the actual working regime. This is confirmed 
by comparing the bathymetric representation used at the modelling stage and the actual 
bathymetry with a resolution of 1 m. The analysis of a S-N bathymetric transect (Fig. 4, 
dotted line) indicates that in the first few hundred meters before the wave farm, the 
seafloor changes smoothly, with a gentle slope of ~0.01, moving from a depth of 5-7 m 
at the foot of the breakwater to around 25-30 m at a distance of 1.8 km, in good 
agreement with the model-scale representation [6]. 

On the other hand, when compared with Islay LIMPET, it is also important to stress that 
Mutriku is a significant step forward, because the former only sells electricity to the grid 
for 50% of the time [28]. In Mutriku, by contrast, this value is roughly 50% higher 
(74.4%). This reflects a significant improvement not only in the design and 
implementation of OWC technology, but also in the regulation and maintenance 
protocols. 



Mutriku’s average CF is 0.11, and its PEI is 0.26. In the absence of similar wave farms 
for comparing the actual figures, the simulated CF values of standalone OWC devices, 
as gathered in the literature, can be used as an initial reference [23][24]. For example, 
the OCEANTEC OWC device with a rated power of 500 kW based on OWC 
technology is reported to have a (hypothetical) CF between 0.0726 and 0.157, peaking 
at 0.33 for a particular location (Iceland) in winter [23]. The CF reported seems to be 
rather dependent on local conditions, and according to the authors the results for CF 
have a seasonal behavior. The values of CF obtained at Mutriku with a winter maximum 
of 0.26 and a minimum of 0.03 seem to move roughly between similar boundaries. In 
the absence of further studies, this convergence with prior studies points to this range of 
CF values for OWC technology. However, these figures are below the CF reported for 
other renewable energy sources. 

The plants overall performance as described by the PEI is 0.26, although the PEI peaks 
at 1.91 and, as mentioned above, this point is associated with rather small values of 
Hws, Tz and WEF. As the sea conditions diverge from this point, the PEI falls sharply in 
Mutriku. It is especially interesting that the point of highest PEI (WEF = 4.05kW/m) 
and the peak of power generation (WEF=51.744 kW/m) are very distant from each 

other in terms of sea conditions. Nevertheless, the difference in the average P5min   

yield in both cases is much smaller (Max. PEI = 7.73 kW, Fig. 11 vs. Max. P5min   = 

12.72 kW, Fig. 12). The distance between these two reference points is only slightly 
higher than in other renewable technologies, such as hydropower, which generally 
speaking also operates with turbines. 

Considering the operating turbines do not all generate exactly the same power, this 
indicates an adjustment and control system in Mutriku that is working reasonably well, 
although improvements in this area are clearly needed. A recent study has pointed out 
that due to the large power variations on the second scale, short-term energy storage 
may also be needed for smoothing the output power, and improving both power quality 
and the dynamic response [32].  

In Mutriku, 18.5 kW alternators are needed to deal with occasional highly energetic 
waves, but most of the time they are working at powers well below their rated one. On 
average, the alternators produce 3.6 kW, which means they work at roughly 20% of 
their rated power, a similar figure to the one reported at Islay LIMPET [28]. Alternators 
working so far below their rated power typically perform less efficiently. For this 
reason, technological advances towards more efficient regulation and control methods, 
mainly in the case of highly energetic waves, would permit the use of alternators with a 
rated power below 18.5 kW. This will also mean that the true and rated powers may be 
closer, and the alternators’ efficiency can be expected to increase significantly. Any 
improvement in these fields (short-term storage, regulation and control, lower rated 
powers) will also lead to an automatic increase in CF values for the Mutriku wave farm 
in particular, and for OWC technology in general. Similarly, it will also increase the PEI 
values for more sea states than the optimum one, thus contributing to an increase in the 
overall production of kW-h per farm.  

 
5. CONCLUSIONS AND OUTLOOK 

 
The release of operating data from a commercial OWC wave farm for the first time has 
informed this study. Certain parameters of great interest for OWC devices today, such as 
air flow speed in the turbines, are not currently being gathered by Mutriku’s SCADA, 



although this would allow addressing challenges such as compressibility effects on 
turbine performance.  

Regarding electricity production, the initial expectations have not been met because of 
the poor design of two air chambers and regular maintenance activities, which mean that 
on average only 10 turbines out of the initial 16 are actually working. Other aspects, 
such as compressibility effects in certain extreme cases and the alternators’ average 
performance of around only 20% of their rated power, are likely to have an impact on 
efficiency, and explain why the total yearly output is 246,468.7 kW-h instead of the 
600,000 kW-h initially expected.  

The need to define an indicator of overall performance for a fully operational wave 
farm, and not only standalone devices, has led to the proposal of a Plant Efficiency 
Index (PEI). This indicator has been defined as the ratio between the average five-
minute power generated and the wave energy flux measured at sea. 

This PEI provides a realistic indication of the overall performance of a wave farm under 
operating conditions. The PEI obtained (0.26) can be used in the future as a reference 
when new tests using other OWC designs are carried out in the same facilities. It can 
also be used as a reference in future benchmark exercises when more and more 
commercial wave farms with technologies other than OWC come into operation 
worldwide. Using operating records from a commercial wave farm has allowed moving 
from standalone devices calibrated in simulated experiments to actual performance in a 
fully operational wave farm with many devices. This realistic characterization involves 
taking into account practical aspects, such as not all the devices perform equally or the 
impact that maintenance protocols have.  

The CF of this plant is 0.11, with higher values in winter than in summer. These values 
obtained at the Mutriku commercial wave farm with several turbines are broadly similar 
to those estimated for standalone hypothetical OWC devices. If confirmed in future 
studies, this will indicate a smaller CF than in other renewable energies, such as hydro, 
wind and solar power. If OWC technology is to become commercially viable and a 
competitive source of energy, higher CF factors are needed. The challenge in this field 
is to narrow the gap between alternators’ average yield and their rated power, thus 
increasing alternator efficiency, CF, and PEI. Significant improvements in regulation 
and control are therefore needed, mainly regarding highly energetic waves. This is one 
of the major challenges that OWC technology is facing over the coming years. 

Following a thorough description and characterization of a fully operational wave farm 
such as Mutriku, the next step is to address the problem of the intermittency of the 
electricity generated and sold to the grid. This is currently a major challenge for most 
renewable energy sources [33][34]. Addressing this issue involves, among other things, 
developing efficient methods for the short-term prediction of the electricity generated 
[33][34][35][36][37].  
For this reason, now that the Mutriku wave farm has been characterized in this work, 
the next challenge is to move on to the forecasting of this wave farm’s power output. 
Studies have so far focused on forecasting simulations based on several hypothetical 
WECs under different sea conditions, as power series from actual wave farms have yet 
to be made public [33]. A more accurate prediction of short-term electricity production 
may contribute to a better integration of wave energy in the general power system [34].  

In this case, now that data from Mutriku have been released and used in this study to 
characterize its general performance, the authors are currently conducting further 
research to move from forecasting wave energy in the Bay of Biscay [35][36][37] to 
predicting power output at the Mutriku wave farm. In this sense, the high 
autocorrelation of the electric power flow, with values above 0.8 up to 10 hours ahead 



(Fig. 8a), poses a major challenge to any forecasting effort aiming at outperforming 
persistence. 
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Figure 1. Location of the Mutriku wave farm.
 
Figure 1. Location of the Mutriku wave farm. 

 
 



Figure 2. Location of the Bilbao
 
Figure 2. Location of the Bilbao-Bizkaia buoy. 

 



Figure 3. WEF rose at the Bilbao-Bizkaia buoy.

 



Figure 4. Mutriku wave farm and nearby bathymetry

 



Figure 5. Pressure in the chambers below the turbines. Mutriku. 2014Pressure in the chambers below the turbines. Mutriku. 2014-2016.2016. 

 



Figure 6. Electric power (kW) generated by Mutriku OWC turbines. 2014
 
Figure 6. Electric power (kW) generated by Mutriku OWC turbines. 2014Figure 6. Electric power (kW) generated by Mutriku OWC turbines. 2014-2016. 

 



Figure 7. Wave energy flux observed at t

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Wave energy flux observed at t-4 h and average electricity production at t.ge electricity production at t.

 



Figure 8. Electricity production at Mutriku. Hourly autocorrelation a) and average monthly evolution b). Hourly autocorrelation a) and average monthly evolution b).  2014-2016.2016. 

 



Figure 9. Monthly values of 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

values of WEF [kW/m] at the Bilbao-Bizkaia buoy. 2014Bizkaia buoy. 2014-2016. 

 



Figure 10. Monthly values of  the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Monthly values of  the Plant Efficiency Index (PEI) at Mutriku. 2014Plant Efficiency Index (PEI) at Mutriku. 2014-2016. 

 



 
Figure 11. Plant Efficiency Index at Mutriku at time t and sea state at the Bilbao
buoy at time t-4. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Plant Efficiency Index at Mutriku at time t and sea state at the BilbaoFigure 11. Plant Efficiency Index at Mutriku at time t and sea state at the Bilbao-Bizkaia 

 



Figure 12. Average five-minute power at time t and sea state at the Bilbao
at time t-4. 
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