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Abstract—Wave Energy Converter (WEC) structures have
been widely studied in the past decade, due to their high
potential for device cost reduction. In this context, various
hull geometry optimisation studies have been performed to
maximise power and reduce costs, where costs were mostly
represented through the device size in terms of mass,
volume or surface area. In the present study, the suitability
of the different objective functions is analysed, with the
goal of finding an optimal hull shape with relevant cost
considerations when using a flexible geometry definition.
The results are given for a particular location off the
West Shetland shelf to the north of Scotland. Impedance
matching control at the energy period is assumed, and this
means that mass distribution has no effect on the device
oscillation. The differences in shape and annual energy
production are presented for optimal devices oscillating in
surge, and in surge, heave and pitch. Devices are optimised
for maximal annual energy production, and its ratio to
various size characteristics based on volume and surface
area.

Index Terms—Hull geometry, Optimisation, Wave energy
converters

I. INTRODUCTION

TO find an economically competitive design of a
Wave Energy Converter (WEC), device geometry

has been optimised in previous studies not only for
performance maximisation, but also for cost minimisa-
tion - with the cost usually represented by the device’s
size [1]–[4]. However, resulting shapes can be inade-
quate to survive in high energetic seas or not cost-
effective to manufacture. Additionally, these studies
were restricted to the analysis of devices with prede-
fined shapes of variable dimensions or pre-specified
modes of oscillation. Some of these limitations were
overcome by using a flexible geometry definition, as in
McCabe [5], and by expanding the analysis to assess
different factors related to the device’s geometry that
can have an effect on costs [6]. However, it has been
found that the volume is not always a good proxy
for costs in the objective function of a geometry op-
timisation process [7]. In [7], Garcia-Teruel et al. found
that shapes optimised using volume as the cost proxy
resulted in complex shapes with increased surface area

Submission ID 1585, Track: WHM. This work was supported
through funding from the University of Edinburgh, Energy Techno-
logy Partnership and SuperGen Marine.

A. Garcia-Teruel is at the Institute for Energy Systems at the
University of Edinburgh, The King’s Buildings, Max Born Crescent,
EH9 3BF Edinburgh, United Kingdom (a.garcia-teruel@ed.ac.uk).

D. Forehand is at the Institute for Energy Systems at the University
of Edinburgh, The King’s Buildings, Max Born Crescent, EH9 3BF
Edinburgh, United Kingdom (d.forehand@ed.ac.uk).

H. Jeffrey is at the Institute for Energy Systems at the University
of Edinburgh, The King’s Buildings, Max Born Crescent, EH9 3BF
Edinburgh, United Kingdom (henry.jeffrey@ed.ac.uk).

perpendicular to the energy extracting direction. These
shapes would probably require complex manufactu-
ring processes and large amounts of material. With a
similar reasoning, Driscoll et al. [8] proposed represen-
ting structural costs through the device surface area
and a representative hull thickness for the Wave Energy
Prize. As a result, the present study investigates the
suitability of different metrics for cost representation in
the objective function. This will then affect the optimal
device shape.

This study is performed for a point absorber with
a single-objective optimisation approach, based on a
frequency-domain hydrodynamic model, together with
a genetic algorithm for geometry generation and se-
lection, as used in [5]. In that previous study, each
WEC geometry was defined by a set of variable control
points and an initial population of WEC shapes was
created by varying these points randomly. By means
of algorithms defining selection, recombination and
mutation processes, as they are known from evolution
theory, geometries which best fulfil the defined require-
ments were used to create further generations of WECs.
After a number of iterations (generations), it was ho-
ped that the genetic algorithm would converge on an
optimal WEC shape. The objective functions used in
that optimisation method were the maximal power
extraction, the ratio of maximal power extraction to
the cube root of the displaced volume and the ratio
of maximal power extraction to the displaced volume.
However, as mentioned previously, resulting shapes
were very complex; difficult to manufacture; and had
large surface areas; and, thus, increased costs. The aim
of this study is, therefore, to substitute the cost proxies
based on the device’s submerged volume with cost
proxies based on its actual submerged surface area.
This is expected to generate more realistic solutions
since structural costs will be directly related to the
amount of material required, which is represented by
the surface area and the wall thickness of the device.
These will be compared with results obtained using the
objective functions of the original study with the aim
of finding the most suitable representation of costs for
this particular application.

II. METHODOLOGY

A. Optimisation process

The re-implemented geometry optimisation process
follows the approach of McCabe in [5]. A flow diagram
of the process is represented in Fig. 1. An overview of
this process is given here, but note that it has been
previously described in [7] with further detail.
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Fig. 1. Flow diagram of the WEC geometry optimisation process.

The geometry is defined so that resulting shapes
can take many different forms in a way which is as
free from human intervension as possible. This pro-
cess is explained in section II-B. The shapes are then
assessed based on their performance. Their hydrody-
namic characteristics are obtained by employing the
commercial radiation/diffraction code WAMIT [9] and
their power performance is evaluated with a frequency
domain model introduced in section II-C. The genetic
algorithm used to generate new geometries from the
better-performing ones is described in section II-D.

B. Geometry definition

The geometry is defined with help of the corner
points of a polyhedron with an x-z-symmetry plane
(see Fig. 2). Following McCabe’s preferred interpola-
tion method [10] further points are interpolated be-
tween the corner points. They all serve as control
points to build a bi-cubic B-spline surface, which is a
smooth surface that approximates the points without
necessarily going through them. The control points can
move randomly in space within the defined limits.
Considering that some of the coordinates of the control
points are fixed, such as for points lying on the free
surface or on the symmetry plane, 22 coordinates are
variable. These constitute the optimisation variables
(v1, v2, ..., v22) of this optimisation problem.

C. Hydrodynamic model

The annual energy production of each geometry at a
location on the West-Shetland shelf is used to repre-
sent the device’s performance. For the wave energy
resource, irregular unidirectional waves in a fully de-
veloped sea represented by a Bretschneider spectrum
are employed. The occurrence matrix for this location
is reported in [5]. The hydrodynamic characteristics
for each shape are calculated in WAMIT based on the
frequencies selected to represent the spectrum, which
are the 150 frequencies (ωk) from 0 to 3 rad/s in
0.02 rad/s steps. The hydrodynamic model is based
on the assumption that linear wave theory can be
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Fig. 2. Schematic representation of the polyhedron vertices for the
geometry definition, some examples of interpolated points are shown
in gray.

applied, and that the device oscillations are small. This
means that the device motions can be described as the
superposition of multiple harmonic oscillations.

In this case, the oscillatory response in six degrees of
freedom of a WEC can be described using the complex
amplitude of oscillation X̂(ωk), as in (1).

X̂(ωk) = [K− ω2
k(M + Ma(ωk))+

iωk(Ca(ωk) + Closs)]
−1F̂e(ωk)α(ωk)

(1)

with α(ωk) =
√

(2S(ωk)∆ω)

The main forces involved in this oscillation are consi-
dered here as in a mass-spring-damper-system through
the following terms: the hydrostatic stiffness matrix
K, the mass matrix of the device M, the radiation
terms: added mass Ma(ωk) and added damping Ca(ωk)
matrices, the complex amplitude of the excitation force
vector F̂e(ωk) and an additional damping matrix Closs

to account for friction losses, as in [5]. The excitation
force vector is normalised for a 1 meter wave ampli-
tude. For this reason, the oscillation needs to be scaled
by the wave amplitude for each frequency component
α(ωk).

If assuming the idealised optimal impedance mat-
ching control at the energy period Te = 2π/ωe, as
introduced by Falnes in [11] and implemented for the
Pelamis device in [12], the mass M and stiffness K
terms can be cancelled from the equation of motion
(2), so that this becomes independent of the mass
distribution.

X̂(ωk) =[ω2
k(Ma(ωk)−Ma(ωe))+ (2)

iωk(Ca(ωk) + Ca(ωe) + 2Closs)]
−1F̂e(ωk)α(ωk)

The instantaneous power available at the Power
Take-Off (PTO) system, is calculated from the power
absorbing terms of the PTO force and the oscillation
velocity ẋq(t) in (3).

PU,q(t) = ẋT
q (t)[Ca(ωe) + Closs]ẋq(t) (3)

Applying this as a time series allows the limitation of
the maximal allowable PTO stroke in the six modes
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of motion i=1,...,6 and its power rating. The time
series for the oscillation velocity is obtained from the
oscillation time series through derivation. The latter is
composed of the superposed harmonic oscillations of
different amplitudes and frequencies. Each oscillation
of frequency k is assigned a random phase shift ψk,q

from a set of random phase shifts q = 1, ..., 10.

xi,q(t) =
N∑

k=1

(∣∣Xi(ωk)
∣∣ cos(ωkt+ ψk,q + 6 Xi(ωk)

)
(4)

The instantaneous power PU,q(t) is integrated over
time t and averaged over the time period and the sets
of random phase shifts q, so that a mean power per
sea state P̄(Hm0, Tz) is obtained. Combining this with
the sea states occurrence matrix O(Hm0, Tz), results in
the annual average power P̄ .

P̄ = 1/8760
∑
Hm0

∑
Tz

[O(Hm0, Tz)× P̄(Hm0, Tz)] (5)

The annual average power and the displaced vo-
lume V are employed in the objective functions of
the original implementation [5], where the volume’s
cubic root is used as a proxy for a characteristic length.
The following objective functions are minimised in the
optimisation process.

f1 = −P̄ = f(v1, v2, ..., v22) (6)

f2 = − P̄
V

= f(v1, v2, ..., v22) (7)

f3 = − P̄
3
√
V

= f(v1, v2, ..., v22) (8)

The newly introduced objective functions are based
on the actual submerged surface area S, where its
square root is also used as proxy for a characteristic
length, and the displaced volume exponentiated to 2/3
is used as a proxy for the submerged surface area.
These objective functions are also set to be minimised
within the optimisation process.

f4 = − P̄

V 2/3
= f(v1, v2, ..., v22) (9)

f5 = − P̄
S

= f(v1, v2, ..., v22) (10)

f6 = − P̄√
S

= f(v1, v2, ..., v22) (11)

D. Geometric characteristics
The displaced volume V can be obtained from WA-

MIT for each geometry. To calculate the submerged
surface area S various methods were employed to com-
pare their accuracy versus the required computation
time. The submerged surface area is calculated through
discretisation of the parametric surface (Method I), as
the sum of the areas of all the triangles making up
the surface. Triangles are used instead of quadrila-
terals, given that the points on the surface are not
coplanar, and that the projection of the points on a

common plane would be required. The same method
is applied using the low-order mesh outputted from
WAMIT rather than the discretised parametric surface
(Method II). Both these methods were compared to
the results from the integral of the parametric surface
function (Method III). The calculation time for Method
III was 851s on average per geometry. For Method
I the surface area calculation time varied from 4.77s
to 664.46s, depending on the resolution of the discre-
tisation, with an average percentage difference from
the reference area from -0.129 to -0.003%. For Method
II, analogously, depending on the chosen resolution
the additional calculation time varied from 2.06s to
20.03s for an average percentage difference from the
reference surface area ranging from 0.07 to 0.05%. For
this reason, Method II with the lower resolution was
used. This is equivalent to setting ILOWGDF=20 in
WAMIT. The difference in calculation time is, therefore,
of approxximately 2.06s more per geometry than if
using the submerged volume.

E. Optimisation algorithm
A single-objective genetic algorithm is employed

based on the University of Sheffield’s implementation
[13]. 22 randomly generated geometries form the ini-
tial population, out of which 10 are selected through
Stochastic Universal Sampling to pair by Intermediate
Recombination [14]. In this way 20 new individuals are
created. Each of these new individuals will undergo on
average 3 mutations over the number of variables (22)
so that new characteristics that were not present in the
parent generation are introduced. To ensure that the
genetic material of the best performing individuals is
kept in the new generation, Elite Reinsertion is used,
where the two best performing individuals are kept
in the population. The 20 newly generated individuals
and the 2 best parents form the new generation of
the same size as the previous one. This process is
iterated over 100 generations, or after a minimum of 50
generations, if the objective function does not improve
over 20 generations, the algorithm is considered to
have converged.

III. RESULTS

The resulting optimal shapes shown in Fig. 3 are
compared based on their performance, volume and
surface area. The corresponding objective function va-
lues for the surging only case can be found in Table
I and for the surging, heaving, and pitching case
in Table II. These preliminary results show indica-
tive trends, however, the obtained solutions might
be suboptimal, since the employed optimisation algo-
rithm might not be the most suitable for all cases. In
general, population-based metaheuristic optimisation
algorithms such as genetic algorithms, are suitable for
finding good solutions to complex problems. However,
other algorithms exist with similar charactertics but
with different approaches for the exploration and ex-
ploitation of the solution space (e.g. the Particle Swarm
Optimization method). Additionally, all of the above
algorithms have various settings that need to be tuned
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to the investigated problem (such as the number of
individuals in the population, the number of pairings
or the mutation rate). The choice of the objective
function also changes the shape of the solution space,
and therefore, changes the most suitable strategy to
navigate it. The appropriateness of the applied opti-
misation algorithm for the different objective functions
is the subject of a further study.

TABLE I
OVERVIEW OF THE OPTIMISATION RESULTS FOR A

DEVICE OSCILLATING IN SURGE

Objective Power Volume Surface area
Function [kW] [m3] [m2]

f1 = P̄ 357,541.995 3,464.463 895.698

f2 = P̄
V

144,617.825 250.060 332.727

f3 = P̄
3√
V

216,288.125 333.472 494.231

f4 = P̄
V 2/3 183,818.684 250.985 436.969

f5 = P̄
S

205,661.877 930.560 401.445

f6 = P̄√
S

277,876.036 1,616.067 574.929

TABLE II
OVERVIEW OF THE OPTIMISATION RESULTS FOR A

DEVICE OSCILLATING IN SURGE, HEAVE AND PITCH

Objective Power Volume Surface area
Function [kW] [m3] [m2]

f1 = P̄ 949,898.242 2,366.713 799.060

f2 = P̄
V

643,150.376 250.317 287.376

f3 = P̄
3√
V

807,358.697 388.751 579.619

f4 = P̄
V 2/3 656,519.842 250.089 307.027

f5 = P̄
S

503,173.851 250.257 182.852

f6 = P̄√
S

277,876.036 1,616.067 574.929

In both cases, geometries optimised to maximise
power (f1) do indeed generate the highest annual
average power of up to 85% more than the lowest
power generation values achieved in surge by f2 and
up to 60% in surge, heave, and pitch by f6. Regar-
ding the volume and surface area, the highest values
are achieved, as expected, by geometries optimised to
maximise power only since costs are not penalised in
any way. In contrast, the lowest volume values are very
similar in both cases for f2 and f4 tending towards
the minimum set limit for the displaced volume of
250m3. For a device oscillating in surge, heave, and
pitch, this is also the case for geometries optimised for
f5. Interestingly, although generally lower surface area
values are achieved when using f5 and f6, in the surge
only case the lowest surface area value is achieved
by f2, with which a relatively low value can also be
observed in the multi-modal case.

When looking at the P̄
V and P̄

S ratios, as represented
in Table III, it is interesting to see that the results obtai-

ned for P̄
V from f4 are better than for f2. This points to

the fact that the optimisation algorithm employed in
this study might work better for the objective function
f4 than for f2. For this reason, a detailed study of the
optimisation algorithm suitability is required. Despite
the low surface areas being achieved by f2, the ratio of
P̄
S is best for geometries optimised with f5 as expected.

TABLE III
OVERVIEW OF THE OPTIMISATION RESULTS FOR A DEVICE

OSCILLATING IN SURGE

Objective Surge Surge, Heave and Pitch
Function P̄

V
P̄
S

P̄
V

P̄
S

[kW/m3] [kW/m2] [kW/m3] [kW/m2]

f1 = P̄ 103.203 399.177 401.358 1,188.770

f2 = P̄
V

578.332 434.644 2,569.344 2,238.010

f3 = P̄
3√
V

648.595 437.626 2,076.802 1,392.913

f4 = P̄
V 2/3 736.389 420.668 2,625.145 2,138.313

f5 = P̄
S

221.009 512.304 2,010.628 2,751.809

f6 = P̄√
S

171.946 483.322 2,455.058 2,433.454

Regarding the resulting shapes (see Fig. 3), it beco-
mes apparent that shapes optimised based on volume
cost proxies tend to have higher curvatures and thin-
ner cross-sections, whereas shapes optimised based on
surface area cost proxies tend to be smoother. From
a manufacturing and structural integrity perspective,
lower curvature, smooth structures of bigger cross-
section will have a more even stress distribution. This
will also allow for internal structural reinforcement
and easier manufacturing, and will, therefore, be more
cost efficient. Note, for each of the subfigures (a) to (l)
in Fig. 3, there are two images of the corresponding
optimal submerged geometry. The left image is a view
of the geometry from above the free surface and the
right image is a view from below the free surface.

With regards to the computation time, the average
run time for a 1 degree-of-freedom optimisation was
approximately 21h on an i7 Optiplex 9010 compu-
ter with 32GB of RAM. For the multiple degrees-of-
freedom case, this increased to approximately 37h. In
the case of using the submerged surface area instead of
the submerged volume, for 100 generations over which
20 new individuals were evaluated per generation, the
additional required run time was 4124.12s (approxi-
mately 1.15h) more per optimisation run. The authors
consider this 3-5% increase of the total computational
time to be reasonable. However, it must be noted that
the total run time depends highly on the available
computation resources.

IV. CONCLUSION

Different objective functions for geometry optimi-
sation of WECs have been compared, based on re-
sults obtained using genetic algorithms and a flexible
geometry definition. The results show that although
using volume in different ways as a proxy for costs,
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leads to optimal shapes with lower volume and surface
area, shapes optimised based on surface area proxies
result in smoother structures with bigger cross-section.
These latter shapes will also have manufacturing and
structural integrity advantages. From the compared
metrics it seems like f5 is the most suitable objective
function for geometry optimisation of WECs since it
results in both lower surface area and lower volumes
than f6. However, f6 shows higher power production
values. For further comparison, a multi-objective study
of a WEC hull geometry optimised for both power and
surface area simultaneously, would be beneficial. This
would give further insight into the effect that surface
area has on the resulting optimal shapes, depending
on the relative importance of each of the objectives.

Furthermore, the suitability of the optimisation al-
gorithm can change with the use of different objective
functions. For this reason, this should be examined
further, to ensure a fair comparison of the objective
functions.
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(a) P, Surge (b) P, Surge, Heave and Pitch

(c) P̄
3√
V

, Surge (d) P̄
3√
V

, Surge, Heave and Pitch

(e) P̄√
S

, Surge (f) P̄√
S

, Surge, Heave and Pitch

(g) P̄
V 2/3 , Surge (h) P̄

V 2/3 , Surge, Heave and Pitch

(i) P̄
S

, Surge (j) P̄
S

, Surge, Heave and Pitch

(k) P̄
V

, Surge (l) P̄
V

, Surge, Heave and Pitch

Fig. 3. Resulting optimal geometries for WECs oscillating in surge only (left two columns) and in surge, heave and pitch (right two columns)
and optimised for six objective functions.
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