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Abstract 

 

In the pursuit of sustainable, clean and secure energy supply, wave energy, also called 

hydrokinetic energy, stands as a real possibility in the medium term. This renewable 

marine source has a power density higher than other renewable sources such as solar 

and wind as it is that energy concentrated into water waves. Despite its early stage of 

development, it has the potential of covering 10% of the world energy needs.  

The main aim of this thesis is to get a broad understanding of this incipient sector and 

the technologies being developed. The tasks carried for this purpose have been a 

screening of the concepts proposed by developers, a numerical model of some of 

these promising devices and an estimation of their power performance in several 

locations in Europe. 

The information gathering has resulted in a survey of the current status of 10 different 

devices being developed. The data collected attempts to describe the different 

concepts and identify their potential for becoming part of the renewable energy mix. 

Aspects such as their power extraction principle, survivability strategy or material 

requirements are considered key drivers for their success. 

The numerical model applied is aimed to simulate the motions of a wave energy 

converter by the action of the waves, from which it extracts mechanical power. The 

models generated intend to represent the real wave energy concepts Pelamis, Oyster, 

Wavestar and Langlee. For each device, the parameters adjusting their power 

converter have been optimized for maximum power performance. 

The numerical tool developed has been extended to estimate the energy output of the 

modeled devices in several locations where they could be deployed. The sites 

correspond to the location of offshore wind farms where wave energy converters could 

be integrated into the park. Possible benefits such as the combined energy production 

and wave field reduction due to the installation of arrays of devices are explored. 
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Introduction and Objectives 

 

The present masters thesis “A comparative study of wave energy concepts” consists of an 

approach to better comprehend the wave energy sector; this is, those technologies being 

developed for the purpose of energy generation from the waves in the sea. 

The scope of the work is to have an understanding of the state of the art wave energy 

concepts developed, and to be able to estimate their power extraction capabilities.  

The approach followed combines literature reviewing and numerical modeling of several wave 

energy converter designs. 

Thus, the objectives pursued during the development of this thesis are: 

 To have a solid understanding of the Wave Energy sector by benchmarking the state of 

the art technologies developed. 

 To create numerical models of a range of promising devices and estimate their optimal 

power performance. 

 To explore the possibility of integration of wave energy in wind farms, evaluate energy 

production implications and wave field reductions. 

The thesis outline is composed by three main parts which address each of the objectives, 

respectively: 

 Part A: Wave energy extraction technology 

 Part B: Numerical modeling of WEC power extraction 

 Part C: Integration of WECs with offshore wind 
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Part A Wave energy extraction technology 

This first chapter is aimed to get introduced to the wave energy sector. An overview is given on 

some of the topics related with the technology being developed for wave energy extraction. As  

will be seen below, this promising sector for clean energy production, despite being rather 

small, is very diverse and involves many issues and areas of knowledge. 

1 Wave energy overview 

 Generalities 1.1 

1.1.1  Water waves 

The water waves of interest for power extraction are those waves formed in the sea by the 

action of blowing winds. The wind, which is the air flow reaction to the temperature gradient 

in air masses heated by solar radiation, perturbs the water surface by friction and pressure 

variations. Then, these forces transferred to the water can travel long distances, nearly 

without losses, grouped as wave oscillations, named wave fronts. For this reason, this 

renewable energy source can be understood as a concentration of solar energy radiated over 

large areas of the sea and transported by waves. 

The power carried by waves is both kinetic and potential, and its magnitude is proportional to 

the wave period and the square of its amplitude. The wave resource on a particular site can be 

expressed by the average incident power per meter of wave front (width of the wave crest), 

which as an order of magnitude could be from 5kW/m in low resource locations to 70kW/m in 

very energetic seas. The overall wave resource is around 2TW, from which is estimated around 

25% of it could be potentially extracted, making a contribution to the global electricity demand 

of the same order of magnitude. 

1.1.2  Past developments 

The interest from academia and industry in exploiting this energy source boosted during the oil 

crisis of the 1970’s, where a range of alternatives emerged to the peaking oil prices. Most of 

the developments were carried in the UK, where several devices were conceived and tested, 

such as the renown Salter’s Duck. After that period, most initiatives were held back and the 

wave energy sector didn’t advance much until the mid-90’s [1]. With the demand for 

renewable energy, the wave energy sector has started again, although at a much slower pace 

than wind energy. 

1.1.3  Literature 

Nowadays there is an active academic community pushing forward the knowledge in wave 

energy. In order to get an overall insight on the topic, the book from Cruz [1] stands as the 

reference. For a deep understanding in wave theory and interaction with bodies, the books 

from Newman [2] and Mei [3] can be considered main references.  A specific publication 

magazine for wave energy has not been found, however, most of the papers on the topic can 

be consulted from the conference proceedings of the biannual European Wave and Tidal 
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Energy Conference (EWTEC) [4] and the International Conference on Ocean, Offshore and Artic  

Engineering (OMAE) [5].  

 Wave Energy Converters classification 1.2 

The wave energy sector is in the development stage and none of the technologies have 

stepped up and demonstrated to be in the lead to compete commercially with other ready 

renewable technologies. There still exists a wide variety of proposals to capture the energy of 

the waves in the most economical conditions. The solutions proposed differ greatly from one 

another and comparing their characteristics can be difficult. For this reason the developers and 

researchers in wave energy have tried to classify the devices that keep appearing on scene by 

several criteria. 

This study has considered it relevant to sort the devices in terms of their preferable 

deployment site, the device orientation with the incoming wave fronts and the working 

principle how it extracts power from them.  

1.2.1  Deployment site 

 Deep waters:  water depths > 40m where devices are floating and slack-moored 

 Near shore: water depths from 10m to 40m and mainly fixed on the seabed 

 Break-waters: device sited onshore and receiving breaking waves. These devices are 

not in the scope of this project since they aren’t envisaged as being combined with 

offshore wind turbines. 

1.2.2  Orientation to the waves 

 Point absorber: device with similar horizontal dimensions and much smaller than the 

incoming wave lengths. 

 Attenuator: the length is several times higher than the device’s width, and is oriented 

perpendicular to the wave crests, absorbing their energy as the waves travel through 

the body. 

 Terminator: the width is several times higher than the device’s length, and is oriented 

parallel to the wave crests, absorbing energy each time a wave front collides with it.  

 

Fig. A-1: Orientation of WECs [6] 

1.2.3  Working principle 

The working principle of each device is its most characteristic feature, and the reasons why 

they are so diverse and different with each other may be multiple, from the raw creativity of 



A comparative study of wave power generation concepts  17 

 
 

their inventors, to trials to refloat designs from the early days or taking a scientific approach to 

understand the interaction between bodies and waves . 

These multiple working principles could be classified into: 

 Oscillating water column: The momentum from the waves is focused to create an 

inflow on a chamber which will displace the air allocated inside. The air flow reaction 

of this is conducted through a turbine at high speeds and generates electricity. 

 Heaving: The perturbation of the waves allows a body, array of bodies or only part of 

one body to move in the vertical motion. This relative motion with the seabed, static 

structure or another heaving body with phased motion, provides the mechanical 

power used to generate electricity. 

 Pitching: the whole device or part of it tilts, rotates in the plane parallel to the wave 

crests. This principle applies to the pitch of floating devices, and to bottom hinged 

devices which rotate around a fix point.  

 Surging: This motion corresponds to a body horizontally moving in the direction of 

advance of the waves, thus absorbing this linear force to activate a generator. We 

mention here that, due to kinematic constraints, most of the devices experience surge 

combined with other motions although it is not their power extraction principle. 

 Overtopping:  This principle in essence consists of transferring all the kinematic and 

potential energy from the water particles into potential energy by forcing the run-up 

of the water surface through a structure. This potential energy is then transformed 

back into kinematic energy as a controlled flow through a generator. 

1.2.4  List of all devices surveyed 

The number of solutions proposed by entrepreneurs around the world during the last years is 

uncountable; however, most of them don’t reach enough attention to attract the necessary 

capital to develop their prototypes. From all the concepts come across, the devices in Table 

A-1 are considered to have reached some relevance in the sector by deploying prototypes in 

the sea or showing sufficient potential, and are listed with their classification with respect to 

their site, orientation and working principle. 

WEC 
Classification 

Site Orientation Working principle 

Wavestar near-shore attenuator heave 

Wavebob deep waters point absorber heave 

AWS deep waters point absorber heave 

OPT deep waters point absorber heave 

Trident near-shore point absorber heave 

Crestwind deep waters attenuator heave 

CETO near-shore point absorber heave 

Poseidon deep waters terminator heave-surge 

Pelamis deep waters attenuator heave-sway 

WaveDragon deep waters terminator overtopping 

Waveplane - terminator overtopping 

Leacon - terminator OWC 
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OE Buoy deep waters point absorber OWC 

Oceanlinx deep/near point absorber OWC 

Weptos deep waters terminator pitch 

Waveroller near-shore terminator pitch 

Biowave near-shore terminator pitch 

Oyster near-shore terminator pitch 

Oceantec deep waters point absorber pitch 

Wello  deep waters point absorber pitch-surge 

Searev deep waters point absorber pitch-surge 

Wavepiston - - surge 

Atargis deep waters terminator surge 
Table A-1: List of WEC concepts 

 Power take-off technology 1.3 

There are several approaches followed by the WEC developers in their pursuit of generating 

electricity from the mechanical energy obtained from their proposed device. The main 

features that these systems have in common are stated in Salter’s article [7] as: 

 A slow primary displacement element which will have interesting hydrodynamic 

interactions with the waves. 

 A connecting linkage which must transmit the required forces and either allow a 

sufficient movement or absorb the loads to resist worst sea conditions. 

 Most of them need a way of increasing the absorbed velocity and rectifying its 

direction to drive an electrical machine 

 A way of providing an equal and opposite reaction forces from the wave excitations, by 

reacting with the sea bed, with internal body motions or with the sea water. Also its 

ability to tune these forces for optimal hydrodynamic performance. 

 A range of electrical equipment and cables to provide “high quality” electricity to the 

grid. 

The solutions developed which respond to these needs are: 

1.3.1  Direct drive electric generators 

To convert the slow reciprocal motion of the ocean wave into a fast rotating motion, required 

by conventional high speed rotating generators, some kind of intermediate conversion step is 

necessary. Instead, the technology behind direct drive generators allows an efficient 

conversion to electric power from a slow prime mover. Direct drive in wave energy conversion 

is principally the same as direct drive applied in wind energy, where the moving part of the 

generator is directly coupled to the energy absorbing part, which in wind turbines is the shaft 

moved by the blades. 

Enabling simpler systems that reduce the mechanical interactions is a big advantage of this 

type of energy converter as it improves reliability and reduces the weight of the PTO. 
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Fig. A-2: WEC Linear direct drive sketch [1] 

1.3.2  Oil/gas turbines: 

The working principle of an oil-hydraulic power take off can be simplified as a pump which 

transfers the mechanical force from the device motion to fluid pressure.  An accumulator 

stores the high-pressure fluid, which is released at high speeds powering a hydraulic motor 

that generates electricity. The control strategy allows setting the flow in the pump rams and 

out the accumulators which will determine the performance of the device from both the 

electrical and hydrodynamic efficiency point of view.  

 

Fig. A-3: representation of the Hydraulic system in the Pelamis [1] 

The key advantage of these systems is its ability to work in the range of very large forces and 

slow speeds, allowing smaller and more economical equipment. Possible drawbacks are 

reliability issues of some of the components and the environmental concerns about the fluids 

employed and possible leaks.  

1.3.3  Water turbines 

This system follows the working principle of the oil turbines, with the peculiarity that it uses 

the water from the surrounding sea as the pressurized fluid. The advantages of using water 

from the sea are that leakage causes no environmental problems, there is no danger of 

shortage of fluid and there is no need for a return circuit. The drawbacks are that the pressure 

range of the fluid is an order of magnitude lower and that the physical and chemical properties 

of the water influence the design of components and materials. 
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1.3.4  Air turbines 

Air turbines are implemented in OWC devices since they have the advantage of an inherent 

working principle, which is generating an air flow by the action of the waves in a chamber. The 

air flow runs then through an atmospheric turbine connected to an electric generator. 

Depending on the range of velocities and air flow, developers have been choosing between 

Wells turbines, Impulse turbines or Dennis-Auld turbines [1]. The advantage of this system is 

that by using higher speeds the electric generator is simpler, as the conversion from the low 

speeds of the waves into air at high speeds is done thanks to the change of section in the air 

conduit. 

 Relevant features from surveyed WECs  1.4 

Apart from understanding the working principle of the device to convert the power in the 

waves into electrical power, a range of parameters have been considered crucial to be known 

from each device in order to have a rigorous overview of the most promising wave energy 

technologies. Inspired in reports from EPRI ’04 [8], Bolgekraftprogram ’02 [9], Shell ’04 [10] 

and Nielsen [11] the features considered relevant for this study are explained ahead. 

1.4.1  Development status 

The advances achieved while developing a technology have to be measured in a way that can 

help to validate the progress made and guide investors in their expectations for reaching 

commercial exploitation.  A stepped-scale protocol for measuring the development status of 

each technology seems the most objective way to proceed.  A useful reference can be the 

Technology Readiness Level (TRL) from the US D.o.E. [12] inspired from NASA. A more recent 

readiness scale proposed for WECs is a Technology Performance Level (TPL) from Weber [13] 

which guides the device’s readiness by the costs of the energy produced. The scale used in this 

study is the protocol developed by the Danish wave energy program [14], which is similar to 

the TRL but consists in only 5 steps and is specific for WECs. The development steps are the 

following: 

Step 1: Proof of concept. Basic research and small model testing (scale 1:100 – 1:20)  

Step 2: Design optimisation and feasibility studies. Intensive numerical and model tests (scale 

1:50 – 1:10). 

Step 3: Development and testing of components and prototype testing in protected waters 

(scale 1:10 – 1:3) 

Step 4: Half to full scale performing in real sea and grid connected power generation. 

Step 5: Commercial status with arrays of devices generating electricity. 

1.4.2  Device classification, dimensions and rated power  

The definition of the geometrical dimensions of the device, its mass and volume and the 

materials involved. These values can give an idea on the costs associated with each unit and its 

possible scalability. Also the rated power of the power generator can indicate its size and 

component requirements that influence in the device cost. 
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1.4.3  Mooring and survivability strategy 

The developer’s strategy for extreme wave climate exposure together with the design depth 

and mooring typology are mentioned, since they are relevant to explain the survivability of the 

WEC in the sea, which is a critical issue for these technologies’ success. The mooring is closely 

related to the water depth of the deployed site; being mounted on the seabed or with 

jacked/monopile foundation for near shore locations and slack moored by cables for floating 

devices in deep waters. 

1.4.4  Power performance 

The most relevant data on the capability for power extraction from the waves is presented. 

Since a device’s main goal is to generate useful energy, the efficiency to convert the incoming 

wave energy is what can make a device promising or not, especially in the early stages.  The 

power generated can be estimated by numerical models and by experimental tests. Each 

approach has its costs and limitations, which have to be weighted before it is possible to test 

the full scale device operating in real conditions.  

Efficiency measures which try to unify the criteria for power extraction are the device capture 

width, its capture width ratio or its overall “wave-to-wire” efficiency.  

The first parameter relates the absorbed power to the total power contained in a certain 

length along the wave crest. For point absorbers this measure intuitively expresses its 

efficiency by comparing the capture width to the width of the device which feels the waves.    

The ratio between the capture width and a representative length of the device, called “active 

length” is the second parameter, which can be understood as the percentage of power 

contained in a wave front travelling through the WEC. Dividing the capture width by the length 

of the device allows a reasonable comparison between attenuators, terminators and point 

absorbers.  

These parameters usually refer to the efficiency in transferring the energy in the waves to 

mechanical energy on the device (or part of it). The term “wave-to-wire” is applied to the 

efficiencies measured relating the power from the waves to electrical power, which accounts 

for the losses in transforming that mechanical energy into electricity by means of the Power 

take-off. 

The ultimate parameter useful to estimate the performance of a device is its power matrix, or 

the set of values which give the power output of the device for each real sea condition. 

1.4.5  Certification 

A complete certification standard specific for wave energy converters does not yet exist. 

However, several institutions, such as DNV [15], are qualified to certify certain components 

and aspects from a WEC technology. The developers that are supervised by a third party can 

expect a higher confidence from investors, insurance companies and institutions; this is why it 

is worth mentioning if it is the case. 
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1.4.6  Wave farm planning 

It is also mentioned whether the developer of a device has publicly informed about its plan to 

implement their technology at a commercial scale in wave farms. The strategy can come from 

the layout of the units in the sea or by being coupled with other offshore energy sources. 

1.4.7  Costs  

This is a difficult variable to survey as it might be the most sensitive information that a 

company is willing to give, added to the huge uncertainties around the expected costs that are 

embedded in the development stage of each technology. If it is found reasonable, monetary 

costs of the device are given from external studies.  

As in all investment, the cost of wave energy converters can be broken down into Capital costs 

(Capex) and Operation and Maintenance costs (Opex). The first term refers to the initial 

investment needed for building and installing the device, foundations and grid connection, 

while the second term refers to running and maintenance costs during the lifetime of the 

installation. 

The treatment of these costs, together with other costs (financial, land rent, insurances…) and 

the expected return of the investment by the electricity generated is reflected in the Cost of 

Energy (CoE) i.e. €/MWh which is useful to compare with other renewable energy sectors. As 

an example, the tool offered by Energinet.dk [16] allows a rough estimate of the cost of energy 

of WECs by introducing most of the CAPEX & OPEX together with the estimated power 

performance of the device. 

2 Surveyed WECs datasheets  
The specific information from each surveyed wave energy converter can be found in Annex I 

and is presented by an individual data sheet of each device, containing their specific 

characteristics, described using the criteria exposed in this section. The devices analyzed are 

the following: 

- Atargis [17] 

- Carnegie Ceto [18] 

- Langlee [19] 

- Oceanlinx [20] 

- Oyster [21] 

- Pelamis [22] 

- Poseidon [23] 

- WaveDragon [24] 

- Wavestar [25] 

- Weptos [26] 
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3 Conclusions on WEC survey 

 Technical 3.1 

- There is high variability in the proposed designs, without a clear leader in the sector. 

Experience has not filtered which solutions fit best in terms of costs, efficiency and 

survivability. 

- It is a high density energy source resulting in low speed water flows inducing large 

forces on the devices. The power conversion units have to overcome this issue for 

efficient electricity generation in a range of wave heights and periods. 

- The metrics applied for power performance are not clear due to the differences in the 

concepts and lack of transparency.  

 Environmental 3.2 

- The devices are deployed offshore in a marine environment, which is harsh and 

becomes a challenge to ensure the devices’ survival, especially during extreme storm 

events.  

- Its location in open waters needs the recognition of the disturbances on the natural 

environment and on other human activities, besides the required connection to the 

main electrical grid. 

 Economical 3.3 

- The development of the sector is in its early stages despite not being novel. The 

companies are small with difficulties for funding and have no generation of revenue 

from exploitation.  

- It is a capital intensive sector, needing large investments without short term profit 

possibilities yet. This makes it a high risk investment, done mostly by public 

institutions, where heavy industries or financiers are not fully involved and is not 

attractive for venture capital or small local investors.  

- Since most of the funding is provided by governments or the EU, policies could be 

applied to force transparency, collaboration and experience sharing between 

initiatives which receive public funding.   
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Part B Numerical modeling of WEC power extraction 

This section presents the numerical analysis performed on a selection of the WEC technologies 

surveyed in section A. The objective of this analysis is to predict an upper boundary for the 

extractable power of each device from the waves. In this sense, the study limits its approach to 

the hydrodynamic efficiency that could be theoretically achieved, this is, the amount of 

mechanical power from the waves that is possible to be transferred into the device’s Power 

Take-Off system. The devices modeled are four: the Pelamis, Oyster, Wavestar and Langlee. 

This section covers the theoretical background that explains the mathematical model, the 

methodology followed to create each model, and the cases analyzed and discussed for its 

validation. 

1 Theoretical basis 

 Equation of motion 1.1 

The working principle of a WEC is in essence due to the relative motion of the device, or part 

of it, as its reaction to the incoming wave forces. This motion can be described as a 

combination of the six degrees of freedom (Fig. B-1) of a free rigid body (3 translations & 3 

rotations) and/or by internal kinematic modes of motion the device is able to perform.  

 

Fig. B-1: Modes of motion  

The governing equation for the body motion is the equation of motion in terms of Newton’s 

2nd law (Eq. B-1) where the motion of the body is the system of differential equations relating 

the body’s state variable (displacement, velocity & acceleration) for each mode and the 

external excitation from the waves. 

  ̈    ̇                 

Eq. B-1: Balance of forces 
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This study works with the hypothesis that the exciting forces are periodical, this is, the 

incoming waves are sinusoidal regular waves defined by an amplitude, frequency and phase. 

This simplification which is far from real sea conditions is very advantageous for the 

mathematical treatment of the problem, since there is a solution for the body motions for 

each independent water wave. Precisely, this simplification drives the governing equation to 

be solved in the frequency domain, becoming a system of equations where every member of 

the equation (Eq. B-2) is frequency dependent. 

  ̈  (   ) ̈ 

  ̇     ̇ 

       

Eq. B-2: Forces from motion 

The term M is the Mass matrix (Fig. B-2) of the device, accounting for the general 6 degrees of 

freedom problem. 

 

Fig. B-2: Mass matrix 

where m is the mass of the body and     are the moments of inertia around each axis and 

         are the coordinates of the center of gravity of the body. 

B corresponds to the damping term, as a force proportional to the body’s velocity; its 

formulation is discussed later and counts for wave-body interactions and power extracting 

damper. 

C is the restoring component, those forces proportional to the displacements and account for 

hydrostatic forces –which are explained ahead- , internal “spring” reaction induced from 

device or mooring reaction forces.  

 Hydromechanics 1.2 

The ocean waves are modeled according to linearized potential flow theory, thus the problem 

becomes finding the potential field provided its boundary conditions. These boundaries are 

the condition which models the seabed, the condition of free water surface and the conditions 

that define the interaction between the body and the water.  

The solution of the hydrodynamic problem corresponds to the superposition of each potential 

field, solution of the problems of freely incoming waves, body moving in still waters and the 

effect of waves by presence of the still body. This is formulated by Newman [2] and is referred 

to as the radiation and diffraction problems.  
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The forces actuating on the modeled body correspond to solving Bernoulli’s equation (Eq. B-3) 

where the potential is solution of the free wave, radiation and diffraction problems: 

 

    (
  

  
   )       {(∑      (     )

 

   

)       }      

Eq. B-3: Bernoulli equation 

Where X: amplitude of the body motion, A:amplitude of the incident wave,   : radiation 

potential,   : incident wave potential,   : scattering potential and the last term corresponds 

to the hydrostatic pressure. 

This hydrostatic pressure is integrated through the device wetted surface becoming as (Eq. 

B-4) becoming the hydrostatic restoring forces affecting the body. 

            ∬     

  

 

            ∬(     )    

  

 

Eq. B-4: Hydrostatic forces 

These forces and moments calculated with respect to each coordinate result it the restoring 

force coefficient applied on their respective mode of motion. In (Eq. B-5) the terms affecting 

the 6 degrees of freedom are expressed for a general geometry. 

          

                     

      (        ) 

      (        ) 

                     

Eq. B-5:Hydrostatic coefficients 

In (Eq. B-5)   is the submerged volume of the body,          are the coordinate centers of 

buoyancy and   ,         are the waterplane moments [2]. 

The hydrodynamic forces, which correspond to the two first terms in (Eq. B-3), are the forces 

due to the radiation and diffraction of waves, which take the form (Eq. B-6) in frequency 

domain. 
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Eq. B-6: Hydrodynamic forces 

Where the coefficient     becomes a complex force solution of (Eq. B-7)  

      ∬
   
  

  
  

   

Eq. B-7: Hydrodynamic forces as boundary condition on body 

Thus it can be expressed as (Eq. B-8) in its real and imaginary parts. 

     
           

Eq. B-8: Added mass and damping componets 

Which lead to the final expression of the radiated wave forces in (Eq. B-9) for a single wave 

frequency. 

    ∑(    ̈     ̇)

 

   

 

Eq. B-9: Forces from radiation 

This shows its dependency with the motion (velocity and acceleration) of the device, where 

the terms     are the elements in matrix A, named added mass, as it contributes to the inertial 

forces in each mode;     are the elements in matrix B, named damping matrix which 

contributes to the kinematic forces.  

The force from the incoming waves on the device is solution of (Eq. B-10), which by using the 

Haskind relations [2], its solution does not involve the diffraction potential, being unnecessary 

to solve it.  

    ∬  
   
  

   
   
  

  

   

Eq. B-10: Haskind forces 

The resulting equation of motion is (Eq. B-11): 

   [   ]   ̈      ̇       

Eq. B-11: Equation of motion 

 Power extraction 1.3 

The remaining terms of the equation of motion concern the Power take off system, which in 

general has been modeled as (Eq. B-12): 
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               ̇         

Eq. B-12: PTO forces 

Being      a linear damper, responsible for the energy extraction and      a restoring force 

which enables to tune mode j of the device to resonate with each incoming wave. 

The focus of this model is to compute the extracted power by the device. By knowing the 

expected motions of each mode, the averaged extracted power from a wave cycle takes the 

form (Eq. B-13): 

 ( )  
 

 
           

  

Eq. B-13: Extracted power 

In (Eq. B-13)       is the linear damping that the PTO system applies to the corresponding 

mode of motion   . 

For discussion and comparison on the WEC’s performance in extracting power from the waves, 

it makes it obvious to estimate the amount of power that the incoming waves carry. The 

average power per meter of wave crest in a monochromatic 2-dimensional wave front is 

expressed as (Eq. B-14): 

 ( )  
 

 
      ( ) 

Eq. B-14: Power in wave front 

Where A is the amplitude of the wave,   is its angular frequency,   is the seawater density and 

   is the group velocity of the wave front, defined by (Eq. B-15) 

  ( )    ( )
(    ( )   )

    (  ( )   )
 

  ( )   
 

 ( )
 

        (  )     

Eq. B-15: wave group velocity 

2 Methodology 

 Modeling workflow 2.1 

Once described the mathematical background that defines the addressed physical problem, 

the methodology followed to make the analysis is explained. 

These steps have been followed in order to define the characteristics of each device, obtain 

the needed parameters and compute the power output for several cases: 

1. Literature research on the device geometry, mass, degrees of motion, PTO modes, 

designed depth. 
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2. Generation of the geometry of the device under mean water level in RHINO3D. Also, 

as preprocessing, the surface is meshed and its collected. 

3. Creation of input data defining the device parameters and other variables needed for 

running WAMIT 

4. Analysis of the hydrostatic and hydrodynamic coefficients and the wave loads for the 

designated wave frequencies over each device on WAMIT. 

5. Post-processing the output data into MATLAB for further computations. 

6. Performance optimization of the PTO parameters for maximum Power extraction using 

MATLAB code. 

The information needed from each device is obtained from the work done in the first chapter, 

where most of the relevant parameters are explained in each data sheet in Annex I. The 

geometry generated with CAD software Rhino 3D [27] and the other variables modeling each 

device are explained in their own subsection. 

The following subpart is an overview of all the relevant features around the state of the art 

hydrodynamics software WAMIT, used to compute the hydrodynamic and hydrostatic data 

exposed recently in the theoretical basis. 

 Modeling in WAMIT 2.2 

WAMIT is a radiation/diffraction panel program developed for the linear analysis of the 

interaction of surface waves with various types of floating and submerged structures [28].  

This software is widely used by the industry for modeling of wave energy converters, and it can 

be considered a useful tool, reaching a fair balance between the inherent complexity of the 

problem and the required computational cost [29] 

The numerical method used by Wamit is the Boundary integral equation method (BIEM). In 

essence, it solves the boundary value problems (Eq. B-7) and (Eq. B-10) defined above by using 

Green’s theorem to derive integral equations for the radiation and diffraction velocity 

potentials on the body boundary. This body boundary corresponds to the panelized wetted 

surface of the body in a mesh of quadrilateral and triangular planes (low-order description) or 

as B-spline patches (high-order description). 

WAMIT consists of two subprograms, POTEN and FORCE, which normally are run sequentially. 

POTEN solves for the radiation and diffraction velocity potentials on the body surface for the 

specified modes, frequencies and wave headings. FORCE computes global quantities including 

the hydrodynamic coefficients, motions, and first- and second-order forces. Velocities and 

pressures on the body surface are evaluated by FORCE. Additional field data may also be 

evaluated by FORCE, including velocities and pressures at specified positions in the fluid 

domain and wave elevations on the free surface. 

Input files for running POTEN are: 

.GDF: The geometrical file, where the coordinates of the vertex of each panel are listed of the 

whole body, half or quarter section taking advantage of the symmetry with respect to X or Y. 

This data is obtained from exporting the designed geometry of each device in Rhino3D. 
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.POT: The control file, where the water depth, nº of wave frequencies and incident wave 

angles are given, also the degrees of freedom chosen to analyze. The range of frequencies 

decided to perform are between the reasonable expected waves in a spectrum and the waves 

come from one only direction which is assumed optimal. 

CONFIG.WAM: The options file, to configure a range of issues from computational choices to 

units from input and output data. 

Input files for running FORCE are: 

.FRC: In the force control file the user can choose what output data it needs, from 

hydrodynamic parameters, forces and motions of the body to water surface elevation at the 

wake. 

The output data in those files is exported to MATLAB, where the analysis continues as 

explained ahead 

 Optimization in MATLAB 2.3 

This process may be sketched in several steps as: 

1) Import of data into Matlab structures and verification of Wamit output by plotting 

hydrodynamic variables and geometry 

2) Implementation of the equation of motion in the frequency domain and definition of 

all the necessary variables and constraints 

3) Optimization of PTO parameters for maximum power extraction 

4) Validation of results through checking the optimization algorithm, plotting the results 

and discussion of obtained values, and re-computation using WAMIT and the 

optimized parameters. 

From all the code generated in Matlab for this purpose, it is worth mentioning the approach 

followed in the optimization process. After trials on optimizing the maximum power by a 

simple iterative process, which resulted in being slow and mostly non-converging, an already 

implemented Matlab tool has been used, called patternsearch(). 

This function treats minimization problems of non-linear multivariable functions with 

constraints [30]. Therefore, this tool enables to solve the optimization problem for any of the 

devices analyzed since it can handle systems of equations where coupling between variables 

exists. Also, it allows the formal definition of feasible regions by defining boundaries to the 

design variables and combinations of them. These constraints consist of limitations on the 

amplitude of motion or a restriction to the accepted values for the design variables, to 

constrain the model to realistic values. 

To reiterate: the objective function to optimize is the output power extracted by the PTO, 

where the dependent variables are the damping coefficient and/or the spring coefficient of the 

active modes of motion of the device’s PTO. 
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3 Linear attenuator model – Pelamis  

  Model description 3.1 

The Pelamis WEC is an elongated floating body of 150m long, deployed perpendicular to the 

wave front and extracting power through the relative motion of its hinged bodies. It consists of 

4 bodies, thus connected by 3 hinges that allow both horizontal and vertical rotation.  

3.1.1  Geometry 

Its geometry is modeled as a horizontal cylinder 150m long with a diameter of 3.5m. The final 

5m of its ends are conical with a final diameter of 2m. 

The designed wetted surface is the bottom half submerged cylinder, and by taking advantage 

of the body’s symmetry in the X and Y plane, only a quarter of the surface is paneled, in this 

case, with a mesh of 1000 panels. 

 

Fig. B-3: Pelamis geometry 
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3.1.2  Mass and inertia 

The total mass of the device is 750Tn, can be found in the developer’s data sheet from [22]. 

The moment of inertia for its roll, pitch and yaw has been calculated assuming the body is a 

150m long solid cylinder. From [31] the inertia of this body can be expressed as (Eq. B-16): 

    
 

 
    

    
 

  
 (       ) 

    
 

  
 (       ) 

Eq. B-16: Inertia of pelamis 

 

3.1.3  Internal motions of body 

The internal displacements of the Pelamis have been modeled by 3 hinges separated a third of 

the body’s length. The motions allowed from the hinges are the vertical displacement of each 

cylinder by rotating at each hinge.  

The real device allows also moving in sway, but in fact it performs following the same working 

principle. The reason the device is designed that way is that this motion allows an easier tuning 

to the waves, by its smaller hydrostatic component, as explained in [1].  

In this model just the vertical hinge motions are modeled because it is assumed that any 

coefficient for the restoring and damping force can be implemented in the PTO system for 

optimum performance, which is discussed later. In addition, the incoming waves are 

unidirectional and from ahead so that the roll and sway motions are expected to be negliglible. 

The internal motions, or motions induced at the hinges, are defined by 3 generalized 

displacement modes, which combined with the 6 degrees of freedom of a floating structure, 

can model any configuration of displaced shape. These modes (Fig. B-4) correspond to two 

symmetric modes with respect to heave (vertical axis) and one anti-symmetric mode (or 

symmetric to pitch): 

 

Fig. B-4: Shape of internal "hinge" modes 

These new modes of motion are added to the Equation of Motion (Eq. B-11) where the system 

of equations becomes 9x9. 

The inertia terms in the extended Mass matrix are computed by following the equation (Eq. 

B-17) from [32]: 
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Eq. B-17: Inertia of Pelamis hinge modes 

Where    is the function describing the deformed shape of the body along its length for each 

mode i. These functions are linear piecewise functions that define the shapes from Fig. B-4. 

Integrating these functions for each new mode together with the heave and pitch modes 

modeled as a constant and linear function, respectively, give the remaining inertia coefficients 

in the 9x9 mass matrix. Note that coupled terms appear between the symmetric modes and 

heave and the anti-symmetric mode and pitch. The values of the elements in this matrix are 

shown in Annex III. 

3.1.4  Hydrostatic and hydrodynamic properties 

As explained in section 2.2  this is performed using WAMIT. In this case, the internal 

displacement modes have to be modeled in order to compute the added mass, damping and 

Haskind Exciting Forces from these modes. WAMIT is suited for this purpose by defining new 

modes of motion in a single body, called generalized modes. 

Apart from inserting the added mechanical properties in the .FRC file, an extra input file 

named define.f and coded in FORTRAN is needed. By properly defining the linear piecewise 

functions that describe the deformed shape from each mode, WAMIT computes the velocity 

field induced by these modes at every panel of the body’s geometry, which corresponds to the 

boundary condition on the body in each new mode of the potential flow problem solved by 

Wamit. 

3.1.5  Power extraction 

The general equation expressing the extracted mechanical power from the waves is expressed 

as (Eq. B-13) for the modeled case of the Pelamis is (Eq. B-18). 
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Eq. B-18: Power from Pelamis 

With           the amplitudes of each of the generalized modes of motion and 

                  the damping coefficients from the PTO for each mode. 

 Model assumptions 3.2 

3.2.1  Wave field 

Monochromatic water waves using linear theory, of a single direction where the wave 

crest is perpendicular to the device length (the device is assumed to align itself with 

the most predominant wave direction at all time). Water depth is 50m. 
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3.2.2  PTO tunability 

The linear spring and damper are assumed to be able to adjust to their optimal value, 

limited to a region of positive values with an upper boundary of one order of 

magnitude to a reference value. For the damper this reference is    , the 

hydrodynamic damping of the device in each internal mode. For the spring the 

reference is   (       )     ), the value of the inertia term in the equation of 

motion for each mode. Limiting to positive values is due to the fact that negative 

spring and damper values would imply control strategies that are complex and require 

the use of energy into the device, and also by being a feature not explicitly described 

by the developer of this device. The upper limit comes from a realistic working range 

with orders of magnitude around the characteristics of the device. Also note that the 

reference values considered (hydrodynamic damping and inertia term) correspond to 

the theoretical optimal values for maximizing power extraction for an ideal linear PTO 

acting on a single degree of freedom WEC [3]. 

3.2.3  Motion limitation 

The body has no motion limitation for the six degrees of freedom of a rigid body since 

it is a floating device with a slack mooring. The hinge displacement is limited to a fixed 

value which tries to reflect the limitation on the piston displacement and the 

mechanical integrity of the device. 

 Cases analyzed and results 3.3 

Several test cases have been run for the Pelamis. The parameters chosen and the assumptions 

considered for each case are aimed to understand the behavior of the device, locate the 

critical values that influence in the device performance, which will help to try to validate the 

model presented. The cases proposed are the following: 

1. Validation of the code implemented in Matlab comparing the body motions from 

Wamit. 

2. Power extraction optimization for each internal mode of motion from coupled system 

accounting for the rigid body motions and one hinge motion only. 

3. Power extraction optimization for all internal modes coupled where the total power is 

the sum of each mode contribution. 

4. Comparison between several hinge motion limitation values. 

5. Comparison between power extraction by tuning the device in a wave by wave basis or 

for each sea state condition. 

3.3.1  Validation of the code  

The validation of the code which performs the equation of motion of the device modeled is 

done by comparing the response motions of the device with the RAO (Response Amplitude 

Operators) that can be obtained from Wamit. This verification is performed assuming no 

interaction with the power take-off system, thus it would represent the natural response of 

the device for incoming regular waves from a range of wave periods. Since the equation of 

motion is in the frequency domain, the response of each degree of freedom is defined by its 

amplitude (Fig. B-5) and phase (Fig. B-6) at each frequency of study.  
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Fig. B-5: Amplitude for Pelamis validation 

For this model the motions compared are the generalized hinge modes, these are the 

symmetric motion of the first and third hinge (mode 1), the anti-symmetric motion of the first 

and third hinge (mode 2), and the symmetric motion of just the central hinge (mode 3). 

 

Fig. B-6: Phase for Pelamis validation 

The estimated motions computed by Wamit and the motions from the code generated are the 

same throughout the frequency domain, giving credibility to the implementated equation of 

motion for the Pelamis-type model. 

3.3.2  Power extraction optimization for each hinged mode of motion  

This case is performed as a previous step before the full optimization of the system which 

involves the degrees of freedom from a rigid body and the internal hinge modes. The analysis 

assumes that the device acts as a rigid body which allows only one of the generalized modes of 

motion. This procedure is followed for each of the generalized modes independently, where 

the system solved couples the rigid degrees of freedom and a hinged mode. 

This simplification may be understood as a first approximation of the possible behavior of the 

Pelamis or also to simpler attenuator-type devices such as the Crestwing or the Dexa. 
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Each generalized mode is only influenced by the forces that enable its own motion and the 

existing coupling from the body rigid motions. This coupling comes from non-diagonal terms 

shared with the rest of the motions in the mass matrix and in the hydrodynamic matrixes of 

added mass and damping. From the mass matrix, mention that there are coupled terms 

between heave and the symmetric modes and between pitch and the anti-symmetric terms. 

The same happens for the added mass, damping and hydrostatic restoring force matrix terms, 

where there is also hydrodynamic coupling between surge and the anti-symmetric mode. 

 

 

Fig. B-7: PTO parameters of uncoupled Pelamis 

In (Fig. B-7) the optimal values for the linear damper and spring are given for each hinged 

mode separately. The values of the PTO damper are plotted against the hydrodynamic 

damping occurring on that mode and the added spring coefficient against the inertia term in 

that mode. It can be stated that the optimal values needed have the same order of magnitude 

than the guessed approximation and that for the restoring force needed, it follows the trend of 

the predicted optimal as if it were a point absorber of 1 degree of freedom. Then, each mode 

is set to tune in resonance for similar values than if it only had that mode in motion.  
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Fig. B-8: Motions of uncoupled Pelamis 

The anti-symmetric hinged mode is observed to be highly coupled with the pitching mode as it 

is observed in Fig. B-8, which for a range of frequencies is not capable of reaching wider 

motion amplitudes and the PTO parameters oscillate around the 1 degree of freedom 

idealization. From the induced motions in each mode it can be observed the similar behavior 

of the two symmetric modes if independently treated.  The phasing of each motion is relative 

to the phase of the incoming waves at the coordinate center, which is located on the central 

hinge. This explains why the third mode keeps its phase constant relative to the waves, while 

the rest oscillate.  

 

Fig. B-9: Power from uncoupled Pelamis 

 The power performance is calculated as the capture width ratio of the 150m long device 

(power extracted/power in 150m wave crest). For the symmetric modes it is observed in (Fig. 
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B-9) how it reaches a maximum as its motion reaches its constrained limit, for longer waves, it 

is not allowed to have wider oscillations and thus it performs below its theoretical capability. 

In the case of the 2nd mode, it is observed that it is not able to oscillate with high amplitudes, 

which leads to low energy extraction. 

3.3.3  Power extraction optimization for all hinged modes coupled  

This case accounts for the full coupled system of possible motions in a vertical plane of a 

hinged body similar to the one proposed by Pelamis. It is assumed that the power take-off 

system is able to control the motions of each generalized mode independently.  

This is modeled by allowing the device to adjust a damping coefficient and a restoring force 

coefficient for each hinged mode. This assumption considers then that each hinge is not 

controlled independently. Instead, each generalized mode of motion is controlled, which can 

account for the forces applied to several hinges. Moreover, the hinges which are involved in 

several modes of motion account for the needed equipment to respond according to each of 

the modes. 

 

Fig. B-10: PTO parameters for Pelamis 

The PTO parameters are also contrasted with the initial guess equivalent to the 1 degree of 

freedom system. In Fig. B-10 it is seen how the values demanded for optimal performance are 

in the orders of magnitude of that initial guess and follow reasonable the same trend for the 

spring constant. Focusing on the second mode, it can be seen how it is tuned exactly as it was 

in the previous case, pointing out the hypothesis that the internal symmetric modes were not 

coupled with the anti-symmetric mode. The other two modes follow similar trends despite not 

behaving along a smooth curve.   
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Fig. B-11: Amplitude of Pelamis modes 

Visualizing the motions in Fig. B-11 it is understood that the maximization is achieved by trying 

to make the amplitude of each motion as high as possible, reaching the motion constraint 

applied to the model. At certain wave frequencies the coupling between the symmetric modes 

is such that in order to maximize the power extraction, one of the modes is held still, allowing 

the other to perform optimally. Since the anti-symmetric mode is uncoupled with the other 

generalized modes, the small amplitude seen at wave period 10s is assumed to be induced by 

the pitch motion. 

 

Fig. B-12: Phase of Pelamis modes 

The relative phase between modes (Fig. B-12) changes with respect to the wave frequency. For 

high frequencies a clear pattern is not observed, being the symmetric modes in-phase or not 

for each frequency. For wave periods around 5-9s the three modes are phased 90º between 

symmetric and anti-symmetric. For long period waves the two symmetric modes are in-phase 

and phased 90º with the anti-symmetric mode. Since the symmetric modes oscillate at the 

same time and have coupled hydrodynamic parameters, it makes sense that each motion 
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disturbs the other for maximizing power extraction and thus it could be best to leave a 

generalized mode still. 

 

Fig. B-13: Capture width ratio of Pelamis 

In order to understand the relative influence in the power extraction from each of the hinged 

modes, figure (Fig. B-13) plots the capture width ratio from the contribution of each mode and 

the overall output for a range of working frequencies. It can be observed how the majority of 

the power is extracted from the 2nd and 3rd mode which account for the anti-symmetric mode 

and the symmetric mode which makes the central hinge heave. This could lead to the design 

decision of controlling the power take-off for these two generalized modes, eliminating the 

duplicity of components in the 1st and 3rd hinges. 

3.3.4  Comparison between several hinge motion limitation values  

This case analyzes the influence of the imposed limitation of the hinges’ motion on the power 

extraction. The device is floating and slack-moored, thus the rigid body 6 degrees of freedom 

have no limitation on their motion. The rotation of the hinges that join each cylinder of the 

Pelamis is limited by the spacing between each section. This rotation induces a lateral 

displacement on the edges of each cylinder which has to be less than the horizontal spacing 

between the cylinders. Also a limit on the hinge motion is needed to ensure that the 

hypothesis of linearity of the potential flow problem solved can be considered valid, which is 

for small motions of bodies relative to the wave field. 

For this case the constraint is applied to the amplitude of the motion of each generalized 

mode. From the defined deformed shape of the generalized modes, the unit amplitude stands 

for a difference in the vertical position of 1m between the two ends of the cylinder in motion 

in each mode. This can be understood as the heave of the corresponding hinges relative to the 

undeformed shape. 
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Fig. B-14: Pelamis performance at limiting motions 

The power extracted increases as the amplitude on the motion of the hinges is allowed to be 

bigger (Fig. B-14). This is comprehensible since the power in quadratic with the amplitude of 

the motion in which the power take-off is active (Eq. B-18). In this sense, extracted power from 

long period waves can be increased by a more flexible structure as the device will oscillate 

following the waves elevation surface. A choice for the motion amplitude constraint that can 

make physical sense could be made relative to the incident waves. A straightforward 

parameter can be the wave amplitude, limiting the motion proportionally to it. Since the 

device is elongated along the wave perturbation, the limitation proposed can be proportional 

to the steepness of the wave, ratio of its height and wavelength. 

3.3.5  Comparison between wave-by-wave and sea state PTO control 

This case analyzes the performance of the device in two different control strategies, the wave 

by wave control and by sea states. On a wave by wave control,  the power extraction 

optimization is performed with the assumption that the device can adjust its power take off 

parameters for each incoming wave on a real time basis, this means that the device reacts 

optimally to every single excitation from an irregular sea. For the control based on a sea state 

basis, the optimization is performed assuming that the device can adjust its parameters for a 

particular sea state (defined by a significant wave height and peak period, as explained in Part 

C2.2.2 This assumes that the control strategy identifies the average sea state occurring for a 

period of time and adjusts the PTO for an optimal performance to a single wave described by 

its amplitude and frequency. 

A wave by wave performance is considered as an upper boundary for the efficiency achievable 

from the control strategy, while the sea state assumption leads to a more feasible approach 

although less efficient by performing in sub-optimal conditions in a range of waves. 
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Fig. B-15: Pelamis performance by control strategy 

By comparing the proportion of power from the waves obtained ideally “wave by wave” with 

the performance optimizing for a single wave it can be observed how the device performs 

poorly against waves with other frequencies (Fig. B-15). The drop on the efficiency is steep, 

with almost no power extraction for waves with periods 1 second away from the optimal 

wave. The secondary peaks observed for long waves may not be feasible since they violate the 

motion amplitude constraint, which is applied in the optimization to the lower sea state peak 

period. 

From this result it can be implied that the modeled device would not perform well if controlled 

by a sea state basis in not fully developed seas, where the band of wave frequencies in a sea 

state is wider. Moreover, the refinement in the control strategy for tuning the device precisely 

against the incoming waves could translate into an important increase on the power 

performance, thus a wave by wave control could be a breakthrough for this device. 

4 Pitching bottom hinged model – Oyster 

 Model description 4.1 

The Oyster is a near shore WEC fixed on the seabed from where a plate pitches due to the 

surge motion of the waves. The power is extracted by absorbing part of the resulting moment 

at the bottom hinge. The pitching plate of this device is 26m wide along the wave crest and a 

span from the bottom to water level, which has been chosen to be 12m. 

4.1.1   Geometry 

The geometry is modeled as a vertical plate 26m wide and 12m long and 2m thick. The whole 

geometry is submerged and all of its edges are rounded being half cylinders with the same 

diameter as the plate thickness. Taking advantage of the body’s symmetry in the Y plane, only 

half of the surface is paneled, in this case with a mesh of 800 panels. 

Fig. B-16: Oyster geometry 
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4.1.2  Mass and inertia 

The total mass and inertia of the body has been computed following [33]  where it is assumed 

as a solid hexahedron with a relative density to water of 0.25 and analytical expression (Eq. 

B-19) for its inertia. 

  
 

 
 (        

          

 
) 

Eq. B-19: Inertia of Oyster 

4.1.3  Hydrostatic and hydrodynamic properties 

The modeled device has only one degree of freedom which is the rotation of the plate from a 

hinge at the seabed, thus, the equation of motion has one single dimension and the extracted 

data from WAMIT is the added mass, damping and force due to this motion.  

The hydrostatic restoring force is computed by (Eq. B-20) found also in [33]. 

  
 

 
  (   )   

Eq. B-20: Hydrostatic restoring constant of Oyster 

Where    is the mass of the displaced water volume,   is the relative density of the body and 

  the length of the flap. 

Another feature has been added to the general equation of motion for this case, 

corresponding to the loads produced by vortex shedding at the wake of the plate. This force 

(Eq. B-21) is proportional to the drag coefficient but nonlinear with respect to the velocity. 

       
 | |  

Eq. B-21: Drag force 

 

This nonlinearity can be approached using the Lorenz linearization, as explained in [34] 

allowing to treat this force as a linear damping coefficient (Eq. B-22) to the already existing 

hydrodynamic and PTO damping. 

   
 

  
    | | 

Eq. B-22: Linearized drag coefficient 

Leaving the equation of motion for the Oyster as (Eq. B-23). 

  [  (   )    (         )  (      )]         

Eq. B-23: Equation of motion for Oyster flap 
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 Model assumptions 4.2 

4.2.1  Wave field 

Monochromatic water waves using linear theory, of a single direction where the wave crest is 

parallel to the device length (device is assumed to be fixed to most predominant wave 

direction, which is not very variable due to near-shore location). Water depth is 13m. 

4.2.2  PTO tunability 

The linear spring and damper are assumed to be able to adjust to their optimal value, limited 

to a region of positive values with an upper boundary of one order of magnitude to a reference 

value. For the damper this reference is     the hydrodynamic damping of the flap for pitch. For 

the spring the reference is   (       )     ), the value of the inertia term in the equation 

of motion for pitch. Limiting to positive values is due to the fact that negative spring and 

damper values imply control strategies that are complex and require the use of energy into the 

device, and also by being a feature not explicitly described by the developer of this device. The 

upper limit is due to limit the values to a realistic working range with orders of magnitude 

around the characteristics of the device. Also mention that the reference values considered 

(hydrodynamic damping and inertia term) correspond to the theoretical optimal values for 

maximizing power extraction on an ideal linear PTO acting on a single degree of freedom WEC 

[3]. 

4.2.3  Motion limitation 

The body fixed at the seabed, assuming there is only one degree of motion which is the pitch 

around the hinge at its bottom. The hinge displacement is limited to a fixed value which tries 

to reflect the limitation on the piston displacement. 

 Cases analyzed and results 4.3 

Several test cases have been run for the Pelamis. The parameters chosen and the assumptions 

considered for each case are aimed to understand the behavior of the device, locate the 

critical values that influence in the device performance, which will help to try to validate the 

model presented. The cases proposed are the following: 

1. Validation of the code implemented in Matlab comparing the body motions from 

Wamit. 

2. Comparison between power optimization by tuning the device in a wave by wave basis 

or for each sea state condition. 

3. Optimization by tuning only the damper, with a fixed value of an external spring. 

4. Influence of the pitching amplitude limitation. 

5. Influence of the drag force modeled 

6. Power optimization of an array of devices. 

4.3.1  Validation of the code  

The validation of the code which performs the equation of motion of the device modeled is 

done by comparing the response motion of the flap with the RAO (Response Amplitude 

Operators) that can be obtained from Wamit. This verification is performed assuming no 
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interaction with the power take-off system, thus it would represent the natural pitch of the 

flap for incoming regular waves from a range of wave periods. Since the equation of motion is 

in the frequency domain, the response is defined by its amplitude and phase at each frequency 

of study.  

 

Fig. B-17: Motions for Oyster model validation 

The amplitude and phase estimated by both procedures (Fig. B-17) is the same, leading to the 

validation of the implemented equation of motion for the Oyster model. 

4.3.2  Power optimization tuning the device PTO 

The optimization consists in tuning the linear damper and spring acting on the bottom hinge 

that allows the flap to pitch. This model corresponds to the case of one degree of freedom 

which has an analytic solution for maximizing its power extraction [3]. In Fig. B-18 this is 

observed as the numerical result is exactly the same as the first guess, which corresponds to 

that analytical optimum. It is worth mentioning the change observed in the curve for the 

optimal damping coefficient. For long waves, it increases instead of following the value of the 

hydrodynamic damping. This is caused by the amplitude constraint applied, which limits the 

motion of the flap to a certain amplitude. The damper is forced to apply more force so that the 

optimized setup results in a motion which is in the feasibility region of the optimization 

problem. 

 

Fig. B-18: Oyster PTO parameters 

The control applied to the power take-off yields a power performance, represented by the 

capture width ratio of the 26m wide device for a set of wave periods (power extracted/power 
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in 26m wave crest). In (Fig. B-19) it is observed how the hypothetical optimum control strategy 

in real time does not represent a significant increase in efficiency. This means this device is 

able of extracting large amounts of energy  in waves for which it is not tuned for, being the 

control strategy of tuning it for each sea state enough for high performace. 

 

Fig. B-19: Performance of Oyster by control strategy 

4.3.3  Power optimization with constant restoring force 

In order to tune the device to resonance, this could be achieved not only by adding a spring-

type component to the PTO, but for example, by adding a moving mass inside the flap which 

changes its center of gravity and thus the resultant hydrostatic restoring force. 

This case analyzes the device being set with a fixed restoring force that tunes the flap to 

resonate to a single frequency, which could be the one of the most occurring wave. Then, the 

optimization is only performed on the damper, which is indeed allowed to modify its value. 

 

Then, the damper alone adjusts its value for maximum power extraction. Compared to the 

ideal case(Fig. B-20), the damping applied is slightly higher for wave periods smaller than the 

wave for which the constant spring is set, and slightly lower for longer period waves.  

Fig. B-20: Oyster PTO with fixed spring 
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Fig. B-21: Motions of tuned Oyster 

As the fix restoring force is away from its optimal for many waves, the device is not tuned to 

resonate and is not able to reach the maximum amplitude to extract as much energy as if 

perfectly tuned (Fig. B-21). 

 

Fig. B-22: Oyster performance with fixed of variable spring constant 

By comparing the capture width ratio of the pitching flap for the case where the damper and 

spring are tunable and the case where the spring is fixed to a chosen value, as observed in Fig. 

B-22, the device continues to perform very well, with an efficiency higher than 0.5 for the 

whole spectrum of waves, not so far from the ideal PTO control. Moreover, the power 

extracted does not decay noticeably for waves with higher frequency than the wave for which 

the spring constant is set. For longer period waves, the efficiency drops significantly with 

respect to a variable restoring force configuration.  

From this observation, if this type of device does not include in its PTO a variable restoring 

force (from a spring or moving mass), it is suggested to be designed to have a natural 

frequency for the most predominant wave period or higher, rather than lower periods. 
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4.3.4  Influence of the pitching amplitude limitation 

This model only accounts for a single degree of freedom, which is the pitch of a bottom hinged 

flap. The physical limitation on this motion is the case in which the flap contacts the seabed, 

for simplicity, is in a horizontal position. However, to ensure that the hypothesis of linearity of 

the flow can be considered valid, the pitching amplitude has been limited. The introduction of 

this constraint in the model is considered to influence the power performance of the device, 

for this reason, the model has been optimized for different configurations of the allowed 

motion of the flap. 

 

Fig. B-23: Oyster limited motion performance 

As observed in figure (Fig. B-23) the capture width ratio of the device is observed to be the 

same for any motion constraint in high frequency waves, while the efficiency drops in long 

period waves. This is easily explained since short waves are not energetic enough to make the 

device oscillate in an amplitude that reaches the limitation. Point out that the performance 

without motion constraint (Fig. B-23)  is in fact the case where the amplitude is limited to 90º, 

to count for the seabed. 

Following previous numerical analysis on this type of device such as [35], a realistic value for 

the motion constraint of a hinged flap has been decided to be 30º, which is the limitation 

applied for the rest of the cases run. 

4.3.5  Influence of drag forces 

The model generated for this device accounts for the drag forces, which are a non-linear effect 

occurring in the disturbed flow and has been defined as a linear damping coefficient in (Eq. 

B-21). As already mentioned this feature has been added following the procedure found in the 

literature for analyzing this pitching device. In order to understand the influence of this 

phenomenon, the damping coefficient modeling it and the induced drag force are shown. 
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Fig. B-24: Drag forces relevance 

The influence of drag losses in the power performance of the model has been appreciated as 

negligible. For the purpose of understanding the relative impact of the drag component 

modeled, the induced force from drag and the linear damping coefficient which models it are 

shown in (Fig. B-24). The magnitude of this force and damping parameter is compared with the 

hydrodynamic damping, which is the other force proportional with the velocity of the flap. As 

it is expressed in the legend, the hydrodynamic damping is two orders of magnitude higher 

than the drag component, which explains why the optimized PTO parameters and power 

output remain the same when considering or omitting, drag forces.  

In order to strongly support the last statement, the drag coefficient defined, the value of which 

is taken from [34], should be studied more carefully, since it directly influences in the 

linearized drag coefficient.  

4.3.6  Power optimization of an array of devices 

Taking advantage of the simplicity in the model applied for this device, a case has been run to 

try to understand the influence on the power extraction from an array of these devices, 

estimating the power extracted in the case where the device is deployed in a wave farm 

composed of a single array of them. For this case, an array of 5 Oyster devices has been 

modeled by 5 independent bodies of the same characteristics. The bodies face with their flap 

parallel to the wave crest, and the array is also parallel to the crest of the incident wave front 

(Fig. B-25). The devices are 26m long and separated between each other 50m. 

 

Fig. B-25: Array of Oysters modeled 
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From the hydrodynamic added mass and damping- extracted from Wamit- the possible 

coupling between the flaps is accounted. For this case, the optimization proceeds for the wave 

farm as a whole, solving a system of equations of 5 degrees of freedom corresponding to the 

pitch motions of each of the flaps. The optimization consists in finding the PTO damping and 

restoring force parameters for each of the flaps that maximize the power output, sum of the 

extracted power from each flap. 

This case is studied just an extension of the idealized model of a standalone pitching flap and 

the purpose of it is to observe the differences between the approach of optimizing a single 

device or accounting for an array of devices. The optimal values for the linear damper and 

spring are compared to the theoretical optimum for a single degree of freedom WEC, which 

applies for a single pitching flap. 

 

Fig. B-26: Oyster array PTO parameters 

 From the results obtained (Fig. B-26) it can be seen how the optimal values follow the trend of 

the values for a single flap. However, the differences not only come from the longer period 

waves where the damping has to increase due to the amplitude limitation, in this case the 

optimal spring constant is slightly lower, being significantly lower for high wave frequencies. 

From (Fig. B-26) it can also be seen how the change of behavior is more relevant for the flap in 

the center of the array than the border flap, which feels disturbed waves from the other flaps 

on just one side. 

The result of modeling the interaction between devices is reflected in the power extraction 

from the flaps inside the wave farm. This is shown using the capture width ratio of an 

individual device, considering as the active length the 26m length of a single flap. 
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Fig. B-27: Performance of array of Oysters 

In Fig. B-27 it can be seen how the efficiency of each device almost the same for high 

frequency waves if optimized as an independent WEC or considering the wave farm. On the 

other hand, for low frequency waves the capture width ratio drops suddenly if the device is 

tuned with the parameters from optimizing it alone, whereas the device tuned specifically 

considering the neighbor devices can increase the capture width ratio beyond 1. This means 

that the devices are tuned so they concentrate the energy from the waves and extract more 

power than there is in a strip of 26m of wave front. It is also noticeable how the device on the 

border of the array has one apparent maximum for the capture width while the central device 

has two peaks, the maximum capture width and a local maximum at higher frequency waves, 

which could be related with the park effect caused by the diffracted waves from the rest of the 

devices. 

 

Fig. B-28: Performance for single Oyster and in array 

In the previous comparison the power extraction was computed for a pitching flap in an array 

of devices using the PTO parameters from two different optimizations. Finally it has been 

found remarkable to show in Fig. B-28 the performance of the pitching flap if deployed alone 

in a site or in an array of 5 devices. It can be observed how the performance curve is 

remarkable different. The device in an array has an even wider band where it performs at high 

efficiencies, pointing out the two local maximums. The device deployed alone which has been 

discussed in the previous cases, can’t reach efficiencies as high as the device in a wave farm 
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and although being flexible and performing well for the entire wave spectrum, it is much less 

efficient, especially in long waves. 

5 Heaving buoy array – Wavestar 

 Model description 5.1 

The Wavestar WEC is a near shore attenuator composed of two rows of hemisphere floats, 

each connected to a fixed structure by an arm. The relative motion of the arm, induced by the 

mainly heaving motion of each float is the power extraction strategy. It is composed of two 

parallel rows with 10 hemisphere floats each, of 5m diameter. The articulated arm connecting 

each float is 10m long. The device has a total length of 70m, with an interspace of 2m between 

floaters.  

 

Fig. B-29: Wavestar geometry model 

5.1.1  Geometry 

Only the floats have been described to model the hydrodynamics of this device (Fig. B-29), 

thus it is composed only of 20 hemispheres with the dimensions and location mentioned just 

above. The geometry of each floater is the same and has been defined by the analytical 

equation of the sphere, already implemented in Wamit.  

From the library Geomexact.dll in Wamit, a sphere may be modeled by inserting in the .GDF 

file as input the radius and position of each of the hemispheres.  In this case, the discretization 

of the wetted surface is not a listed input of meshed points. Instead, the program solves the 

problem using a High order method by using the integration points it needs from the analytical 

equation of the surface of the body. 

5.1.2  Mass and inertia 

These properties are the same for each of the floats. The mass of the hemisphere has been 
estimated to be the volume of an exact hemisphere times a constant density equal to the 
water. The inertia of the floaters to roll with respect to the fixed position of the arm is defined 
by the inertia of the hemisphere at its center of gravity added to the translation of axis as (Eq. 
B-24) obtained from [31]. 
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Eq. B-24: Inertia of a Wavestar float 

5.1.3  Hydrostatic and hydrodynamic properties 

The device is modeled as 20 independent bodies which are fixed with respect to the axis which 

joints all the arms. Thus, the motion is composed of 20 degrees of freedom corresponding to 

the roll motion of each hemisphere, result of the heave and sway motion of the floats with 

respect to the fixed coordinate system. 

In this sense, the hydrodynamic parameters obtained by Wamit are a matrix of order 20 for 

the added mass and damping, which reflect the hydrodynamic interactions between the floats. 

Also an array of 20 values relative to the Haskind forces on each floater is obtained for every 

wave frequency analyzed. 

The hydrostatic restoring component for roll is obtained also from Wamit where it is 

performed using the input of the geometry, mass and centers of buoyancy and gravity. 

Obviously its value is the same for every floater, since they have the same geometry and 

distance to the fixed axis, only shifting its position in the longitudinal direction (x coordinate). 

The equation of motion is a system of 20 DoF with diagonal mass and hydrostatic matrix. The 

hydrodynamic matrixes are essentially full, with positive diagonal values and negative for the 

off-diagonal components. Highlight the power take off damping and spring coefficients, which 

value can be chosen for each floater, thus every component of its diagonal is a parameter to 

optimize in the objective function of extracted power. 

The optimization strategy followed has been the same as in the previous models. 

 Model assumptions 5.2 

5.2.1  Wave field 

Monochromatic water waves using linear theory, of a single direction where the wave crest is 

perpendicular to the rows of spheres (device is assumed to be fixed to most predominant 

wave direction, assumption considered due to its near shore location). Water depth is 15m. 

5.2.2  PTO tunability 

The linear spring and damper are assumed to be able to adjust to their optimal value, limited 

to a region of positive values with an upper boundary of one order of magnitude to a reference 

value. For the damper this reference is    , the hydrodynamic damping of each float in the roll 

mode. For the spring the reference is   (       )     ), the value of the inertia term in the 

equation of motion of each float for roll. Limiting to positive values is due to the fact that 

negative spring and damper values imply control strategies that are complex and require the 

use of energy into the device, and also by being a feature not explicitly described by the 

developer of this device. The upper limit is due to limit the values to a realistic working range 

with orders of magnitude around the characteristics of the device. Also mention that the 
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reference values considered (hydrodynamic damping and inertia term) correspond to the 

theoretical optimal values for maximizing power extraction on an ideal linear PTO acting on a 

single degree of freedom WEC [3]. 

5.2.3  Motion limitation 

The structure is fixed at the seabed, thus there is only one degree of motion which is the roll of 

each sphere around the fixed structure. The angular displacement is limited to a fix value 

proportional to the vertical displacement of the buoy and tries to reflect the limitation on the 

piston displacement and also a realistic motion of each floater, proportional to the incident 

wave height. 

 Cases analyzed and results 5.3 

Several test cases have been run for the Wavestar. The parameters chosen and the 

assumptions considered for each case are aimed to understand the behavior of the device, 

locate the critical values that influence in the device performance, which will help to try to 

validate the model presented. The cases proposed are the following: 

1. Validation of the code implemented in Matlab comparing the body motions from 

Wamit. 

2. Comparison between power optimization by tuning the device in a wave by wave basis 

or for each sea state condition. 

3. Influence of the floater motion limitation. 

4. Optimization considering each float as an independent axisymmetric point absorber 

5. Consideration of the device as a terminator (length parallel to wave crest). 

5.3.1  Validation of the code  

The validation of the code which performs the equation of motion of the device modeled is 

done by comparing the response motion of each hemisphere float with the RAO (Response 

Amplitude Operator) that can be obtained from Wamit. This verification is performed 

assuming no interaction with the power take-off system, thus it would represent the natural 

roll of each float with respect to the fixed power take-off for the incoming regular waves in a 

range of wave periods. Since the equation of motion is in the frequency domain, the response 

is defined by its amplitude and phase at each frequency of study.  
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Fig. B-30: Amplitude for Wavestar validation 

The amplitude and phase of the roll motion is shown in (Fig. B-30) and (Fig. B-31) for three 

representative floaters of the 20 bodies that compose the device, these are the first float that 

feels the incident waves, the central and the last floats on one row. The motion of the second 

row of hemispheres is not plotted since their motion is the same as the first row due to the 

symmetry of the problem (for perpendicular waves heading the device, the geometry and 

mechanical properties are symmetric).   

 

Fig. B-31: Phase for Wavestar validation 

From the natural motion of the floats it can be observed how the amplitude of each body 

(featured by the heave of the hemispheres) is the same for all the floats, observing a resonant 

peak for wave periods of 4s. On the other hand, the phase is different for each floater, due to 

the different location of each body in the direction of the incoming wave, which is logical as 

the wave crest goes through each float at a different instant of time.  The oscillations on the 

motion phase for high frequency waves could indicate the effect of internal frequencies of the 

flow between the floats, as a result of the interaction of their motion.  
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5.3.2  Power optimization by tuning the device 

The problem addressed is the power extraction optimization for the 20 floats device by tuning 

the PTO of each of the floats by its optimal linear damper and spring coefficients. The system 

of equations has 20 degrees of freedom accounting for the equation of motion of the 20 

bodies in roll. Then, the model finds the optimal value for each of the 40 parameters that tune 

the floats to maximize the overall power extracted for every wave frequency. 

 

Fig. B-32: Wavestar PTO damping term 

The damping and restoring force coefficients induced by the PTO are plotted in (Fig. B-32) and 

(Fig. B-33) for the first, central and last floats together with the theoretical optimal values if 

considered as an independent floating buoy. It can be observed that the optimal spring 

component has very similar values compared the 1 body simplified case, in order to tune it to 

resonate. Observing how the value of the spring constant needed doesn’t vary much for a wide 

range of frequencies, means that it is not very dependent on the frequency of oscillation, 

which is explained by being the hydrostatic restoring force more dominant than the inertia 

forces.  The damping applied for high frequency waves doesn’t follow a regular trend, peaking 

at several frequencies and being negligible at other. This spiked pattern is followed by all the 

floaters, which alternate high and low damping coefficients at each wave period. When the 

floats reach its maximum amplitude permitted, it’s damping increases monotonically. 
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Fig. B-33: Wavestar PTO spring term 

The alternation of high and low applied damping on each float can be observed in (Fig. B-34) as 

the motion amplitude can be high for one of the floats and low on the other for a same 

incident wave. When the wave force allows enough body motion by itself, all of the floats tend 

to reach its maximum allowed displacement. The phase of their motion is erratic for short 

waves, but it stabilizes for long periods to a relative phase between floats due to their location 

relative to the incoming wave field. 

 

Fig. B-34: Motion of Wavestar floats 

About the power extracted from the overall performance of the floats, the capture width ratio 

is computed, considering an active width of 70m which corresponds to the length of the whole 

device perpendicular to the wave front (C.ratio = power extracted/power in 70m wave crest). 

The efficiency of the device is then calculated for a range of wave frequencies, where the 

upper limit of the power extraction is the case where the floats are tuned to each possible 

wave, while being a reasonable suboptimal performance setting the parameters to a particular 

wave period.  
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Fig. B-35: Wavestar performance by control strategy 

The performance of the device modeled can be observed in (Fig. B-35) where the maximum 

capture width ratio is continuously increasing for higher wave frequencies reaching values over 

1, meaning that the device could tune to focus the waves and absorb more energy than the 

accounted for a wave front of 70m length. For the more energetic and probable waves 

probable in a real sea, the device tends to extract one third of the capture length. From the 

curve in figure (Fig. B-35) where the device is tuned for a particular wave (T=10s), it can be 

observed how the device performs well in the whole wave spectrum. 

5.3.3  Optimization of floaters each as a point absorber 

In the previous case it was considered that each floater could be tuned individually, and thus 

the optimization considered the interaction between floats for maximizing the power 

extracted. This case, instead, assumes that each floater is connected to the same power 

generator where the PTO parameters are just two, a linear damper and spring being applied 

equally on each float. The optimization is then performed for a single float, and its optimal PTO 

parameters are found. Then, this configuration is extended to the other 19 floats and the 

overall power extracted is calculated. The power performance of the 70m long device of two 

rows of 10 floats is plotted in (Fig. B-36) against the optimal control found in the previous case. 

 

Fig. B-36: Performance of Wavestar as point absorber 
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5.3.4  Consideration of the device as a terminator 

The device modeled is considered to be a fixed structure on the seabed, not allowing it to self-

orientate to waves coming in different directions. This case considers the extreme situation in 

which the incoming wave front is parallel to the arrays length, where the device can be 

considered to work as a terminator.  

The optimization problem continues to be the same, where the only difference comes from 

the hydrodynamic components of each float, result of analyzing the model in Wamit by 

changing the direction of the waves 90º.   

The aim of this analysis is to compare the power take-off inputs and the power extracted of 

the device acting as a terminator with respect to the disposition as an attenuator. 

 

Fig. B-37: Terminator orientation PTO damper 

The PTO parameters from the same representative hemispheres now on a terminator 

disposition are plotted in (Fig. B-37) and (Fig. B-38) against their optimal values acting as an 

attenuator. It can be observed that the magnitude at which they perform optimally is 

surprisingly similar and following the same trend with respect to the wave period. For high 

frequencies where motions may induce internal frequencies, the values obtained are not such 

in accordance between cases. 
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Fig. B-38: Terminator orientation PTO spring 

The power performance of this specific case (Fig. B-39) is rather uniform for most of the 

spectrum and around one third of the device length, now parallel to the wave front. The 

efficiency increases abruptly for high wave frequencies reaching capture widths above the 

device length. This capture width ratio is plotted against the performance from the device if 

tuned to the parameters of an optimal individual float as in the previous case. 

 

Fig. B-39: Performance of  Wavestar as terminator 

Since the goal is the comparison of the two possible layouts of the modeled device, the 

performance for both cases is graphed in (Fig. B-40). It can be clearly seen how the power 

extraction could be exactly the same if each float is tuned according to the incoming wave, 

position in the array and directionality of the waves relative to the device. 
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Fig. B-40: Performance of Wavestar relative to orientation 

Also the efficiency of the device if tuned by optimizing a single float is compared for both 

orientations (Fig. B-40). It is observed that the performance is very similar for long waves 

traveling through the array of floats when oriented in parallel or perpendicular to those waves. 

Instead, for higher frequency waves the device working as a terminator is able to extract more 

power, being less sensible to the PTO forces applied. 

 

6 Floating pitching device – Langlee 

 Model description 6.1 

The Langlee is a floating structure that performs as terminator by the action of its two flaps 

parallel to the wave front. The squared frame is 28m each side with 14m draft, being both 

flaps 25m long and 8.4m high. The motions responsible for the power extraction have been 

considered to be the pitch of the flaps relative to the frame. 

 

Fig. B-41: Langlee modeled geometry 

6.1.1  Geometry 

The definition of both flaps has been done as followed for the case of a single pitching flap. For 

the structure acting as a frame, an already implemented geometry in Wamit has been used. By 
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performing in the high order method, the analytic description of a Tension Leg Platform has 

been found to be very powerful. By entering each of the dimensions as input, the result is the 

model of the exact geometry using as less panels as possible, allowing running the 

hydrodynamic software Wamit with reasonable computing time.   

6.1.2  Mass and inertia 

The motion analyzed for this device is the pitch of each of the three separated bodies, thus the 

mass and the inertia in the pitching plane has been computed for each element. By making the 

3D model of each element in Rhino3D, their mechanical properties can be obtained, by 

assuming the body as a solid of uniform density, as it is has been assumed in every device. 

The mass and radii of gyration of the flap with respect to its bottom side is: 

                 

   
     

      

The mass and radii of gyration of the structure to pitch with respect to its center of gravity is: 

             

  
         

6.1.3  Hydrostatic and hydrodynamic properties 

As explained above, the device is studied for its pitching motion, thus the added mass, 

damping and exciting forces are given for this degree of freedom. The rest of motions don’t 

contribute to the power extraction by the device, since this is obtained by the pitch of the flap 

with respect to the attached frame. The resulting system of equations has 3 degrees of 

freedom corresponding to the pitch motion of every body, where the hydrodynamic 

parameters account for the interaction between bodies in the wave field, and the power take 

off parameters are in the equation of motion influencing the pitch of the bodies, modeling the 

mechanical interaction between them. 

 Model assumptions 6.2 

6.2.1  Wave field 

Monochromatic water waves using linear theory, of a single direction where the wave crest is 

perpendicular to the flaps length (device is assumed to align to most predominant wave 

direction at all time). Water depth is 50m. 

6.2.2  PTO tunability 

The linear spring and damper are assumed to be able to adjust to their optimal value, limited 

to a region of positive values with an upper boundary of one order of magnitude to a reference 

value. For the damper this reference is    , the hydrodynamic damping of each flap in pitch. 

For the spring the reference is   (       )     ), the value of the inertia term in the 

equation of motion for the pitching mode of each flap. Limiting to positive values is due to the 

fact that negative spring and damper values imply control strategies that are complex and 
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require the use of energy into the device, and also by being a feature not explicitly described 

by the developer of this device. The upper limit is due to limit the values to a realistic working 

range with orders of magnitude around the characteristics of the device. Also mention that the 

reference values considered (hydrodynamic damping and inertia term) correspond to the 

theoretical optimal values for maximizing power extraction on an ideal linear PTO acting on a 

single degree of freedom WEC [3]. 

6.2.3  Motion limitation 

The pitching amplitude of motion has been limited for each of the bodies to account for the 

stability of the whole floating device. Also the motion is limited in order to get estimations of 

the extracted power where the assumption of linearity can be accepted. 

 Cases analyzed and results 6.3 

Several test cases have been run for the Langlee. The parameters chosen and the assumptions 

considered for each case are aimed to understand the behavior of the device, locate the 

critical values that influence in the device performance, which will help to try to validate the 

model presented. The cases proposed are the following: 

1. Validation of model in Matlab comparing with wamit 

2. Optimization considering the power extraction from the relative pitch motion of the 

structure and the flaps. 

3. Device modeled only by its flaps, no structure interaction. 

6.3.1  Validation of the code  

The validation of the code which performs the equation of motion of the device modeled is 

done by comparing the response motion of the flap with the RAO (Response Amplitude 

Operators) that can be obtained from Wamit. This verification is performed assuming no 

interaction with the power take-off system, thus it would represent the natural pitch of the 

flaps and frame for incoming regular waves from a range of wave periods. Since the equation 

of motion is in the frequency domain, the response is defined by its amplitude and phase at 

each frequency of study.  
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Fig. B-42: Amplitude for Langlee validation 

The estimated pitch amplitude for the range of wave periods (Fig. B-42) and (Fig. B-43) 

matches the magnitude of the RAO computed in Wamit. The only value with does not match 

exactly is the peak response suffered by the structure at a period near 10s. The phase on the 

motion of each body is also matched in the implemented code with the exception of the same 

wave period, where all bodies suffer a spike on the predicted value from Wamit. An 

explanation for this has not been found, since the results seem valid for the whole range of 

frequencies. 

 

Fig. B-43: Phase for Langlee validation 

6.3.2  Power optimization by tuning the device 

The device is modeled as three independent bodies which have all their motion restrained 

except from pitch. The main frame is floating and pitches around its center of gravity while the 

flaps pitch around the position where they are connected to the frame, at the bottom of the 
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flap. Since the flaps are hinged to the main structure, the other 5 degrees of freedom are 

irrelevant when focusing on power extraction, as the working motion is the relative pitch of 

each flap with the frame.  

The equation of motion is a system of order 3 which accounts for these 3 pitch motions; 

however, the power extraction is performed by two other degrees of freedom which are a 

linear combination of the other three. The mode which absorbs energy from the first flap is 

equal to the difference in the pitch motion of the flap and the pitch of the structure. The mode 

extracting energy from the second flap is considered in the same way. Then, in the equation of 

the power extraction (Eq. B-13) the amplitude of the motion responsible of the power 

extraction is each of these linear combinations of the flap and the frame motions. By defining 

these modes of motion, linear combination of the flap and structure modes, the power take-

off parameters (damping and restoring constants) are applied in the correspondent terms in 

the equation of motion, which affect the response of each of the bodies. 

 

Fig. B-44: Langlee PTO parameters 

In (Fig. B-44) the optimal values for the linear damper and spring are shown for the two power 

generating motions. The values are compared to the hydrodynamic damping and inertia-term 

of the flap from which they extract power. These reference values are the optimal setting 

when supposing each flap as an independent WEC. It can be observed how the results don’t 

exactly match, despite being in the same order of magnitude and following the same trend. 

From this it could be implied that the simplification of the device into independent pitching 

flaps is not adequate, although useful to have an idea on the orders of magnitude. 

In (Fig. B-45) the PTO parameters are plotted again, this time comparing the optimal values for 

each of the flap modes. It is observed how the applied damping is much higher in the first 

mode, which affects the motion of the front flap, than in the second.  In addition, for several 

wave lengths, for periods around 7s, the mode accounting for the second flap does not apply 
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any damping. This means that the maximization problem finds as the optimal performance to 

not extract power from the second flap benefit of an increase of the output from the front 

flap. 

 

Fig. B-45: Relative PTO parameters for each Langlee flap 

The influence of the incident waves and the PTO forces on the motion of the floating bodies is 

shown in (Fig. B-46). It is observed that the flaps are configured to pitch with much higher 

amplitudes than the structure, which is stiffer. Also, the phase at which each body oscillates 

can be clearly distinguished (especially for longer waves), being each flap motion phased from 

each other and phased with respect to the main structure. This last observation can give an 

idea of the working principle of this kind of device, where the relative motion of each body is 

the key to obtain a good performance. 

 

Fig. B-46: motions from each Langlee element 

The power performance of this device is expressed by the capture width ratio, relative to an 

active length of 56m considered to be the length of the two flaps (power extracted/power in 

56m wave crest). This performance is plotted in (Fig. B-47), where it is shown together with 

the contribution of each of the modes. The distribution of the efficiency of the device over 

wave frequency shows two peaks generated exclusively by the mode from the front flap, while 

the lower performances account for contributions from both or from the rear flap only.  



68   Numerical modeling of WEC power extraction 

 
 

 

Fig. B-47: Performance of Langlee device 

Although showing the maximum efficiency achievable for each wave period, the device is 

tuned for a single wave in a specific time, thus the performance of the floating pitching flaps in 

waves far from the optimal setting drops, as it is seen in (Fig. B-48). Even if the capture width 

ratio is far from the outstanding upper limit, it still performs quite well, over half of a flap 

length. 

 

Fig. B-48: Langlee performance by control strategy 

6.3.3  Case with moving flaps and fixed structure 

The relative small motions of the frame where the flaps are mounted bring the idea of 

analyzing the performance of such device with the hypothesis that the main structure is rigid 

and motionless. An important reason to try and validate this model, by simplifying it to the 

interaction of just two flaps, is that the number of equations in the hydrodynamic problem to 

be solved by Wamit is reduced substantially, reducing significantly the computational time 

required. 

The model consists in solving the equation of motion of two degrees of freedom, which are the 

pitch motion of a two submerged flaps parallel to the wave front. Since it is assumed that the 
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flaps are connected to a rigid structure, the only allowed motion is their pitch relative to their 

bottom hinge. The existing interaction between the pitching bodies is due to the off-diagonal 

components of their hydrodynamic components (added mass and damping). As with the 

previous case, the PTO external forces are modeled by a linear damper and spring, which are 

tuned for each flap, and only affect the motion of the correspondent flap, neglecting their 

correspondent reaction to the structure. 

In Fig. B-49 the applied damping and restoring force for optimal performance are shown on 

both flaps, observing the same behavior than in the full model, where the damper is set to 

higher values on the front flap than on the back flap and applying the same restoring force on 

both for low frequency waves.  

 

Fig. B-49: Langlee PTO parameters by 2 body analysis 

The induced motions from the control of the PTO by the values in (Fig. B-49) are graphed in 

(Fig. B-50) together with the estimated motion of the previous case that included the floating 

structure. The representative variable considered is the magnitude of the pitching motion of 

each flap, which shows how the flaps oscillate in higher amplitudes in moving attached to the 

floating structure than considering them rigid. When the device oscillates at its maximum 

allowed amplitude, this observation doesn’t apply and the rear flap is able to increase its pitch 

at low frequencies. 
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Fig. B-50: Motion of flaps in Langlee 2 body analysis 

The different control applied to the power take-off and the slightly different motion induced in 

this simplified case, where the power is directly proportional to the individual motion and 

control, makes the device perform as it is shown in (Fig. B-51), where the capture width ratio is 

compared to the previous case.  

 

Fig. B-51: Langlee performance by 2 body analysis 

The power performance in the whole wave spectrum follows the same tendency than the 

complete pitching device. Moreover, it should be remarked that the estimate given by the 

simplified case is, in general, slightly lower, allowing to state that the model is on the 

conservative side in terms of power performance.  However, by omitting the interaction of the 

main floating body, this model does not ensure the stability of the device, which is crucial to 

validate its feasibility.  
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7 Conclusions from numerical modeling 

 Learning experience 7.1 

- The assimilation of the theory that holds the numerical model for bodies interacting 

with water waves. 

- The experience gained from the use of BEM solver Wamit, CAD geometry modeler 

Rhino3D and the mathematical tool Matlab. 

- The ability to generate a simple model for several WEC prototypes being developed by 

the industry and give an estimate of their ideal power performance. 

 Model results 7.2 

7.2.1  Pelamis 

- The power is extracted by the relative vertical motion of the hinges that join the four 

cylinders. All possible motions are a combination of the rigid and hinged moving 

modes, which are highly coupled between symmetric modes and anti-symmetric 

modes. 

- The device modeled by each hinged mode independently shows mostly coupling of the 

anti-symmetric mode and the power performance between them is fairly similar. 

- The complete system shows important coupling between the symmetric hinged 

modes. The three modes contribute equivalently to the overall power extraction. 

- The power performance of this model is highly dependent on being tuned to each 

wave. 

7.2.2  Oyster 

- The optimization followed for the pitching flap modeled confirms that its power 

extraction is maximized by setting its power take-off parameters to the values from 

the analytical solution for one degree of freedom WECs. 

- The modeled device is capable of absorbing the equivalent energy contained in the 

wave front going through it. The efficiency to extract power for the whole wave 

spectrum is high even if not optimally tuned. 

- The consideration of a drag force component, as it has been modeled, does not 

influence in the power performance. 

- The performance of this flap inside an array of devices is altered by the interaction 

between them. With optimal control of all the flaps, the overall power output can be 

substantially increased. 

7.2.3  Wavestar 

- The total power in the model is the sum of the extracted energy from each of the 20 

heaving hemispheres which are tuned individually. 

- The interaction between bodies is relevant in order to maximize the overall power 

extraction, especially for high frequency incident waves. 

- The orientation of the device against the predominant waves is estimated not to be 

relevant if the appropriate control on each floater is applied. 



72   Numerical modeling of WEC power extraction 

 
 

- The power output by tuning the floats as if they were axisymmetric point absorbers is 

significantly lower than from the consideration of the full device. 

7.2.4  Langlee 

- This floating device is modeled as three separate pitching bodies which are 

mechanically connected by hinges and where the energy is extracted from their 

relative rotation. 

- The absorbed power can be more than the power contained in a wave travelling 

through it. The interaction between the two flaps is thought to be responsible for the 

focalization of wave energy. The setting of the PTO for maximizing power considers 

optimal to only generate power from the front flap in several wave frequencies. 

- A simplified model, which only considers the motion from the flaps, is a fast approach 

for conservatively estimating the achievable power generated by this device. 
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Part C Integration of WECs with offshore wind  

The aim of this chapter is to explore the idea of combining wave energy converters with the 

predominant renewable energy sector in the sea, offshore wind. A quick overview of the actual 

situation of both energy sectors is made, together with a description of the possible benefits 

and drawbacks of the concentration of both systems in a single location. Then, using the 

mathematical model developed in the previous chapter, several estimations are made around 

the power extraction of WECs in the scenario of being integrated in offshore wind farms. 

Finally the analysis of the modeled devices is extended to understand the modified wave field 

for its possible implications on a wind farm. 

1 Wind & wave farms 

 Current status of wave farms 1.1 

The wave energy sector has not reached sufficient maturity for commercial exploitation of any 

of the devices being developed. Thus, there does not yet exist any reserved marine sector with 

intensive power generation from waves. In this sense, the concept of a wave farm has not 

been developed, leaving the sector with a lack of experience in wave farm layouts or 

installation and maintenance operations.  

The closest approximation to real conditions are test centers where some of the wave energy 

developers are deploying their full or near to full-scale prototypes for testing and retrofitting 

their designs. In Europe there are several test centers, located where there is a high potential 

for wave energy exploitation.  

 

Fig. C-1: WEC test centers in Europe [36] 

Currently EMEC [37], in Scotland, is attracting the most attention by testing the Pelamis, the 

Oyster and the Wello devices together with several tidal energy converters. 
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Since the sector has not reached commercial stage, the devices deployed have been 

prototypes and therefore the supply chain for their manufacturing and deployment is not 

implemented in order to exploit scalability and optimize costs. There is not enough experience 

in the sector to understand the drivers of the cost in wave energy yet. However, from the cost 

of energy studies performed by The Carbon Trust [38], an example of WEC cost breakdown is 

shown in (Fig. C-2), as it is considered relevant for visualizing the possible impact in the cost of 

each element of a WEC.   

 Current status of wind farms 1.2 

Opposite to the wave energy sector, offshore wind is an already a mature industry, with a 

relevant position in the energy market since the 2000’s [39]. It is the natural extension of the 

fully developed onshore wind sector, which finds limitations to its potential due to the ever 

increasing constraints for suitable locations inland. Some of the reasons such as visual and 

acoustic alterations in natural environments or near human settlements can be avoided by 

moving offshore. This brings the possibility of installing bigger wind turbines on wider areas, 

which added to a higher wind resource, can yield outstanding power outputs. 

The magnitude of the current status of offshore wind operating in Europe can be visualized by 

(Table C-1), obtained from EWEA [39]. 

Country UK DK BE DE NL SE FI IE NO PT Total 

nº of farms 20 12 2 6 4 6 2 1 1 1 55 

nº of turbines 870 416 91 68 124 75 9 7 1 1 1662 

Capacity 
installed (MW) 

2947 921 379 280 246 163 26 25 2 2 4995 

Table C-1: Installed offshore wind farms in Europe [39] 

The number of operating wind farms and their installed capacity reinforces the stated idea 

that this sector is fully developed. By being the leader in offshore renewable energy 

generation, it is reasonable to think that it could be a key player in expanding other offshore 

renewable solutions such as wave energy. From this last point of view, it is relevant to mention 

that this installed offshore wind power is deployed in waters of the North Sea (65%), Atlantic 

Fig. C-2: example of a WEC cost breakdown [38] 
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Ocean (19%) and Baltic Sea (16%), being the wave resource in each very different, and as a 

consequence, its potential for wave energy exploitation. 

Apart from knowing the main countries that exploit offshore wind and the seas where wind 

parks are located, a broad characterization of these facilities is presented. From [39], the 

average capacity of the recently installed farms is 270 MW, deployed at an average depth of 

22m and at an average distance of 29km to the shore. These installations would correspond to 

near shore wind farms that, as foundations, mainly use monopiles (73%) and jackets (13%).  

It is worth pointing out that floating solutions are still in their early stage, with only two full-

scale prototypes deployed. The proposed solutions are mainly: the spar buoy, tension leg 

platforms or semi-submersibles with one or several wind turbines. 

Another key issue for understanding this sector is to know the relative costs of its 

implementation. Since the industry is mature, more accurate metrics exist on the costs. The 

cost breakdown in Fig. C-3 is performed by [40] and gives a clear idea of the critical aspects 

driving the costs. The main cost is the construction of the wind turbine, followed by the 

operation and maintenance during its lifetime and the costs of the foundation of the turbine, 

where these last two are significantly higher than in onshore wind farms. 

 

Fig. C-3: Wind turbine cost breakdown [40] 

After this quick overview of the offshore wind sector, the possibility of being combined 

together with wave energy converters is presented, 

 Integrated energy parks 1.3 

When thinking in combining devices that extract energy from the waves together with some 

kind of wind turbine the two possible approaches to bring that idea to practice should be 

differentiated, these are collocating and co-mounting. Collocation is basically the shared use of 

a piece of sea for the, deployment of wave energy converters and offshore wind turbines, 

meaning that a wave farm and a wind farm share the same location. Co-mounting refers to 

hybrid devices which from their conception are designed to perform as a unique offshore 

entity that absorbs part of the wave and wind resource where it is placed. This last approach is 
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carrying a lot of research and development; however, it is still in its very early stages and has 

not been estimated to play a key role in the short term. The argument behind this affirmation 

is basically that the technology around floating offshore wind turbines has not reached 

commercial readiness, added to the early development of wave energy alone. 

Much of the ongoing research on this powerful idea of integrated energy parks is being 

encouraged from European institutions by funding several international projects at the same 

time, working in parallel. By joining expertise from research centers, universities and 

companies from each relevant sector, it is expected that some designs, guidelines and policies 

will flourish helping this promising sector to get on track. These projects, under the 7th 

framework programme, are the Mermaid [41], H2Ocean [42] and TROPOS [43] project. 

Previous projects finished or about to do so are the Marina project [44] and Orecca [45].  

Some examples of proposed solutions for co-mounting wave and wind energy devices are the 

Poseidon, from FloatingPowerPlant [23], which has been surveyed in the first part of the 

thesis, or the device from W2Power [46] which is essentially a semisubmersible triangular 

structure allocating two wind turbines and heaving point absorbers around the frame to 

absorb wave motions. 

Since this thesis embraces several of the proposed wave energy converters and co-mounting is 

seen as far to come, the focus is put on the collocation of WECs around planned or in service 

offshore wind farms. For this purpose, some of the aspects that could play a significant role in 

collocating wind and wave farms are described. Moreover, the models generated for 

estimating the wave power of the WECs in Part B are extended in order to try and quantify 

some of the features that are described ahead and draw some conclusions from them. 

The whole range of possible benefits from a combined wind and wave farm are grouped as it is 

done in [45], where possible synergies are considered from sharing an area, from common 

installation and infrastructure, and from “other combined uses”, these features have been 

explicitly found in the literature or are stated in [45]. 

Sharing the area: 

- The densification of uses of the area can reduce the competition for space in the sea with 

valuable resources. The concentration of value of the area may accelerate political 

discussions and approval by being prioritized over other plans.  

- A reduction of time and costs for Environmental Impact Assesment, site studies and 

permits to get from local, governmental and maritime authorities. 

- Increase of the quality of the energy output by providing stable and smooth power from 

the combination of the two sources, as discussed by Julia F. Chozas [47]. For this, the 

relative importance of power output is estimated in section 2. 

- A possible reduction of wave loads on wind turbine foundations by the absorption from 

the WECs working as active protection of the wind farm. 

- The absorption from WECs may reduce the wave field inside the wind farm and increase 

the weather windows for O&M operations. This feature was discussed in [48] for a farm of 

Wavedragon WECs. The potential to reduce the wave field is studied in section 3 
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Installation and infrastructure: 

- For the installation of devices, leaving the possibility of same components aside, vessels 

can be easily shared, as can ports and storage facilities. 

- For operation and maintenance vessels, ports and storage for spare parts can be shared 

together with skilled worker crews.  Scheduling of inspections and repairs could be 

planned together. 

- The connection to the grid inland is the same, with the possibility of sharing subsea cables 

or reinforcing existing ones from the wind farm. The management and control of the 

electric output to the grid is shared. 

- The instrumentation for sensing and control of the climatic conditions and the device 

operative status could be shared as well as the optic fiber cable. 

other combined uses: 

- Overall power generation used for hydrogen production. It could be an alternative to grid 

connected parks for very long distances from shore where the best wind and wave 

resource is available.  

- Development of aquaculture. It is considered an activity of high economic value and can 

involve local communities with the possible benefits in terms of job creation and public 

acceptance of the project. 

- Overall power generation used for desalination. It is not seen as very relevant for this 

study since the wind and wave resource in Europe does not match where there is a need 

for fresh water, except zones of Mediterranean and the Canary islands. 

It should be born in mind that some of these peculiarities become an advantage if the 

combined use of land for wave and wind exploitation is conceived from the early planning of 

the energy park, while other issues become a competitive advantage by adapting to an already 

existing wind farm. For example, the acceleration in the permits, approval studies, shared 

installation facilities have to be accounted before an offshore wind farm is being put in service. 

On the other hand, an existing wind farm can help a wave energy project to be viable as it 

already accounts for the big infrastructure such as a port and its associated facilities or the grid 

connection by sharing the subsea cable or the distribution to the grid onshore. 

Apart from the apparent benefits from the joint exploitation of wave and wind power, there 

are some issues that could be seen as drawbacks from the exploitation of each resource 

individually. Mainly: 

- A reduction in wave power production as the location does not have optimal wave 

resource. 

- The certification of the WEC for survivability has to account for nearby wind turbines and 

ensure no damage. This can increase the requirements of the mooring system or an 

increase in costs of insurance of the deployed wave and wind devices. 
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2 Power estimation of modeled WECs at wind farm locations 

 Location and wave resource 2.1 

From the wind farms in service and being planned in Europe, it has been surveyed which ones 

could be suitable for joint exploitation with WECs. Since the wave climate of each possible site 

may be very variable, together with the water depth, wind farm size and other features, it has 

been considered valuable to estimate the power performance of the wave power converters 

from the previous section at a representative sample of locations. Each site corresponds to a 

different sea climate, all focused on European waters, which are located as shown in (Fig. C-4) 

 

Fig. C-4: Map of sites studied 

These sites belong to very energetic seas such as the Norwegian Sea to the calmer North Sea at 

the coast of Denmark. Table (Table C-2) shows the average power from the waves, the water 

depth and the specific scatter diagram that represents wave variability at the site. 

site 
mean energy 

(kW/m) 
depth scatter diagram 

Denmark 3 17 Horns Rev[49] 

Ireland 2.4 20 Gallway Bay[50] 

Norway 42 - Haltenbanken[50] 

UK 17 50 Wavehub[50] 

France 30 - Yeu[51] 
Table C-2: Features from sea sites 

From the average power it can intuitively be seen which could be the most promising locations 

for the maximum power extraction. The water depth is relevant as the different devices are 

suited for a limited range of water depths. The scatter diagram corresponds to the matrix of 

values which expresses the probability of occurrence of each possible sea state, represented 
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by its significant wave height (Hs) and its associated peak period (Tp). Thus, the wave climate 

of each location is represented by the probability that a particular sea state occurs relative to 

the complete range of possible sea states. This data is considered a fast and simple way of 

representing the wave climate of a location. This is done by statistically treating the wave 

measurements from a buoy during several years. The scatter diagram matrixes used can be 

found in Annex II. 

As the sites analyzed try to reflect the characteristics of deploying a WEC at a particular wind 

farm, these have been chosen in order to have the nearest coordinates possible to the exact 

location of real wind farms in service or currently under planning. The information has been 

crossed from the offshore wind farm database [52] and the wave data locations from [45]. The 

most relevant features of the wind farms considered are summarized in table (Table C-3). 

site wind farm Depth(m)  Distance to shore Area(km2) capacity status 

Denmark Horns Rev 2 17 32 33 210 in service 

Ireland Scierde 35 6 4 100 
authorization 

submitted 

Norway 
Havsul 60 20 50 350 

authorization 
approved 

Morevind 60 20 260 1200 early plan 

UK Atlantic Array 60 14 230 500 
authorization 

submitted 

France 
Saint Nazaire 20 12 82 480 early plan 

Saint Brieuc 40 23 180 500 early plan 
Table C-3: Wind farms related to sites 

Apart from the wind farms in (Table C-3), a list of offshore wind farms that have been 

considered strategic for the future development of combined wave and wind energy can be 

found in similar tables in Annex II. Each of the parameters on these tables is considered 

relevant for estimating the viability of combined installation with wave energy converters. For 

example, the water depth is critical for deciding which devices are valid for each location. The 

area and rated capacity of the wind farm reflects the scale of the energy park and thus the 

potential contribution from each source. Finally the distance to shore is relevant for fixed costs 

like grid connections and maintenance costs.  

 Modeled power absorption of WECs 2.2 

2.2.1  Model considerations 

The extracted energy at each site has been calculated for the devices previously modeled, 

which were: the linear attenuator (Pelamis), pitching flap (Oyster), array of heaving floaters 

(Wavestar) and floating pitching flaps (Langlee). 

From the cases analyzed in Part B applying different assumptions and hypothesis, some of 

those parameters have been chosen for a realistic estimation of the extractable energy in open 

sea conditions. 
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The optimization of the PTO parameters is done in a sea state basis. This means that the device 

can adjust its damping and restoring force to a limited number of wave periods, which are the 

peak period (Tp) of a collection of sea states. Each sea state is a representation of a particular 

configuration of the incoming waves, the formulation of which is expressed in the following 

section. 

A more accurate optimization would mean to adjust the device in real time for each incoming 

wave. This strategy is still in an early developing phase, thus it has not been considered 

applicable, although it may be a huge improvement for devices that have a reasonable power 

performance only in a narrow bandwidth of frequencies. 

Moreover, the hydrodynamic model applied considers the motions and forces linear with 

respect to the wave amplitude. In this sense, the motions which are limited proportionally to 

the incoming wave height allow the optimization to perform linearly with respect to the wave 

amplitude, thus the PTO parameters are only dependent on the wave period (each Tp as just 

explained). For motion constraints which have a fixed value or not proportional to each wave 

amplitude, the optimization is not ensured to converge to the same results, being the PTO 

parameters dependent on the wave period Tp and the wave height. 

Each motion constraint considered is expressed in table (Table C-4), where A stands for wave 

amplitude. 

Device Motion constraint value (units) 

Pelamis hinge heave 2  (m) 

Oyster flap pitch 30 (º) 

Wavestar floater heave wave amplitude (m) 

Langlee flap pitch 30 (º) 
Table C-4: Specific motion constraints 

In addition to the motion limitation, the Wavestar device has been modeled to be operative 

for wave states with wave heights lower than a threshold of 3.5m, and trying to reflect its 

survivability strategy.  

2.2.2  Representation of the irregular sea in each location 

The methodology followed to compute the yearly averaged power extraction of a WEC in a 

specific site consists basically in weighting the estimated power extracted from each sea state 

condition by the probability that the correspondent sea state occurs at that site. 

As introduced previously, a sea state is a representation of the waves in a real open sea, and 

described by two parameters, its significant wave height (Hs) and its peak period (Tp). The 

irregular waves that approach the device are described as a superposition of several regular 

waves, where each wave is sinusoidal with a specific amplitude and frequency and random 

phase. The decomposition into single waves shows how these waves are distributed following 

a frequency spectrum, which is a distribution function defined by the two parameters 

describing a sea state, its significant height and peak period.  Proceeding the other way 

around, from a distribution defined by this pair of parameters, a collection of regular waves 

(each with an amplitude and frequency) can be obtained, the superposition of which models 
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the irregular sea condition. The distributions used for this purpose are the Pierson-Moskowitz 

spectrum (Eq. C-1) and the Jonswap spectrum (Eq. C-2). The first distribution is used in a 

general case for fully developed swell conditions, while the Jonswap is a corrected form of the 

first used for describing conditions in the North Sea, thus applied only for the site in Denmark. 
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Eq. C-1: Pierson-Moskowitz spectrum 

          |  |        
   

Eq. C-2: Jonswap spectrum 

From this formulation, every sea condition of a site can be described by a sea state (pair Hs,Tp) 

which models its irregular waves from the superposition of regular waves.  

As it was explained in the previous part, the modeled WECs were optimized for each sea state. 

Then, from the optimal PTO parameters, the absorbed power has been computed for every 

single wave composing each irregular sea state. This is, for a fixed sea state (Hs,Tp) and its 

associated  PTO parameters, the power from the device has been computed for the collection 

of wave frequencies that model the irregular sea.  

Mention that the estimated power absorbed for each single regular wave has been divided by 

the incoming power from each of these waves and worked with the parameter capture width 

for each regular wave for each sea state considered.  

The performance of the device is optimized for a number of single waves, representative of 

each sea state; however, the overall power in each sea state is unknown. This is done by 

expressing the energy in the wave field by the time averaged energy density of the irregular 

waves. Taking advantage of the properties of the probability distribution from the spectrum 

which defines such irregular waves, the averaged energy density is defined by (Eq. C-3). 

    ∫  ( )   
 

 

 

Eq. C-3: Energy from irregular sea defined by spectrum 

Being  ( )  the probability of each wave frequency in the spectrum (Eq. C-1) and (Eq. C-2). 

Then, by definition [32], the power from the sea state is the energy density times the group 

velocity of these waves (Eq. B-15). This expresses the power from the irregular waves per 

meter of wave crest, thus the absorbed power by the device is the power from the wave field 

per meter times the capture width for each single wave in that same sea state (Eq. C-4) 
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Eq. C-4: Absorbed power from irregular waves 
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The application of this formulation makes it possible evaluate the performance of each device 

modeled for all the possible sea states of a general irregular sea. The way of expressing this 

power performance is with a power matrix. This double entry matrix expresses the power 

extracted from the device for each pair Hs-Tp possible. The usual distribution of the matrix is 

done by ordering the wave heights Hs from smaller to higher using constant spacing and the 

same for peak periods. This layout gives the expected power from every combination of Hs-Tp, 

which is highly improbable for high waves and short periods or vice versa, and as a 

consequence many of the values are out of the operational range and useless. 

The power matrix for the modeled Pelamis, Oyster, Wavestar and Langlee can be found in 

Annex (II) and can be used to estimate the energy output for any other deployment site. A 

representation of the power matrix of each device is shown in Fig. C-5. Here it can be 

visualized how the extracted power increases for higher wave amplitudes and how it may 

change for several wave periods, from the ability to tune of each WEC. 

 

Fig. C-5: Power matrix representation 

Once the power matrix of the device is calculated, the averaged power output in a specific site 

is easily computed by multiplying each element of the matrix with its correspondent element 

in the scatter diagram that defines the wave climate in that site. By this, the power output is 

weighted by the probability that the device performs in that sea state. The sum of all these 

products gives the average power extracted from the device.  Since the data behind the scatter 

diagrams is not from an only month or season, but from usually several years, the wave 

climate modeled is assumed to reflect the annual the behavior of an average year.  Then, the 

average power times the nº of hours in a year gives an estimate of the annual energy 
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extraction of a single device in that location, which may be a useful measure for comparison 

with household consumptions or penetration in the grid. 

2.2.3  Annual power production of each WEC 

The power extracted from the modeled devices is computed for each of the possible site which 

simulates their collocation with an offshore wind farm. The parameters chosen to describe the 

power performance of these devices are their average extracted power, the average capture 

width ratio and the annual energy production. Along with them, the average power per meter 

wave crest is given for every site, to easily visualize which sites are most energetic.  

Apart from the energy extraction, two ratios relating the performance of the device and some 

of its characteristics have been computed, inspired from [51], in order to give an approach on 

the possible costs of each particular unit. The ratios considered are the annual energy 

production per unit of mass and the annual energy production per unit of wetted surface. The 

amount of material needed to build a device accounts for most of the cost of the device itself. 

As seen previously (Fig. C-2), the cost of the device is critical in the capital cost of wave energy. 

Since developers do not make public the detailed material requirements of their devices, the 

considered mass might not measure accurately the amount of structural material needed, 

since some devices may also include cheap ballasting material. This brings the introduction of 

the Energy/Surface ratio that considers the active surface area of the device in contact with 

the waves. This variable relates the energy generated to the covering surface of structural 

material required for the device.  

Device Pelamis Oyster Wavestar Langlee 

Mass (tonnes) 700 1500 1600 375 

wetted surface (m2) 1649 776 785 2140 
Table C-5: Device mass and wetted surface 

The results for the power output and relative ratios are given in separate tables (Table C-6), 

(Table C-7), (Table C-8), (Table C-9) for each device. 

Site 
Average 
Power (kW) 

Capture 
width ratio 

Annual 
Energy (GWh) 

Energy/mass 
(MWh/T) 

Energy/surface  
(MWh/m2) 

Ireland 33.75 0.12 0.30 0.42 0.18 

Denmark 53.93 0.12 0.47 0.67 0.29 

Norway 491.26 0.08 4.30 6.15 2.61 

UK 182.88 0.09 1.60 2.29 0.97 

France 323.77 0.07 2.84 4.05 1.72 
Table C-6: Power performance Pelamis 

The efficiency of the Pelamis-type device converting the power from the waves on an annual 

basis is rather low (10%) compared to the maximum capture width ratio achievable at certain 

regular wave frequencies (around 25%). This efficiency is relative to its length of 150m, thus 

the magnitude of that power is significant, reaching 0,5MW on average for an energetic site as 

the Norwegian Sea. This is in accordance to the power at which the Pelamis is announced to be 

rated at [22], which means that with optimal control the device could perform with a capacity 

factor over 60% (assuming that the optimal control modeled here is realistic).  
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The total energy output is an order of magnitude higher in deep waters than in shallow and 

low energetic sites, following the rule of thumb of the average power of each site shown in 

(Table C-2). This manifests the indications from the developers, which indicate this device is 

designed for depths over 50m. Assuming the same material requirements for deploying the 

device at any site, the ratios of energy/mass, energy/area show how the device yields 5-10 

times more energy for unit of material used in the sites of France, UK and Norway. 

Site 
Average 
Power (kW) 

Capture 
width ratio 

Annual 
Energy (GWh) 

Energy/mass 
(MWh/T) 

Energy/surface  
(MWh/m2) 

Ireland 34.18 0.64 0.30 0.20 0.39 

Denmark 51.53 0.63 0.45 0.30 0.58 

Norway 522.91 0.45 4.58 3.05 5.90 

UK 211.26 0.51 1.85 1.23 2.38 

France 427.65 0.56 3.75 2.50 4.83 
Table C-7: Power performance Oyster 

The Oyster-type device deployed in different sites performs with high efficiencies, with a 

capture width of around half of the flap width, and can increase around 25% at the lower 

energy sites in Denmark and Gallway Bay in Ireland. The average power absorbed, if deployed 

in shallow waters such as in these last sites, is an order of magnitude lower than the 800 kW 

rated power of the Oyster [21]. The energy extracted at the high energy sites is considered 

over estimated as its wave climate is referred to deeper waters where the wave 

measurements are made, while the energy near the shore is expected to be much lower.  

Site Average 
Power (kW) 

Capture 
width ratio 

Annual 
Energy (GWh) 

Energy/mass 
(MWh/T) 

Energy/surface  
(MWh/m2) 

Ireland 96.14 0.68 0.84 0.53 0.45 

Denmark 137.59 0.64 1.21 0.75 0.64 

Norway 540.26 0.17 4.73 2.96 2.52 

UK 451.01 0.41 3.95 2.47 2.10 

France 543.57 0.26 4.76 2.98 2.53 
Table C-8:Power performance Wavestar 

The model made of the Wavestar estimates a power capture of over 60% of the energy in a 

crest of 70m length. It is able to extract an average 130kW in calm waters such as around 

Horns Rev offshore wind farm. Because of its protection against violent sea conditions, the 

performance drops significantly if deployed in the Norwegian Sea or the west of France. This 

explains the plans of the developers to upscale the device for those sites [25].  

Site Average 
Power (kW) 

Capture 
width ratio 

Annual 
Energy (GWh) 

Energy/mass 
(MWh/T) 

Energy/surface  
(MWh/m2) 

Ireland 26.44 0.25 0.23 0.62 0.11 

Denmark 29.02 0.18 0.25 0.68 0.12 

Norway 364.42 0.15 3.19 8.51 1.49 

UK 135.99 0.17 1.19 3.18 0.56 

France 323.13 0.20 2.83 7.55 1.32 
Table C-9: Power performance Langlee 
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Comparing the performance of the Langlee (Table C-9) model and the Oyster model, it is 

interesting to see how the two flap device underperforms against the fixed flap device, at any 

site. As observed in (Fig. B-47) this device could be tuned to focus as much energy as its active 

width; however, its performance drops drastically for the rest of frequencies, resulting in a 

capture width ratio below half of the width of a flap. Another remarkable result is that it is able 

to extract a significant amount of power by mobilizing fewer mass than the other. 

The ratios of energy against device material can be useful to compare devices, since they are 

very different in dimensions and power performances. The ratios are computed for each 

device (Fig. C-6) in the UK site, which is chosen as an average wave climate. 

 

Fig. C-6: Performance ratios 

In the chart it is observed that the values of each ratio are in the same order of magnitude for 

every device, yielding 1-2 units of energy per unit of mass or wetted surface. In the first chart, 

it is seen that the oyster flap is a rather massive device compared to the rest. Since it is fixed to 

the seabed and absorbs all the inline force from the wave, it is reasonable to be structurally 

more demanding than the self-reacting devices. On the other hand, most of this device is 

actively used to absorb energy from the wave as it covers as much surface as possible yielding 

more energy per wetted surface. The other pitching device, by being floating, is composed of a 

large floating structure, and needs much more structural surface to perform. The other 

floating device, the Pelamis even being rather light (energy/mass ratio) is composed of long 

cylinders resulting in a considerable surface of structural material in contact with the water 

that has to withstand their loads. . From these performance ratios, the Wavestar model is 

considered to be able to use the material needed more efficiently. 

2.2.4  Power from a combined wind and wave farm 

The previous section allowed estimating the potential of the modeled devices to extract 

energy from the waves in several sites around the coasts of Europe. The next step followed is 

the estimation of the energy extracted by an array of these devices deployed around operative 

and planned offshore wind farms. This is done by assuming that the wave climate in the case 

study wind farms is modeled by the correspondent scatter diagram (Table C-3) used in the 

previous section.  
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Since there are no operating wave farms or combined wave and wind farms, there is no model 

that could be used to make a fair representation of an ideal case. For this reason, a very simple 

model has been created to estimate the potential for combined energy extraction. 

From the side of the wind farm, the representative variables are their water depth, the area of 

sea covered and their rated power. In order to relate the power performance of wind turbines 

and WECs, the annual energy production has been considered. This variable is known for each 

device on each site, from the previous analysis, and can be known using the rated power of 

each wind farm. This is calculated by applying (Eq. C-5) where the annual energy is the average 

power produced for a year. The average power of a wind farm is equivalent to its rated power 

times the capacity factor.  

                                      

Eq. C-5: Annual energy produced by wind farm 

Since Horns Rev II is the only operative wind farm from the cases studied, its capacity factor is 

known [53] and around 50%. This value is assumed to be similar for the rest of offshore farms 

and thus has been applied throughout. Another feature known from this wind farm is its 

layout, which has been assumed to be the same for the other wind farms.  

 

Fig. C-7: Horns Rev II layout [52] 

From this layout, all the wind farms are assumed to be rectangular, with the side parallel to the 

waves longer than width of the park. This rough hypothesis is applied by considering that the 

direction of the predominant wind is highly correlated with the predominant wave direction. 

Then, from the shape of Horns Rev II (Fig. C-7), the length of the first row of wind turbines can 

be estimated. For the other wind farms, by only knowing its area and assuming the same 

shape relation, the length useful for WEC installation is found. This length is then considered to 

be the available location for the deployment of an array of one row of wave energy converters 

with uniform spacing. The spacing considered is shown in (Table C-10) and has been 

determined taking into account the dimensions of each device, their mooring strategy and 

their estimated performance.  

 
Pelamis Oyster Wavestar Langlee 

Spacing between devices (m) 150 50 70 100 
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Table C-10: wave farm spacing 

This procedure is applied to each device at the wind farms where they are suitable to be 

deployed, i.e. the near-shore Oyster and Wavestar forming a wave farm around the wind 

farms of Horns Rev II, Scierde and Saint Nazaire, while the floating Pelamis and Langlee could 

be operated in the planned wind farms of Havsul, Atlantic Array and Saint Brieuc. The number 

of WECs operating in each wind farm is the division of the total length by the spacing (Table 

C-11) 

Wind Farm 
array length 
(km) 

nº devices 

Pelamis Oyster Wavestar Langlee 

Horns Rev 2 10.49 70 210 150 105 

Scierde 3.65 24 73 52 37 

Saint Nazaire 16.53 110 331 236 165 

Saint Brieuc 24.49 163 490 350 245 

Havsul 12.91 86 258 184 129 

Atlantic Array 27.69 185 554 396 277 
Table C-11: nº of devices in wave farm 

Taking into account the annual energy estimated to be extracted at every site for the Pelamis 

(Table C-6) and assuming no interaction between devices on their performance, it is 

straightforward to compute the total energy generated from the array of devices that can fit 

around a wind farm. This magnitude is then compared to the estimated annual production of 

each wind farm obtaining the increment on the overall power output of the offshore park.  

 Wind Farm 
unit anual 
energy (GWh) 

wave farm a. 
energy (GWh) 

wind farm a. 
energy (GWh) 

∆ energy 
output (%) 

Havsul 4.30 370 1533 24.16 

Atlantic Array 1.60 295 2190 13.50 

Saint Brieuc 2.84 463 2190 21.15 
Table C-12: Energy from Pelamis array 

In the hypothetical case of installing 86 Pelamis devices around the planned wind farm in 

Norway, the total output from the energy park would be increased by 24%. The wind farms in 

France and UK are planned for higher capacities and would need around the double number of 

devices to reach 21% and 13% increment of power, respectively. 

For the case of the Oyster (Table C-13), in the less energetic sites the contribution of many 

installed devices keeps being low, thus more rows of flaps should be installed to make a 

significant impact. In case of being installed in energetic sites such as the wind farm in France, 

the role of a protective array of Oysters could increase to total output more than 50%. 

However, the wave resource at the depths where they would be deployed should be verified, 

since it might be significantly lower as the wave approaches the coast. 

 Wind Farm 
unit anual 
energy (GWh) 

wave farm a. 
energy (GWh) 

wind farm a. 
energy (GWh) 

∆ energy 
output (%) 

Scierde 0.30 21 438 4.99 

Horns Rev 2 0.45 94 919 10.29 
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Saint Nazaire 3.75 1238 2102 58.92 
Table C-13: Energy from Oyster array 

The other device mounted on shallow waters, the Wavestar, is estimated it could contribute to 

a 20% increase in energy output at Horns Rev II if installing 120 units (Table C-14). The 

extraordinary contribution to the wind farm in France should be questioned for the same 

reason as in the Oyster, since the wave resource is measured in deeper waters and not on the 

proposed farm. 

 Wind Farm 
unit anual 
energy (GWh) 

wave farm a. 
energy (GWh) 

wind farm a. 
energy (GWh) 

∆ energy 
output (%) 

Scierde 0.87 45 438 10.39 

Horns Rev 2 1.23 184 919 20.04 

Saint Nazaire 7.41 1750 2102 83.26 
Table C-14: Energy from Wavestar array 

The floating Langlee-type device has the potential to significantly contribute to the overall 

energy of the planned wind farms in deep waters (Table C-15). If the cost per unit made it 

reasonable to deploy 130-170 devices, an increase of around 30% of the energy output could 

be achieved in the Norwegian and French wind farms, respectively. 

Wind Farm 
unit anual 
energy (GWh) 

wave farm a. 
energy (GWh) 

wind farm a. 
energy (GWh) 

∆ energy 
output (%) 

Havsul 0.23 412 1533 26.88 

Atlantic Array 0.25 329 2190 15.06 

Saint Brieuc 2.83 693 2190 31.66 
Table C-15: Energy from Langlee array 

3 Estimation of wave field reduction from WECs 
The deployment of WECs in a section the sea affects the wave pattern as the wave front 

travels through each device and loses a certain amount of the kinetic and potential energy. In 

the cases studied in this thesis, the energy is obtained from the tuned motion of a body or part 

of it which is externally damped to transform part of those induced forces to generate useful 

power.  

The extraction of a part of the incoming energy from the waves means that the wave field past 

a WEC is less energetic, which in theory is translated into a reduction in the amplitude of 

waves at the wake of the device. 

The possible effects of smaller waves approaching a wind warm due to the effect of collocated 

wave energy converters, as mentioned previously, could imply such benefits to offshore wind 

that generate the demand for WEC commercialization. For this reason, the effect on the wave 

pattern by the modeled WECs is studied in this section.  

 Methodology 3.1 

The characteristics of the disturbed wave field are obtained from Wamit, which by solving the 

potential flow problem around each device, in the frequency domain, gives the option of 
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obtaining the fluid pressure at any point of the fluid domain by solving the dynamic boundary 

condition at the surface (Eq. C-6). 

   
 

 
(
  

  
)    

Eq. C-6: Water surface elevation 

The methodology followed consists in using the output from the optimization computed in 

Matlab, choosing a representative wave frequency and collecting the optimal PTO parameters 

in that frequency to insert them in Wamit as external damping and restoring coefficients, 

running the software for finally analyzing the free surface elevation output. 

The procedure is rather simple as it takes advantage of all the work previously done in 

modeling and optimizing each of the devices. From all that data, the analysis is performed for a 

single wave period, chosen by being a typical wave in a real sea and by having that device a fair 

performance in extracting power.  

Then, the optimal values for the linear damper and spring in that frequency are input as the 

mechanical properties of the device in the .FRC file, which account for the mass matrix and the 

external damping and restoring force matrixes, the values of which are placed according to the 

mode of motion affected by the PTO parameter. Since this step is done manually for each 

value, the whole procedure is only performed in a single frequency by being too time 

consuming (i.e. the Wavestar device accounts for 40 PTO parameters to be inserted for each 

frequency).  

The representation of the wave field around the device is done by obtaining the water surface 

elevation in a mesh of points. The mesh applied consists of 2600 points equi-spaced in the x-y 

plane with z=0, being the mean water level. The data output for each mesh point is the wave 

amplitude and phase, being the wave frequency the one from the incoming waves, which the 

program runs. The magnitude of the wave amplitude is non-dimensional by the incident wave 

amplitude, equal to 1m. The phase of the oscillation is given in degrees. 

 Wave field from a Pelamis 3.2 

The parameters involved in the wave field estimation of a Pelamis-type device are: 

Device Pelamis 

Period 7.25 

Length 150 

C.width 0.21 

amplitude1 2m (heave) 

amplitude2 1.2m (heave) 

amplitude3 1.7m (heave) 

Damping1 1.0e+05 

Damping2 6.6e+05 

Damping3 3.6e+05 

Spring1 1.3e+06 

Spring2 5.0e+06 
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Spring3 2.6e+05 
Table C-16: Pelamis-model features 

Where the length of the device is the reference for the capture width ratio, the amplitude is 

the magnitude of the motion of each hinge mode and the damping and spring are the PTO 

parameters applied for each mode. 

The wave field is represented by the magnitude of its amplitude, per unit incident wave 

amplitude, at each point of the mesh over a zone near the device. 

 

Fig. C-8: Pelamis wave field amplitude view 

Figures Fig. C-8 and Fig. C-9 show the amplitude of the waves in a square mesh of 400x400m 

around the modeled Pelamis which stands in the coordinate’s center.  Fig. C-8 allows the 

visualization of the wave field reduction behind the device and the shape of how the waves are 

increased or decreased compared to a unit amplitude of the incoming wave train. Note that 

this figure does not represent the expected wave field at a particular instant, since each wave 

oscillation has a phase, thus not ensuring reaching the maximum wave elevation at the same 

time. 
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Fig. C-9: Pelamis wave field amplitude top view 

Fig. C-9 helps understand how the wave field is disturbed by the device in order to extract 

energy from it. In this sense, the device modeled mainly diffracts the waves at its wake where 

a reduction of energy is manifested by a uniform zone of lower wave amplitudes.  

The wave field pattern observed reveals the working principle of this elongated attenuator, 

where the waves travel around the body, reflecting very little energy and producing significant 

wave cancelation in the wake. There is also some scattering of wave energy in several 

directions from the induced flow perpendicularly to the waves due to the internal motions of 

the Pelamis cylinders, modeled by the hinge modes. Since the geometry, the motions and the 

incident wave train are symmetrical to the longitudinal axis of the device, the wave field 

induced is also symmetric, as it is clearly seen on (Fig. C-9). 

The data from the wave field in the wake of the device can also be used to compute the 

remaining energy of the waves, which subtracted from the initial energy in the wave front, 

gives the energy extracted by the device. This procedure is followed in order to validate the 

model created for the optimization problem.  

 

Fig. C-10: transversal cut of waves behind Pelamis 



92  Integration of WECs with offshore  

 
 

The power at the wake is calculated along a longitudinal strip of water, parallel to the wave 

front (Fig. C-10)., long enough and far enough from the device to assume that most of the 

disturbance from it is accounted for. The total power from the waves crossing the wake width 

(Table C-17) is considered as the integral (over that length) of the power, which is not uniform 

as the wave field has been disturbed. The expression of the power per unit length is the same 

as in Eq. B-14 (equation power available) except that the amplitude is not constant as it 

depends on the position at the wake. The integration of this power is performed numerically 

since the amplitude through the wake width is known in a discrete number of points, from the 

meshed output. By using a mesh that has the same spacing, the resultant integral can be 

expressed as the power of a single wave with an amplitude equal to average amplitude from 

the set of discrete points, and multiplying by the width of the wake considered.  

Device 
Power 

reduced in 
waves 

Power absorbed 
by device 

Pelamis 2.59E+06 1.43E+06 
Table C-17: Power extracted from Pelamis compared to power reduced in waves 

Apart from validating the optimization process and understanding the behavior of the wave 

field disturbed by the device, the procedure is aimed to give an estimate on the reduction of 

the wave climate behind the WEC. 

In Fig. C-11 the magnitude of the wave amplitude relative to the incoming wave is plotted for a 

longitudinal cut over the position of the device and extended to the water in front of it and at 

the wake. The coordinate system is referred to the mean water level at the symmetry plane of 

the problem, where coordinate values correspond to the wake, and positive in front of the 

device. 

 

Fig. C-11: Pelamis wave amplitude along a longitudinal cut at wake 
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From Fig. C-11 the values comprised between -75 and +75 are not relevant since that position 

corresponds to the location of the WEC body. From the amplitudes observed in front of the 

device, there is a small oscillation around the unit amplitude that would represent a slight 

reflection of waves from the device. On the other side, the wave amplitude is reduced from 

30% right behind the device to 15% in the far wake. This smooth increment in the wave 

amplitude is explained by the diffraction of the waves, since there is an energy gradient which 

focuses the waves towards the wake.   

The reduction on the wave’s amplitude behind the WEC implies a reduction of the forces they 

carry, as the inline force is quadratic with the wave amplitude. This reduction on the wave 

forces inside the wake of a WEC can be very relevant for the discussed scenario of collocating 

wave energy devices with offshore wind turbines, highlighting the potential of cost reduction 

on wind turbine foundations caused by the reduction of fatigue loads. Moreover, the potential 

for an increase in weather windows for the installation and maintenance of wind turbines, 

using vessels, could be evaluated considering the smaller waves inside the wind farm. 

The procedure to follow for these purposes could be the extension of the exercise performed 

in this section to the complete wave spectrum. From this, the wave climate in a wind farm 

protected by WECs could be estimated. 

 Wave field from an Oyster 3.3 

The parameters involved in the wave field estimation of an Oyster-type device are: 

Device Oyster 

Period 6.75 

Length 26 

C.width 0.84 

amplitude 8.5º (pitch) 

Damping 1.13E+08 

Spring 1.50E+08 
Table C-18: Oyster-model features 

The wave field resulting from the interaction of the pitching flap tuned to the mentioned wave 

period and wave height of 1m is shown in figures Fig. C-12 and Fig. C-13. 
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Fig. C-12: Oyster wave field amplitude view 

The representation of the magnitude of the wave amplitude around the device shows how its 

motion reflects a relevant amount of energy towards the incoming waves. This is observed as 

waves with a much higher and lower amplitude appear in  front of the flap, which correspond 

to constructive and destructive interference between the incoming wave train and the 

reflected waves from the flap’s pitching motion. 

 

Fig. C-13: Oyster wave field amplitude top view 

 As for the wake, the device is able to reduce significantly the wave height behind the flap, 

with wave reductions of 40% around a wide extension of water. The shape of the resultant 

wave field clearly reveals its classification as a terminator.  
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Fig. C-14: transversal cut over waves behind Oyster 

The integration of the power in the waves along the considered width at the wake (Fig. C-14) 

gives the expected magnitude from the power maximization performed at that wave period 

(Table C-19). 

Device 
Power 

reduced in 
waves 

Power absorbed 
by device 

Oyster 1.69E+06 1.07E+06 
Table C-19: Power extracted from Oyster compared to power reduced in waves 

The wave height reduction behind the WEC in Fig. C-14 confirms the effect of reflection 

produced by the flap, together with the impressive wave amplitude reduction behind it, which 

tends to be less significant as it progresses through the wake.   

 

Fig. C-15: Oyster wave amplitude along a longitudinal cut wake 

The particular wave pattern induced from the introduction of Oyster-type devices might be 

relevant for collocation with wind farms deployed at shallow waters (this device is designed for 

water depths of 10-15m), since it has been estimated to reduce significantly the wave height 

near it. However, the induced waves due to reflection may be a serious concern if sited behind 

wind turbines. From this, a proposed layout for an array of these devices could be a single row 

of flaps mounted in front of the wind farm, acting as active protection to incoming waves. 
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 Wave field from a Wavestar device 3.4 

The parameters involved in the wave field estimation of a Wavestar-type device are: 

Device Wavestar 

Period 5s 

Length 70m 

C.width 1.18 

amplitude 1m (heave) 

Damping 3.50E+06 

Spring -8.13e+06 
Table C-20: Wavestar-model features 

Where the length corresponds to the longitudinal dimension of the complete array of floats 

and is the reference for the capture width ratio. The amplitude and the damping and spring 

parameters correspond to the values of the first float, which is chosen as a reference. 

The wave field result of the interaction of the 20 floats tuned to the incoming wave frequency 

is shown in figures (Fig. C-16) and (Fig. C-17). 

 

 

Fig. C-16: Wavestar wave field amplitude view 

The pattern observed over the disturbed wave field manifests the mechanism of wave 

cancellation as an attenuator, where the wave field in front of the device hardly feels its 

presence. Instead, the wave amplitude is progressively reduced as the waves travel through 

the rows of heaving hemispheres.   The rather narrow strip of water which has lost part of its 

energy is propagated downwards creating an area with wave amplitude reductions around 

20% over a width twice the length of the attenuator device. 
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Fig. C-17: Wavestar wave field amplitude top view 

In this case the problem cannot be stated as symmetric as each of the two row floaters is 

allowed to move independently with their own PTO setting. However, the slight differences on 

the optimal values obtained for tuning each float induce a rather symmetric motion of the 

device which translates into a symmetric wave field. 

 

Fig. C-18: Wavestar wave amplitude along a longitudinal cut  

Note that the wave reduction is kept higher than 10% over a long distance at the wake (Fig. 

C-18), and that there is very slight reflection in front of the device. wave reduction at far field 

and very slight reflection.  
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From (Fig. C-19) it can be seen how the perturbed wave field tends to its unit wave amplitude 

for locations far from the device.  

 

Fig. C-19: transversal cut over waves behind Wavestar 

 Wave field from a Langlee 3.5 

The parameters involved in the wave field estimation of a Langlee-type device are: 

Device Langlee 

Period 9.25 

Length 28 

C.width 0.65 

amplitude1 6º 

amplitude2 29º 

amplitude3 24º 

Damping1 2.2E+07 

Damping2 1.7E+07 

Spring1 2.6E+07 

Spring2 2.9E+07 
Table C-21: Langlee-model features 

Where the active length is considered to be one side of the squared frame of the device, the 

amplitudes are the motion of the main frame, and the front and rear flap, respectively, and the 

damping and spring values account for the PTO parameters for each flap. 

The wave field result of the interaction of the floating pitching flaps, tuned to the incoming 

wave frequency, is shown in figures (Fig. C-20) and (Fig. C-21). 
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Fig. C-20: Langlee wave field amplitude view 

The wave pattern from this device in operation is very similar to the single bottom mounted 

pitching flap. The distribution of the wave amplitude around the device shows why it should be 

considered as a terminator WEC. Also as the previous terminator, it has the drawback that it 

reflects a significant amount of energy, observed by the alternating amplitudes in front of it, 

due to constructive and destructive wave interference. A distinctive feature from the particular 

working principle of this device is the enormous wave occurring inside the device, between the 

flaps. This phenomenon has been supposed to be induced by the hydrodynamic interaction 

between the flaps, which oscillate with a relative phase that amplifies the waves through 

them. 

 

Fig. C-21: Langlee wave field amplitude top view 
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Acting as a terminator, this particular device is estimated to reduce the incoming waves over a 

significant length of water front. However, as the waves travel through the wake, the 

amplitude increases faster than on the attenuator-type devices.  

 

Fig. C-22: Langlee wave amplitude along a longitudinal cut  

As it is seen in Fig. C-22 the initial reduction of 30-40% on the amplitude of waves, is less than 

10% at a distance 2-3 times the length of the device. 

Also, from (Fig. C-23) it can be observed how the change in the wave field at the back of the 

device tends to the incident amplitude of 1m, although at a smaller pace than the attenuator-

types. 

 

Fig. C-23: transversal cut over waves behind Langlee 

4 Conclusions from part 3 

 Status for wind and wave integration 4.1 

- Early stage of wave energy sector versus fully mature offshore wind sector. 
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- There are potential synergies from combined exploitation, which need real case 

experimentation for quantitative judgment.  

 Power estimation of WECs in real seas 4.2 

- The performance of the devices drops significantly when estimating its power extraction 

in real seas compared to interaction with single regular waves. 

- The wave resource of the deployed site is the most critical variable in the energy 

extraction, being an order of magnitude higher between energetic a calm seas. 

- The ratios between energy extracted and material needed are similar between the 

modeled devices.   

- In order to increase a portion of the total energy from an offshore wind farm by 

collocation of wave energy converters, the needed devices are in the order of hundreds, 

making sense in energetic seas. 

 Wave field reduction 4.3 

- The simulation of the disturbed wave field from each WEC allows the understanding of its 

hydrodynamic behavior for power extraction. 

- The terminator-type devices such as the Oyster and Langlee are able to reduce the wave 

field over a wide section of water at their wake, but can generate higher waves at their 

front due to reflection. 

- The attenuator-type devices such as the Pelamis and Wavestar hardly disturb the water in 

front and are able to reduce the wave field over a long section of sea downstream. 
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Annex I – Data sheets on surveyed WECs 

ATARGIS 
Working principle 

It is a submerged attenuator composed of two hydrofoils, parallel to the wave front, which 

rotate around their common horizontal axis. The rotation motion of the shaft is the torque 

used by an electrical generator. Each hydrofoil as it spins near the water surface generates a 

phased wave which cancels the incident wave train. The motion on the blades is induced by 

the lift force that the flow applies. This revolutionary working principle is named as cycloidal 

WEC, as the device works as a horizontal axis cycloturbine. 

Power take-off 

The low frequency rotational mechanical energy is directly transformed into electricity by 

connecting the shaft to a direct drive permanent magnet generator. 

Development status 

They have completed step 2 by testing in the tank a 1:10 scale prototype and by publishing 

feasibility studies for their plan to reach the commercial stage. 

Dimensions and rated power 

The full scale device is planned to have two composite blades 150m long rotating in a radius of 

10m; needing 80 tonnes of fiberglass for the blades and 75 tonnes of steel for the structural 

frame. The generator is planned to be rated at a power of 5MW.  

Survivability strategy and mooring 

A floating frame and a monopile are the foundation solutions proposed, being the monopile 

mounted near shore their next step. The survivability strategy relies on the submergibility of 

the rotating flaps to depths where the wave loads are low enough.  

Power performance 

Their numerical models estimate a capture width ratio relative to the blade length of almost 

100%, even for incoming irregular waves. However, the viscous losses from the high speed of 

the blades are estimated by the developer to be roughly 25%. For their economic studies a 

final wave to wire efficiency of 40% is considered. 

Certification 

- 

Wave farm planning 

From a recent cost analysis performed, the developer plans arrays of 40 devices, without 

indicating their layout, except that they would be fixed by monopiles. 
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Costs 

Their most conservative estimate of capital costs for a single device deployment is 15 million 

US$. When considering the installation and exploitation in a 40 device array, they estimate a 

leveled cost of energy of 17cents$/kWh. 

 

 

Prototype 1:10 scale being tested at wave tank in Texas [17] 

 

Sketch showing the working principle of the device [17]  
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CARNEGIE – CETO 
Working principle 

This point absorber is composed by an axisymmetric buoy with a diameter of 11m and 

submerged 1-2m below the water surface, and generates power by transferring the buoy 

motion (heave and surge) into an oscillating linear force a cable which reacts with a fixed 

power take off system at the seabed. 

Power take-off 

A hydraulic pump, activated by the linear force on the tether, sends pressurized water to an 

onshore substation for generating electricity or for desalinization process.  

Development status 

Development phase 4, full-scale commercial phase with device in continuous power 

production 

Dimensions and rated power 

The device is basically composed by the spheroidal floater of 11m diameter and 5m height 

made of steel and connected by flexible cable to a turbine with a rated power of 240kW. The 

onshore generating unit is scaled to the capacity of the array of devices. 

Survivability strategy and mooring 

Its survivability is ensured by being submerged and not generating power, as it performs as a 

submerged buoy, absorbing low loads. The device is anchored on the seabed from its power 

take off which connects with the float by a tether cable. 

Power performance 

No power extraction data has been found from the developer, although having prototypes grid 

connected. Numerical estimations by Babarit [51] consider capture widths of around 6-13% of 

the float’s diameter. 

Certification 

The developer claims that the Power generation is verified by external engineering firm and 

environmental monitoring and assessment is performed. 

Wave farm planning 

 

Costs 

- 
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Visual representation of device [18]  
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LANGLEE 
Working principle 

A semi submerged structure acts as a frame to attach two flaps from their bottom, allowing 

them to pitch due to incoming waves, acting as terminators.  Despite acting as a terminator, 

the device is as long as it is wide, to ensure its stability, with each flap in front of the other.  

Power take-off 

Direct drive permanent magnet electrical generator.  

Development status 

At step 2. Design of components and experimental tank tests at scale 1:20. 

Dimensions and rated power 

Basically consists in a quadrilateral frame of 25m each side and 12m draft, made of modular 

steel cylinders of φ2.8m. The flaps also in steel are about 20m wide, 9 long and 1.8m thick. The 

overall weight is around 375 tonnes. It has a combined rated power of 250kW for the 

generators at both flaps. 

Survivability strategy and mooring 

This pitching device is designed for deep waters of more than 50m. Since it is floating and self-

reacts the forces from the flaps to the frame, it is slack moored to the seabed. It has two 

survivability strategies, by controlling the electric motor, the flaps can be tuned far from 

working range and also fixed in a position where loads are minimized. Also the structure can 

lower its flotation point by ballasting water inside, helpful for harsh conditions and 

maintenance operations. 

Power performance 

The tank tests performed in Aalborg estimate capture widths of maximum 35% and average 

11% in sea states [54]. 

Certification 

According to developer, structural components are designed following offshore standard DNV-

OSS-312. 

Wave farm planning 

No specific layout of wave farm design. An alternative mooring is thought for shallower depths 

if sharing space in wind farms. 

Costs 

- 
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Artist impression of device in commercial stage [19]  
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OCEANLINX – GREENWAVE 
Working principle 

This device is an oscillating water column, which consists of a partially submerged structure 

with an underwater opening that allows seawater to rise and fall within it. As this water 

column moves up and down it compresses and expands the air above it. This pressure gradient 

developed by the wave motion causes a bi-directional air flow capable of driving a power 

generator air turbine. 

Power take-off 

Their patented airWAVE turbine is an air turbine capable of generating power from 

bidirectional flow. 

Development status 

Step 3. Although having developed a full scale model, it was its first generation, and the 

following generations, which were floating OWC, have reached 1/3 scale prototypes tested in 

sea and grid connected. The Greenwave, their near shore OWC is being developed at present. 

Dimensions and rated power 

The developer does not provide with dimensions nor its weight apart that it is made 

prefabricated reinforced concrete that conforms the structure that withstands the device on 

the seabed, for depths around 10-15m. It is expected to be rated to 1MW.   

Survivability strategy and mooring 

It is not mentioned, but the monolithic structure must be designed to resist wave loads, 

assuming that at shallow waters the extreme waves are mostly dissipated. The device is 

mounted on the seabed, without anchors, drilling or cables. 

Power performance 

From the report on OWC from CarbonTrust () an estimated performance of their first 

generation OWC had an average 32% from wave to wire. 

Certification 

- 

Wave farm planning 

- 

Costs 

- 
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Visualization of Greenwave device showing its working principle [20]  
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OYSTER 
Working principle 

The device consists in a vertical flap that pitches around its bottom hinge which is fixed at the 

seabed. Designed to be deployed near-shore, the flap is long as the water depth and is thought 

to absorb the horizontal component of the wave velocity profile, acting as a terminator. 

Power take-off 

Hydraulic pistons pressurize water into an onshore substation where Pelton water turbines 

generate electricity.  

Development status 

Step 4, second generation device at full scale, in real sea and connected to grid (Orkney). Plans 

for next generation of the device and are to connect an array of 3 devices at same site. 

Dimensions and rated power 

Basically consists of a steel flap with a length of around depth of site (12m), 26m wide and 2m 

thick, with an overall weight of 1500 tonnes. It is rated to 800kW. 

Survivability strategy and mooring 

Device lying on seabed, fixed with deep concrete foundations. Taking advantage of energy 

dissipation in near shore sites, extreme climate exposure is reduced. Also the device is far off 

resonance for extreme wave events, minimizing the loads on the structure. 

Power performance 

No measured field data is found on public domain, thus numerical estimations work as a guide. 

Babarit [51] estimates capture widths around 0.5-0.7 for several sites. 

Certification 

DNV awarded a statement of feasibility to their latest device Oyster 800 by standard DNV-OSS-

312. 

Wave farm planning 

- 

Costs 

- 
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Full scale prototype before deployment [21]  
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PELAMIS 
Working principle 

The device is a floating elongated cylinder consisting in several bodies hinged by joints that 

allow their relative motion. The waves go through the body perpendicularly acting as a 

terminator. The angular displacements (the vertical and horizontal components) at the joints 

are the motions absorbed mechanically to generate power. 

Power take-off 

Hydraulic pistons pressurize biodegradable oil into accumulators that output a smooth and 

high-speed flow into turbines that generate electricity. The pistons are controlled to optimize 

power capture from the motion of the hinge in the vertical and horizontal plane. 

Development status 

Approaching step 5, an array of 2 second generation devices at full scale been sold to utility 

companies, deployed in real sea and connected to grid (Orkney).  

Dimensions and rated power 

Pelamis PS1: Length: 150m, Diameter: 3.5m, mass: 700T (structural steel 300T); Rated power: 

750kW (3 hinges at 250kW each) 

Pelamis PS2: Length: 180m, Diameter: 4m, mass: 1350T; Rated power: not indicated (4 hinges) 

Survivability strategy and mooring 

The device is designed for deep waters (50-70m depth) and slack moored to the seabed, 

allowing self-alignment and fixing it against sea surge. 

By being self-reacting to wave forces minimizes mooring dependence. Since it is an attenuator, 

the incoming forces from wave front can be small if device is not tuned for extreme waves 

which are high by also long, this is, the device follows vertically the wave with low slamming 

and drag forces. 

Power performance 

The developer has publicly provided a power matrix for its first generation device which can be 

assumed to be generated from real sea performance data. Also, the developer announces a 

measured capture width of 11% (relative to device length) from the P2 in Orkney . The 

Bolgekraft program [9] numerical model of the device estimated an average 7% capture width 

at a North Sea site. 

Certification 

The Pelamis has been independently verified by WS Atkins according to DNV offshore codes 

and standards. 

Wave farm planning 
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A proposed layout in  a 2.1x0.6 km2 area is a 3 row array of devices separated 1 device length 

from each other, with a total of 40 devices, and an estimated output of 15MW/km2.  

Costs 

According to EPRI [8] a Pelamis unit cost is around 2-3 M$ (in 2004) 

 

 

Pelamis P2 device operating at EMEC [22]  
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POSEIDON 
Working principle 

The Poseidon is a floating structure designed to exploit wave and wind energy.  An array of 

point absorbers are attached to the structure acting as a terminator headed against the wave 

front. Each of these absorbers is composed of a floating flap that rotates with respect to a 

fixed rod due to the heave and surge components of the flap. 

 As for the wind, 3 standard wind turbines are mounted on the structure 

Power take-off 

Water turbines use the pressurized water from the shared rod from the absorbers.  

Development status 

Step 3 finished. A 1:5 scale device tested in the sea and grid connected (not indicated if WEC 

and/or wind turbines generating) 

Dimensions and rated power 

The envisioned full-scale is 200m long and 420m wide, with a weight of 17000 tonnes of steel 

and 3000 of concrete. The rated power for the whole wave energy converting system is 

18MW. 

Survivability strategy and mooring 

The dimensions of the floating structure infer that it is conceived to withstand the loads by 

itself, ensuring its stability by its own weight. It is slack-moored, and designed for deep water 

depths.  

Power performance 

Bolgekraft program [9] numerical model of the device estimated an average 27% capture 

width at a North Sea site. 

Certification 

- 

Wave farm planning 

- 

Costs 

- 
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Poseidon operating at Onsevig wind farm(DK) [23]  
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WAVEDRAGON 
Working principle 

The device is a floating reservoir which collects the power in the waves as potential energy. By 

its ramp and reflectors, the waves run-up and transform their kinetic energy into potential as 

water overtops and remains in the reservoir. The stored water drives a turbine as it is returned 

to the sea. 

Power take-off 

Kaplan water turbines absorb the low water column pressure and activate a direct drive 

permanent magnet electric generator. 

Development status 

At step 3, by prototype testing (scale 1:4.5) in calm waters and being grid-connected  

Dimensions and rated power 

This is a massive device made of steel and ballasted with concrete with an overall mass of 

33000 tonnes. Accounting the reflectors it is 300m long (along the wave front), 170m wide and 

15m of draft. It has a rated power of 7MW distributed in 20 Kaplan turbines at 350kW. 

Survivability strategy and mooring 

The floating device is designed for deep waters (50m depth) and slack moored to the seabed, 

allowing self-alignment in a range of up to 60º.  

The dimensions of the device and its structural stiffness account for the minimization of the 

WEC motions by waves, thus the device is designed to withstand the incident loads as a rigid 

body. Also, by ballasting its air chambers, the device can be semi submerged and lower the 

loads on the reflectors and ramp. 

Power performance 

The developer has publicly provided a power matrix for its first generation device which can be 

assumed to be generated from real sea performance data. 

 Power efficiency has been estimated to be 15% without reflectors (capture length of 100m) 

and 19% with reflectors (capture length of 260m), at a specific test site().Bolgekraft program 

[9] numerical model of the device estimated an average 23% capture width (length of 150m) at 

a North Sea site.  

Certification 

A full scale prototype of 1.5MW, to be located in the North Sea, is certified by DNV according 

to developer. 

Wave farm planning 
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A proposed layout in a 4x0.8 km2 area is an array of 7 devices rated to 7MW, and an estimated 

output of 15MW/km2.  

Costs 

Developer estimates the cost of  a unit around 4000€/kW which decreases depending on the 

site and once the device reaches economies of scale, with a starting cost of energy of 

0.11€/kWh. 

 

 

Front view of the prototype tested at Nissum Bredning [24] 

 

 

Lateral sketch of the device showing its working principle [24]  
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WAVESTAR 
Working principle 

The device is a fixed near shore attenuator composed of two rows of 10 floats that heave as a 

buoy and where each float is connected by a frame to a fixed structure. The angular motion of 

each frame is the mechanical energy absorbed by hydraulic pistons at the fixed structure.  

Power take-off 

An hydraulic power take off system allocated in the fixed structure generates electricity.  The 

system is not exposed to the harsh sea environment, but in a dry atmosphere. 

Development status 

Step 3, with a ½ scale prototype of 2 floaters in near shore waters. The device has been grid 

connected since 2010 and successfully delivered power for 3 years. 

Dimensions and rated power 

The C5 device is planned to be a 70m array of 20 floats of 5m diameter each joint by a 10m 

arm. The total mass is 1600T, mostly structural steel. Rated power of 600kW 

The next generation C10 for deeper waters in high energy seas is an upscale of a 140m 

structure with 20 floats of 10m diameter and a rated power of 6MW. 

Survivability strategy and mooring 

Being designed for 10-15m water depths, the fixed structure is founded by monopoles to the 

seabed. 

The survivability strategy consists in mechanically lifting the floats at a height where they have 

no interaction with the extreme waves, preventing excessive loads on the device. Plus the 

power generating equipment is out of the marine environment. 

Power performance 

The developer has publicly provided a power matrix for its last prototype. Also, the absorbed 

power and electrical generation is recorded and made publicly available in a monthly basis. 

Numerical models like Babarit [51] estimate capture widths between 12-17% of the array 

length for posible seas. A simple numerical verification by Wavestar [25] estimates capture 

widths in regular waves between 20-40% for a single floater, with an estimated reduction of 

25% from the array effect. 

Certification 

- 

Wave farm planning 

It is planned to be installed in conjunction with offshore wind farms. There are two possible lay 

outs: as arrays of this attenuator between wind turbines and facing the most occurred wave 



124  Annex I 

 
 

front, as a hybrid structure with 3 Wavestar devices connected by one end to a wind turbine as 

a star. 

Costs 

- 

 

Prototype with two floats at Hanstholm [25] 

 

 

Artist impression of full-scale device [25]  
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WEPTOS 
Working principle 

Floating terminator composed of two frames with an attached array of 20 pitching asymmetric 

floaters inspired on the salter duck. The pitching motion rotates an axle connected all the 

floaters whose overall torque is used by a generator. 

Power take-off 

A direct drive electrical generator directly connected to the main shaft which collects the 

torque absorbed by each floater. 

Development status 

Step 2, with a 1/8 scale prototype tested in tank.  

Dimensions and rated power 

Two legs 72m long hinged together allowing pivoting in an adjustable angle between 30º-120º. 

Floaters and frame supposed to be in steel. 

Survivability strategy and mooring 

Floating device suitable for deep waters and slack moored. The forces for power generation 

are self-reacted being basically the relative motion of the floaters with the common frame. 

The strategy to resist extreme wave climates is to minimize the angle between the two legs of 

floaters, by this the length of the incident wave front is reduced; it could be understood as a 

change of the behavior from a terminator to a rather attenuator. 

Power performance 

From Pecher [54] an overall capture width of 12% is obtained from wave tank tests simulating 

a Danish North Sea site. 

Certification 

- 

Wave farm planning 

Arrays of several rows of Weptos with a power density of 16MW/km2 in a wave farm, 

according to the developer. 

Costs 

- 
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Prototype being tested at IH Cantabria(Spain) [26] 

 

 

Artist impression of full-scale device showing working principle [26] 
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Annex II – Power matrixes, scatter diagrams & wind farms in 

Europe 

Power matrixes of modeled WECs 

Power matrix Pelamis 

 

Hs - Tp 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 

0.75 
1.32E

+04 
2.29E+

04 
2.55E+

04 
2.64E+

04 
2.76E+

04 
2.93E+

04 
3.10E+

04 
3.20E+

04 
3.16E+

04 
2.98E+

04 

1.25 
3.67E

+04 
6.37E+

04 
7.09E+

04 
7.35E+

04 
7.66E+

04 
8.14E+

04 
8.62E+

04 
8.89E+

04 
8.77E+

04 
8.27E+

04 

1.75 
7.19E

+04 
1.25E+

05 
1.39E+

05 
1.44E+

05 
1.50E+

05 
1.59E+

05 
1.69E+

05 
1.74E+

05 
1.72E+

05 
1.62E+

05 

2.25 
1.19E

+05 
2.06E+

05 
2.30E+

05 
2.38E+

05 
2.48E+

05 
2.64E+

05 
2.79E+

05 
2.88E+

05 
2.84E+

05 
2.68E+

05 

2.75 
1.78E

+05 
3.08E+

05 
3.43E+

05 
3.56E+

05 
3.71E+

05 
3.94E+

05 
4.17E+

05 
4.30E+

05 
4.24E+

05 
4.00E+

05 

3.25 
2.48E

+05 
4.31E+

05 
4.79E+

05 
4.97E+

05 
5.18E+

05 
5.50E+

05 
5.83E+

05 
6.01E+

05 
5.93E+

05 
5.59E+

05 

3.75 
3.30E

+05 
5.73E+

05 
6.38E+

05 
6.61E+

05 
6.90E+

05 
7.32E+

05 
7.76E+

05 
8.00E+

05 
7.89E+

05 
7.44E+

05 

4.25 
4.24E

+05 
7.36E+

05 
8.19E+

05 
8.49E+

05 
8.86E+

05 
9.40E+

05 
9.97E+

05 
1.03E+

06 
1.01E+

06 
9.56E+

05 

4.75 
5.30E

+05 
9.20E+

05 
1.02E+

06 
1.06E+

06 
1.11E+

06 
1.17E+

06 
1.25E+

06 
1.28E+

06 
1.27E+

06 
1.19E+

06 

5.25 
6.47E

+05 
1.12E+

06 
1.25E+

06 
1.30E+

06 
1.35E+

06 
1.44E+

06 
1.52E+

06 
1.57E+

06 
1.55E+

06 
1.46E+

06 

5.75 
7.76E

+05 
1.35E+

06 
1.50E+

06 
1.55E+

06 
1.62E+

06 
1.72E+

06 
1.82E+

06 
1.88E+

06 
1.85E+

06 
1.75E+

06 

6.25 
9.17E

+05 
1.59E+

06 
1.77E+

06 
1.84E+

06 
1.92E+

06 
2.03E+

06 
2.16E+

06 
2.22E+

06 
2.19E+

06 
2.07E+

06 

6.75 
1.07E

+06 
1.86E+

06 
2.07E+

06 
2.14E+

06 
2.23E+

06 
2.37E+

06 
2.51E+

06 
2.59E+

06 
2.56E+

06 
2.41E+

06 

7.25 
1.23E

+06 
2.14E+

06 
2.38E+

06 
2.47E+

06 
2.58E+

06 
2.74E+

06 
2.90E+

06 
2.99E+

06 
2.95E+

06 
2.78E+

06 
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Power matrix Oyster 

 

Hs - Tp 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 

0.75 
1.48E

+04 
2.25E+

04 
2.49E+

04 
2.67E+

04 
3.09E+

04 
3.90E+

04 
5.22E+

04 
7.10E+

04 
8.81E+

04 
7.79E+

04 

1.25 
4.11E

+04 
6.26E+

04 
6.90E+

04 
7.41E+

04 
8.60E+

04 
1.08E+

05 
1.45E+

05 
2.03E+

05 
2.16E+

05 
1.83E+

05 

1.75 
8.05E

+04 
1.23E+

05 
1.35E+

05 
1.45E+

05 
1.68E+

05 
2.12E+

05 
3.01E+

05 
3.60E+

05 
3.48E+

05 
2.95E+

05 

2.25 
1.33E

+05 
2.03E+

05 
2.24E+

05 
2.40E+

05 
2.78E+

05 
3.59E+

05 
4.81E+

05 
5.18E+

05 
4.82E+

05 
4.12E+

05 

2.75 
1.99E

+05 
3.03E+

05 
3.34E+

05 
3.58E+

05 
4.16E+

05 
5.56E+

05 
6.62E+

05 
6.75E+

05 
6.19E+

05 
5.30E+

05 

3.25 
2.77E

+05 
4.22E+

05 
4.66E+

05 
5.00E+

05 
5.80E+

05 
7.57E+

05 
8.41E+

05 
8.31E+

05 
7.55E+

05 
6.49E+

05 

3.75 
3.69E

+05 
5.62E+

05 
6.20E+

05 
6.65E+

05 
7.94E+

05 
9.57E+

05 
1.02E+

06 
9.86E+

05 
8.93E+

05 
7.69E+

05 

4.25 
4.74E

+05 
7.21E+

05 
7.96E+

05 
8.54E+

05 
1.02E+

06 
1.15E+

06 
1.19E+

06 
1.14E+

06 
1.03E+

06 
8.89E+

05 

4.75 
5.92E

+05 
9.01E+

05 
9.94E+

05 
1.07E+

06 
1.25E+

06 
1.35E+

06 
1.36E+

06 
1.30E+

06 
1.17E+

06 
1.01E+

06 

5.25 
7.22E

+05 
1.10E+

06 
1.21E+

06 
1.30E+

06 
1.47E+

06 
1.54E+

06 
1.53E+

06 
1.45E+

06 
1.31E+

06 
1.13E+

06 

5.75 
8.66E

+05 
1.32E+

06 
1.46E+

06 
1.56E+

06 
1.69E+

06 
1.73E+

06 
1.70E+

06 
1.61E+

06 
1.44E+

06 
1.25E+

06 

6.25 
1.02E

+06 
1.56E+

06 
1.72E+

06 
1.83E+

06 
1.90E+

06 
1.92E+

06 
1.87E+

06 
1.76E+

06 
1.58E+

06 
1.37E+

06 

6.75 
1.19E

+06 
1.81E+

06 
2.00E+

06 
2.10E+

06 
2.11E+

06 
2.10E+

06 
2.04E+

06 
1.92E+

06 
1.72E+

06 
1.50E+

06 

7.25 
1.38E

+06 
2.09E+

06 
2.31E+

06 
2.36E+

06 
2.32E+

06 
2.28E+

06 
2.21E+

06 
2.07E+

06 
1.86E+

06 
1.62E+

06 
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Power matrix Wavestar 

 

Hs - 
Tp 

3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 

0.75 
3.86E+

04 
6.36E+

04 
7.97E+

04 
9.70E+

04 
9.86E+

04 
9.27E+

04 
7.63E+

04 
6.90E+

04 
6.17E+

04 
4.94E+

04 

1.25 
1.07E+

05 
1.77E+

05 
2.21E+

05 
2.69E+

05 
2.74E+

05 
2.58E+

05 
2.12E+

05 
1.92E+

05 
1.71E+

05 
1.37E+

05 

1.75 
2.10E+

05 
3.46E+

05 
4.34E+

05 
5.28E+

05 
5.37E+

05 
5.05E+

05 
4.15E+

05 
3.75E+

05 
3.36E+

05 
2.69E+

05 

2.25 
3.47E+

05 
5.73E+

05 
7.17E+

05 
8.73E+

05 
8.88E+

05 
8.35E+

05 
6.87E+

05 
6.21E+

05 
5.55E+

05 
4.45E+

05 

2.75 
5.18E+

05 
8.55E+

05 
1.07E+

06 
1.30E+

06 
1.33E+

06 
1.25E+

06 
1.03E+

06 
9.27E+

05 
8.29E+

05 
6.65E+

05 

3.25 
7.24E+

05 
1.19E+

06 
1.50E+

06 
1.82E+

06 
1.85E+

06 
1.74E+

06 
1.43E+

06 
1.30E+

06 
1.16E+

06 
9.28E+

05 

3.75 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 

4.25 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 

4.75 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 

5.25 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 

5.75 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 

6.25 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 

6.75 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 

7.25 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
0.00E+

00 
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Power matrix Langlee 

 

Hs - Tp 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 

0.75 
1.50E

+04 
1.69E+

04 
5.17E+

03 
2.04E+

04 
1.77E+

04 
1.90E+

04 
3.92E+

04 
7.08E+

04 
1.01E+

05 
8.82E+

04 

1.25 
4.15E

+04 
4.69E+

04 
1.44E+

04 
5.66E+

04 
4.91E+

04 
7.55E+

04 
1.20E+

05 
1.77E+

05 
1.91E+

05 
1.88E+

05 

1.75 
8.14E

+04 
9.20E+

04 
2.82E+

04 
1.11E+

05 
1.06E+

05 
1.51E+

05 
2.24E+

05 
2.95E+

05 
3.26E+

05 
2.86E+

05 

2.25 
1.35E

+05 
1.52E+

05 
4.65E+

04 
1.83E+

05 
1.78E+

05 
2.48E+

05 
3.34E+

05 
4.21E+

05 
4.46E+

05 
4.11E+

05 

2.75 
2.01E

+05 
2.27E+

05 
7.23E+

04 
2.74E+

05 
2.64E+

05 
3.49E+

05 
4.40E+

05 
5.48E+

05 
5.69E+

05 
5.29E+

05 

3.25 
2.81E

+05 
3.17E+

05 
1.12E+

05 
3.64E+

05 
4.50E+

05 
4.73E+

05 
5.44E+

05 
6.77E+

05 
6.73E+

05 
6.50E+

05 

3.75 
3.74E

+05 
4.23E+

05 
1.58E+

05 
5.76E+

05 
4.71E+

05 
5.93E+

05 
7.22E+

05 
7.27E+

05 
8.19E+

05 
7.73E+

05 

4.25 
4.80E

+05 
5.43E+

05 
2.10E+

05 
5.45E+

05 
5.34E+

05 
7.15E+

05 
7.91E+

05 
9.37E+

05 
8.98E+

05 
9.46E+

05 

4.75 
6.00E

+05 
6.78E+

05 
2.68E+

05 
6.56E+

05 
6.96E+

05 
8.39E+

05 
9.80E+

05 
1.07E+

06 
1.08E+

06 
1.05E+

06 

5.25 
7.33E

+05 
8.28E+

05 
3.32E+

05 
7.84E+

05 
8.10E+

05 
9.63E+

05 
1.10E+

06 
1.20E+

06 
1.21E+

06 
1.14E+

06 

5.75 
8.79E

+05 
9.93E+

05 
4.01E+

05 
9.08E+

05 
9.29E+

05 
1.08E+

06 
1.24E+

06 
1.17E+

06 
1.34E+

06 
1.28E+

06 

6.25 
1.04E

+06 
1.17E+

06 
4.76E+

05 
1.05E+

06 
1.05E+

06 
1.21E+

06 
1.37E+

06 
1.42E+

06 
1.48E+

06 
1.40E+

06 

6.75 
1.21E

+06 
1.43E+

06 
5.57E+

05 
1.24E+

06 
1.16E+

06 
1.34E+

06 
1.50E+

06 
1.60E+

06 
1.61E+

06 
1.53E+

06 

7.25 
1.40E

+06 
1.81E+

06 
6.44E+

05 
1.39E+

06 
1.27E+

06 
1.46E+

06 
1.45E+

06 
1.74E+

06 
1.75E+

06 
1.66E+

06 
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Scatter diagrams applied 

WAVEHUB – UK 

 

Hs (m) - Tp (s) 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 

0.25 3 9 5 2           

0.75 57 95 56 16 2         

1.25 21 120 69 35 8 3 1     

1.75   67 80 38 17 6 3   1 

2.25   11 61 29 14 5 1     

2.75     27 26 12 3 1 1   

3.25     3 20 14 5 1     

3.75       9 11 4 2     

4.25       1 5 3 1 1   

4.75         3 2 1     

5.25         2 3 1     

5.75           2 1     

6.25           1       

 

Source: [50] 

GALLWAY BAY – IRELAND 

 

Hs (m) - Tp (s) 2.25 2.75 3.25 3.75 4.25 4.75 5.25 5.75 6.25 6.75 7.25 7.75 

0.25 4.21 9.04 6.66 5.65 5.14 4.38 3.6 2.45 1.3 0.73 0.1 0.02 

0.75   2.48 9.21 8.15 4.41 3.05 2.11 1.2 0.77 0.12 0.05   

1.25     0.36 4.21 6 2.86 0.83 0.45 0.15 0.01     

1.75       0.12 1.72 3.15 0.85 0.17 0.03 0.03     

2.25         0.02 0.85 1.72 0.08 0.01 0.02     

2.75             0.61 0.41 0.01       

3.25               0.28 0.07       

3.75               0.01 0.14       

 

Source: [50] 
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HALLENBANKEN – NORWAY 

 

Hs (m) - Tp (s) 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 

0.25   1 1             

0.75 9 28 24 9 2 1       

1.25 11 53 57 28 10 3       

1.75 2 36 57 47 22 5 2     

2.25   14 51 44 25 9 3 1   

2.75   2 27 37 27 12 4 1   

3.25     11 32 24 11 4 2 1 

3.75     2 22 24 13 5 2 1 

4.25       11 21 13 5 2   

4.75       3 14 11 4 2 1 

5.25       1 10 10 5 1 1 

5.75         4 7 4 2 1 

6.25         2 6 3 1 1 

6.75           4 3 1   

7.25           3 3 1   

7.75           1 3 1   

8.25             3 1   

8.75             1 1   

9.25             1 1   

9.75                   

10.25               1   

 

Source: [50] 

HORNS REV – DENMARK 

 

Hs (m) - Tp (s) 2.5 3.5 4.5 5.5 6.5 7.5 

0.25 3.23 7.31 2.34 0.37 0.12 0.01 

0.75 1.28 26.82 12.61 1.65 0.09 0.01 

1.25   9.15 17.74 1.13 0.01   

1.75 0.01 0.28 7.34 2.85 0.07   

2.25   0.03 0.58 3.35 0.18   

2.75     0.01 0.65 0.49   

3.25       0.02 0.14 0.01 

3.75         0.07 0.05 

 

Source: [49] 

  



A comparative study of wave power generation concepts  133 

 
 

YEU ISLAND – FRANCE 

 

Hs (m) - 
Tp (s) 

3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 

0.75 28 101 156 182 206 176 106 52 17 1 1       

1.25 14 77 169 258 312 274 183 115 68 27 6 2 1   

1.75   9 66 182 252 224 169 119 83 47 14 6 2   

2.25     17 93 219 267 227 145 75 49 22 8 2   

2.75       24 178 318 293 183 93 64 36 14 3   

3.25       4 90 243 266 166 95 65 44 25 10 2 

3.75         18 118 179 125 74 48 36 27 17 7 

4.25         1 35 76 73 49 27 18 15 11 5 

4.75           7 23 39 32 14 7 3 1   

5.25           1 7 21 21 10 4       

5.75             3 12 15 7 2       

6.25             1 5 8 4 1       

6.75               1 2 2         

7.25                 1 1         

 

Source: [51] 
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Planned Offshore wind farms in Europe 

UK 

Wind Farm 
Wave 

(kW/m) 
Depth 

(m) 
Distance 

(km) 
Area 

(km2) 
Capacity 

(MW) 
Stage Type turbine 

Dogger Bank 10, 15 30 200 7500 9600 early plan not decided 

Firth of forth 10, 15 70 30 390 1500 aplc submit not decided 

Firth of forth II 10, 15 60 40 840 2600 early plan not decided 

Atlantic Array 10, 15 60 14 230 500 aplc submit not decided 

Argyll array 40, 60 55 10 360 1800 early plan not decided 

Islay 30, 40 60 13 133 690 early plan not decided 

Beatrice 15, 20 50 14 126 1000 aplc submit jacket 

London Array 5, 10 25 20 100 630 service monopile 

Total 
   

9679 18320 
  

Germany 

Wind Farm 
Wave 

(kW/m) 
Depth 

(m) 
Distance 

(km) 
Area 

(km2) 
Capacity 

(MW) 
Stage Type turbine 

Bard 10, 15 40 100 60 400 service tripod 

GlobalTech I 10, 15 40 100 40 400 service tripod 

AlphaVentus 10, 15 30 55 4 60 service tripod 

Borkum I 10, 15 30 50 23 200 construction tripod 

Borkum others 10, 15 30 50 30 1400 authorized tripod 

Dantysk 10, 15 30 70 60 280 construction monopile 

Meerwind 5, 10 30 50 40 280 construction monopile 

Nordsee 5, 10 25 50 36 300 construction jacket 

Riffgat 5, 10 23 30 6 100 construction monopile 

HTOD 15, 20 43 200 360 2630 
cons. 

Submited 
Not decided 

Total 
   

659 6050 
  

Norway 

Wind Farm 
Wave 

(kW/m) 
Depth 

(m) 
Distance 

(km) 
Area 

(km2) 
Capacity 

(MW) 
Stage Type turbine 

Havsul 30, 40 60 20 50 350 authorized not decided 

Siragrunnen 15, 20 40 1 40 200 submited not decided 

Fosen 30, 40 20 8 100 600 early plan not decided 

Utsira 25, 30 280 45 47 280 early plan spar floater 

Vannoya N/A 80 3 80 600 early plan not decided 

Aegir 20, 25 60 171 260 1000 early plan jacket 

Idunn 15, 20 70 250 320 1200 early plan not decided 

Sorlig 15, 20 60 150 200 1000 early plan jacket 

Morevind 30, 40 60 20 260 1200 early plan not decided 

Stadvind 40, 60 200 46 440 1080 early plan floating 
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Selvaer 30, 40 30 35 64 450 early plan not decided 

Gimsoy 30, 40 21 6 40 250 early plan not decided 

Lofoten 30, 40 35 9 85 750 early plan not decided 

Total 
   

1986 8960 
  

Ireland 

Wind Farm 
Wave 

(kW/m) 
Depth 

(m) 
Distance 

(km) 
Area 

(km2) 
Capacity 

(MW) 
Stage Type turbine 

Arklow 10, 15 25 10 - 25 service monopile 

Arklow II 10, 15 25 10 76 490 authorized not decided 

Codling 10, 15 17 13 59 1000 authorized not decided 

Codling II 10, 15 18 13 - 1000 submited not decided 

Dublin array 10, 15 28 10 60 520 submited not decided 

Oriel 10, 15 30 8 28 320 submited gravity base 

Scierde 40, 60 35 6 4 100 submited monopile 

Total 
   

227 3455 
  

France 

Wind Farm 
Wave 

(kW/m) 
Depth 

(m) 
Distance 

(km) 
Area 

(km2) 
Capacity 

(MW) 
Stage Type turbine 

Cherboug 10, 15 - - - 400 early plan not decided 

d'Aise 30, 40 44 13 150 100 early plan not decided 

des Miniquiers 15, 20 - 20 - 200 early plan not decided 

les Grunes 15, 20 20 10 23 100 early plan not decided 

Portes en Re 20, 25 - - - 120 early plan not decided 

Saint Brieuc 20, 25 40 23 180 500 early plan jacket 

Saint Nazaire 25, 30 20 12 82 480 early plan monopile 

Vendee 25, 30 35 21 50 580 early plan not decided 

Total 
   

485 2480 
  

Portugal 

Wind Farm 
Wave 

(kW/m) 
Depth 

(m) 
Distance 

(km) 
Area 

(km2) 
Capacity 

(MW) 
Stage Type turbine 

Windfloat 30, 40 50 7 - 180 early plan floating 

Denmark 

Wind Farm 
Wave 

(kW/m) 
Depth 

(m) 
Distance 

(km) 
Area 

(km2) 
Capacity 

(MW) 
Stage Type turbine 

DanTyskDK 5, 10 28 50 470 1200 early plan not decided 

Horns Rev 1 5, 10 14 18 21 160 service monopile 

Horns Rev 2 5, 10 17 32 33 210 service monopile 

Horns Rev 3 5, 10 20 20 - 400 early plan not decided 

Total 
   

524 1970 
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Annex III – Input/Output parameters of modeled WECs 

 

Pelamis Wamit input/output files 

.GDF 

 

 

.FRC 
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.POT 

 

 

.OUT 
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5 Oyster Wamit input/output files 
 

.GDF 

 

.FRC 

  



A comparative study of wave power generation concepts  141 

 
 

.POT 

 

 

.OUT 
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Wavestar Wamit input/output files 

 

.GDF 

 

 

.FRC 
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.POT 
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.OUT 
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Langlee Wamit input/output files 

 

.GDF 

 

.FRC 
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.POT 

 

.OUT 
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