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no industry standard device concept (a review of the
different technologies can be found in [1]). This huge
technology diversity poses a significant barrier for
wave energy development and creates many
uncertainties for investors to determine the range of
costs and performance.

Abstract
This paper presents a new approach for the
analysis of the major principles for harvesting wave
energy that has been proposed so far (i.e.
attenuators, point absorbers and flaps). The analysis
is based on a performance and cost model which
makes an abstraction of the main technical and
economical parameters behind each capture
principle. Among the parameters considered are the
geometry, hydrodynamics, PTO as well as material
weight and cost. Each device configuration (i.e.
basic dimensions and PTO parameters) has been
selected to optimise the economic performance at a
specific location off the Basque coast. The model has
been implemented in a software tool of modular
design that allows the assessment of the most typical
concepts within a shared environment.

OCEANTEC has been working on a wave energy
converter since 2004, developing its own technology
which reached the sea trials of a ¼ scale prototype [2].
Although the device was proved to be technically
viable, at the beginning of 2011, it was decided to
reconsider its design by comparing its potential market
value with other technologies available, before going to
a full scale device.
To achieve this, a conceptual analysis of the
different technologies is proposed, aiming to analyse
the potential to compete rather than the precise figures
for each single design. This approach implies the
determination of the basic dimensions which minimize
the cost of energy for a given location by means of a
semiautomatic optimization procedure.

Results from the comparison of the relative cost
of energy for several wave energy principles are
shown and point to the feasibility of specific
concepts. These conclusions constitute a benchmark
that might benefit the industry and improve market
confidence in wave energy technology.

The sensitivity of the cost of energy on dimensional
parameters is far from simple, since it is governed by
interactions on both cost and production. In order to get
these interactions solved and have a shared
environment to compare the different concepts, a
modular tool is proposed.

Keywords: cost model, dimensional optimization, multibody analysis tool, technology comparison, wave energy.

1.

The concepts analysed have been: a point absorber,
an OWC, cylindrical and torus attenuators, and a
surface piercing flap, considering different references
for their energy-extracting motion. Although the main
objective was to analyse concepts for offshore
locations, preliminary results, working against a fixed
reference (i.e. theoretically referred to the sea bed) are
presented. It could be said that most of the working
principles of the devices currently under development
are covered (or partially covered) in this study, with

Introduction

The potential for wave energy to make a significant
contribution to Europe’s energy consumption is well
recognised and is reflected in current level of activity
across European countries. Despite the great
expectations generated in the last decades, there is still
little design consensus for wave energy devices, with
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exception of overtopping devices and innovative
concepts still at early stage of development.
One of the motivations of this study was the lack of
publicly available comparative studies applying the
same global approach and purpose. However, it is
worth mentioning recently published works such as the
WEC benchmarking study by Babarit et al.[3], and
productivity and economic assessment of wave energy
projects by Teillant et al. [4]. Babarit’s comprehensive
study incorporates nonlinear effects comparing existing
WECs with their original configurations, while
Teillant’s work accounts for elements relevant to the
whole lifecycle of a wave farm, including deployment,
O & M, availability of the plant for power production
and economic performance.
Figure 1 Scheme of the method used for the analysis;
information flux (solid line); optimization feedback (dashed
line).

Since the objective of the present study was the
comparison of different concepts for the selection of
the most feasible technology, sizing and definition of
their basic dimensions was important to provide a fair
basis for all the device types. Thus, each device
configuration was selected to minimize the cost of
energy assuming the main cost to be the structural steel
required. A linear approach was implemented for the
WEC dynamic model. This was opted for over more
complex approaches due to its computational efficiency
and simplicity. Furthermore, its relative accuracy has
been shown to be adequate for preliminary assessment.

2.

2.1. Power performance model
The model estimates the amount of power produced
and is shared by all of the concepts. It is based on a
stochastic model in the frequency domain (as presented
in [5]), excluding the non-linear effects such as drag or
nonlinear PTO forces. For the wave and wave-structure
interaction modelling, the classic linear potential flow
theory is assumed.
Analytical approximations through the Eigen
function expansion method were employed where
possible [6-7], and alternatively, BEM numerical codes
were used (i.e. WAMIT [8]). For each concept, a
succession of cases was simulated and the final
parameters were derived using linear interpolation and
Froude scaling.

Analysis Method

As mentioned above, the present study aims to
analyse different concepts with potentially large
differences in their design. Therefore, the method used
has to be as simple as possible to allow the application
of general assessment criteria and the complexity of the
device design has to be reduced.

Regarding the PTO, a simple linear damper was
used, assuming a constant damping coefficient for each
sea state. This was numerically optimised to maximise
the annual power output. Depending on the main
dimensions, a maximum relative displacement limit
between bodies was set, which occasionally forced the
PTO to work with higher damping than the optimum.
This maximum displacement is derived from a
combination of the response for each frequency by
building a set of deterministic amplitudes and random
phases.

Based on the previous OCEANTEC´s experience,
the highest percentage of total WEC cost is the hull
structure and PTO system. Therefore, the main
indicator used for the comparison is the amount of steel
needed per meter of capture width. The inherent PTO
cost will be incorporated in future work focused on the
selected concepts. All the models are parametric, which
implies that any modification in the basic dimensions
will modify their outputs (power produced as well as
steel needed; see Figure 1). For each concept, the basic
dimensions have been selected in order to minimize the
aforementioned indicator for a particular offshore
location in the Basque Coast.

The wave climate considered for this study was
derived from occurrences measured between 1990 and
2006 by a buoy placed of the coast of Bilbao. The full
scatter diagram has been reduced to a set of 28 sea
states with a procedure equivalent to the one described
in [9].

The influence of the moorings with respect to power
performance and cost of technology is outside the
scope of this study and has been omitted from the
analysis.

2.2. Structural models
The structural models employed have the main
objective of providing an indicator accurate enough to
provide a figure for the steel needed for each concept.
Clearly, they are not suited to perform a detailed
2
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structural design but the results they provide are
considered a good reference for the comparison.
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Each concept has its own particular model and
assumptions based on normative or simplified models
such as thin plate or beam theory; the detailed
explanation of all of the models is outside the scope of
this paper but a particular example will be presented in
section 4 to illustrate the methodology.

3.
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Solving the complex system of equations above, the
whole dynamic problem is defined. For each PTO, the
transfer function of its relative velocity is:
01 =   ./ =  23 #


(3)

where 2 is the matrix which multiplies the velocity
vector in (1)

Interactions: There are three different types of
interactions between bodies:

Hydrodynamic interaction; actually valid for
defining any type of interaction between bodies,
such as damping and mass terms discretized in
the frequency domain.



where ( is the frequency in rad/s, i the complex
operator and % , ) , * and  are the damping, added
mass, body mass and stiffness matrices of the body j
respectively. ,- are complex matrices which represent
the coupled terms due to hydrodynamic interactions.
  is the real vector representing the degrees of
freedom on which the PTO acts.  are real matrices
representing the kinematic constraints, ./ is the
velocity vector and # are the complex excitation forces
of waves on the body j. Finally the complex vector {λ}
contains the Lagrange multipliers of the constraints,
which represent the reaction forces that have to be
introduced in order to satisfy the kinematic constraints.

Bodies: A body consists of a set of degrees of
freedom, a mass matrix and a characterization of its
interaction with the sea through radiation, diffraction
and stiffness matrices discretized in the frequency
domain. A body also includes the calculation of the
cost indicator.

b.

     



To allow the modelling and assessment of different
concepts, it was decided to develop a global tool for the
implementation of the methodology described above, in
such a way that a shared environment could be used for
the analysis of virtually any kind of device. This
flexible modular tool was developed in VBA over
Excel. It provides a graphic interface for building
different case studies, that allows different changes (i.e.
geometry, PTO, resource and so on) to be considered
easily. There are three fundamental cores in the
structure of the tool:

PTO; characterized by its damping and stiffness,
actuates between different degrees of freedom
defined in the model.

0 0

0 0
 + ∑
  −   
 0
0 0

 
#
… …
…
…
 
=" $
 

#
 0

0

 = % +  ∗ (( ∗ () + * + −  +

OCTS: Modular analysis tool
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Assuming that the velocity follows a normal
Gaussian distribution, its variance (45 ) can be obtained
and consequently the energy available for the PTO (6 )
can be derived:
45 = 7: 8((+015 ((+;(;
9

6 =

5
  4

(4)

being 8((+ the spectral density function for a given sea
state. The absorbed power by each PTO taking into
account the conversion efficiency is calculated by each
corresponding PTO module.

Kinematic constraint; defined by a linear
relationship between different degrees of
freedom.

Resource: The wave resource comprises a series of
sea states characterized by their peak period, significant
wave height and probability of occurrence. Based on
these parameters, a theoretical formula for the wave
energy spectrum is applied (in this case a JONSWAP).

OCTS manages the calculations needed after any
change in any parameter of a module (i.e. change in a
dimension of a body geometry module). Therefore any
change automatically triggers the required calculations,
updating within a few seconds the estimated production
and the impact on the cost. Additionally, it incorporates
subroutines which facilitate dimensional parameter
optimization.

Once the different bodies, interactions and resource
have been defined, OCTS solves the problem in the
frequency domain. For each frequency, the complex
matrix which defines the relationship between the
velocity vector and the excitation forces is assembled.
This relationship is defined as follows:

Although it has not been used in the present study, a
time domain solver has been recently implemented, in
order to introduce non-linearities in the models.
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From the results obtained it was observed how the
optimum length for the attenuator, taking into account
only power performance considerations, was larger
than when cost estimates were included and the
steel/power indicator was to be minimised. As an
example of the results obtained, Figure 4 shows the
influence of the length in the cost indicator for different
cylinder radii.

4. Example of application: Cylindrical
attenuator
In order to illustrate the methodology followed in the
present study, one of the concepts analysed will be
explained in more detail.
For the hydrodynamic characterization of the
concept a BEM numerical code was used (see an
example of the discretization employed in Figure 2).
The basic dimensions describing the geometry were the
radius, length and thickness of the thin-walled cylinder.
Several aspect ratios (radius/length) were simulated
assuming in all cases a draft equal to the radius.

steel/power indicator

Cylindrical attenuator

Figure 2 Cylinder wet surface discretization.
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Then, for each set of dimensions to be simulated,
firstly a linear interpolation was performed for the
current aspect ratio and then each parameter was scaled
using Froude scaling laws.

Figure 4 Normalised cost indicator vs. cylinder length for
different radius. Minimums are highlighted.

5.

Regarding the structural model, it received the basic
dimensions as input and calculated the cylinder
thickness updating the total mass and the amount of
steel needed.

Looking for the reference

Any system trying to generate energy from the ocean
waves needs a reference in order to achieve a relative
motion from which the PTO system extracts the power.
The references could be divided into fixed and relative.

The ultimate structural capacity recommended in
[10] for the hull girder was used. Both the sagging and
hogging conditions were studied (see Figure 3)
applying the recommended load combinations. The
most restrictive loads were selected for the calculations.

The fixed option, usually consist of a structure or a
mooring which connects the absorbing body or bodies
with the seabed. This is the most common solution for
nearshore and onshore devices.
When the technology is designed to be installed in
deeper offshore locations, most developers tend to look
for relative-referenced reactions. These solutions
usually comprise multi-body systems. It could be said
that there are two main philosophies; reaction using
mass-dominated body which ideally tends to the fixed
reaction; and mutual reaction between bodies with
different dynamic behaviour (amplitudes and/or
phases) which implies relative motion from which the
power is extracted (i.e. Pelamis [12]).

Figure 3 Sagging (top) and hogging (bottom) conditions
representation.

Relatively-referenced reactions can also be achieved
by onboard bodies (i.e. SEAREV [13]). According to
our preliminary calculations and previous studies [1315], these onboard bodies have to be designed with a
very large mass to achieve good power performance.
This entails significant engineering challenges
regarding the body guiding, manufacturing and so on.
This fact almost forces to exclude translational internal
bodies, tending to bodies working in rotational degrees
of freedom allowing the development of clever
solutions to achieve large inertias with lighter bodies
and less complex PTO systems.

Once the loads were determined, the cylinder was
studied as a thin wall body. The midplane section was
identified as the most critical and both the local
buckling and the yield conditions were analysed. The
first one was deduced from [11], and the second one by
applying the Von-Misses criteria. A safety factor of 2
was applied in the calculations.
With these loads and structural conditions, for given
dimensions the thickness of the walls was determined.
The remaining mass needed to achieve the supposed
displacement was assumed to be ballast placed in the
extremes of the cylinder (to increase the inertia of the
device).

One additional option is the torque transformation
provided by the gyro, being the final reference a
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different degree of freedom of the same body.
Nevertheless, since an important inertial system is
identically needed, we consider this system to be in the
group of onboard reference systems.

approach has been chosen to take these uncertainties
out of the range of the comparison. Regarding the
power performance models, it can be said that all the
concepts have been equally affected by the assumptions
and simplifications.

In the present study, several of these reaction
solutions were conceptualised and analysed. In order to
illustrate this, an example of a system with several
floating cylinders reacting one against each other is
given below.

Therefore, as it has been previously mentioned the
value of this study is in the comparison but not in the
absolute figures. Consequently the results are presented
through normalised figures with respect to one of the
devices indicator.

The hydrodynamic characteristics of each cylinder
are equal to the ones presented in section 4 for the
single one, but the radiation and diffraction are affected
by the presence and motion of the others. Regarding the
structural part, as a first approach, the maximum value
between the single cylinder loads and the loads
occurring at the joints (these are deduced directly as an
output from the kinematic restrictions) are taken into
account. Consequently, the amount of steel needed is
influenced by the dynamic response of the device
which is in turn dependent of the amount of steel used.
This is solved by an iterative process.

6.1. Fixed reference
As a first approach, single body concepts have been
analysed, assuming they work against a fixed reference.
It is evident that this solution (fixed reference) is not
directly applicable to an offshore location; however, it
facilitates a clear comparison, providing an insight into
the potential of each concept.
It also could be seen as a comparison applicable for
a nearshore location. However, in this case the cost of
the fixed reaction should be taken into account, since it
could considerably affect the results presented in this
section.

An interesting output of this preliminary analysis is
the influence of the number of cylinders on the cost of
energy. As it can be seen in Figure 5, after certain
number of cylinders, it is advantageous to implement a
set of units rather than deploy a single attenuator with
equivalent length. Hence, this mutual reaction not only
offers a reference for power extraction but also offers a
cheaper configuration, compared with a solitary
attenuator working against a fixed reference.

The concepts analysed have been; an axisymmetric
heaving OWC, a pitching torus, a surface piercing
pitching flap, a heaving ellipsoid buoy, and a pitching
floating cylinder (see Figure 6).

(steel/power) indicator

Single vs. Articulated Cylinders
5

set of cylinders
single cylinder

4
3
2
1
0
1

2
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4

5

Figure 6 Scheme of the analysed concepts. From left to right,
top to bottom; axisymmetric heaving OWC, pitching torus,
surface piercing pitching flap, heaving ellipsoid buoy,
pitching floating cylinder.

number of cylinders
Figure 5 Comparison between a set of articulated cylinders
and a single cylinder with the same length as the articulated
assembly.

6.

The results obtained are presented in Figure 7. From
this preliminary assessment, since wave directionality
has not been included, the cylindrical attenuator seems
to be a more interesting option that the toroidal one.
Therefore no reaction will be looked for the toroidal
attenuator concept.

Results

As most of the comparative studies which try to
cover a wide range of technologies, the present one was
based on several assumptions and simplifications which
introduce uncertainties in the results. Regarding the
cost models, the process has started from less
conservative assumptions and the most competitive
concept models have been progressively refined
towards more conservative considerations. This
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challenge would rely on achieving a cheap inertia easy
to guide, implementing a reliable and efficient PTO
system. Regarding the remaining attenuators, they seem
to be less interesting than the rest of the analysed
concepts.

Fixed Reference Comparison
(steel/power) indicator

7
6
5
4

For the flap system, which was as competitive as the
point absorbers (heaving buoy and OWC) for the fixed
reaction case, it can be seen how the addition of the
floating reaction makes the concept less interesting.

3
2
1
0
Cylindrical
attenuator

Toroidal
attenuator

Heaving
buoy

Heaving
OWC

Furthermore, it can also be observed how both
heaving concepts (buoy and OWC) present a very
similar comparative value which is in turn very
competitive comparing to the others. Under the
assumptions of this study, it could be said that the cost
of energy for both technologies is equivalent.
Consequently the main difference relies on the next
aspect to be considered; the PTO system. Presumably
the OWC would be associated with a self-rectifying
turbine and the buoy with an hydraulic system (it is
known some developers are working with different
types of PTO systems such as unidirectional air
turbines, mechanical or linear generator systems but
none of them have been included in this study).
Therefore, a further comparison between both PTO
systems in terms of performance, cost and complexity
would be needed in order to choose among these two
heaving concepts.

Flap surf.
piecing

Figure 7 Comparison of the cost of energy indicator for the
fixed reference case. Normalised figures.

6.2. Relative reference
To deploy one of the previous concepts in an
offshore location, due to the considerable water depth it
is usually more interesting to look for a floating
reaction.
Depending on the working principle not all the
reactions are compatible with any concept. Only the
compatible and more interesting solutions will be
presented in this section. For the attenuator, the onboard reactions of a gyroscope and a pendulum have
been studied as well as a set of five articulated
cylinders. The heaving buoy has been coupled to a
submerged mass, a reaction which has also been
applied to the OWC concept. For the flap, a simple
floating structure composed of 4 submerged cylinders
has been modelled. A summary of the results are
presented in the graph below (see Figure 8).

Regarding the performance, it could be said that the
hydraulic system usually presents a better average
efficiency than traditional self-rectifying air turbines
[16-17]; however, promising novel turbine designs are
currently under development such as [18-19] which
could reach the hydraulics efficiencies with less
complex systems. In terms of cost of the system, there
are still many difficulties to get reliable cost estimates
from the turbine manufacturers, a fact that makes this
comparison quite challenging.

It is worth mentioning that in the case of the
pendulum, the mass of the pendulum itself does not add
steel to the indicator.
(steel/power) indicator

Relative reference comparison

7. Conclusions
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Currently, the technology diversity within the wave
energy sector poses a significant barrier in the
development and creates many uncertainties for
investors to determine the range of costs and
performance.
A comparative study has been presented where most
of the main working principles have been analysed
from a conceptual point of view. The ratio between
power extracted and the structural steel needed has
been used for the comparison since OCEANTEC’s
previous experience has identified structural steel as
one of the main cost factors (as well as PTO).

Figure 8 Comparison of the cost of energy indicator for the
not fixed reference case. Normalised figures.

In order to have a shared environment to perform the
comparison, a modular multi-body tool has been
developed which integrates both power performance
and cost estimates calculations. A power generation
frequency domain model has been employed assuming

From the results obtained it can be seen that the most
interesting concept could be the attenuator with a
pendulum system. However as previously mentioned,
the mass of the pendulum needed is quite large, so the
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the linear potential flow theory, excluding non-linear
effects as well as the influence of the moorings.
From the preliminary results assuming a fixed
reference, the pitching flap as well as the heaving point
absorbers (buoy and OWC) seem to be the most
interesting concepts. This assumption could represent
the application of these concepts in a nearshore
location, however a further study would be needed
including the cost of the fixed reaction to verify this
conclusion.
When moving to an offshore location, the most
interesting reaction for the attenuators seems to be the
pendulum system. However, further considerations
regarding the large pendulum inertia required should be
taken into account; the challenge stays in achieving a
cheap inertia with a simple and reliable PTO system.
Regarding the remaining concepts, the heaving point
absorbers present the most promising results. Both
concepts (i.e. heaving floating buoy and floating OWC)
reveal equivalent comparative values, therefore the
comparison between both would be based on the PTO
system available for each of them. A further study in
terms of PTO efficiency, cost and reliability would be
needed.
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