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people directly at the end of 2011 [2], wave energy is
still at an early stage of development,
One of the challenges for the wave energy industry
is to reduce cost, and it is in relation to this that the
option of solutions integrated into offshore windmills
arises, taking advantage of the fact that the offshore
wind energy industry is more mature. This paper
tackles the issue of integrating wave energy into
offshore wind, and in particular considers the
characteristics of current technologies in order to
propose three initial hybrid prototypes.

Abstract
In recent years, with more and more offshore
wind farms being constructed, the possibility of
integrating other marine renewables with offshore
wind has arisen. This integration presents a number
of advantages, including a better utilisation of the
marine space and lower installation costs relative to
separate installations.
The main objective of this work is to analyse the
integration of different WEC technologies into
offshore windmills. More specifically, three
technologies were considered: oscillating water
column, oscillating body, and overtopping devices; of
which three prototypes were designed to a
preliminary level. Particular attention was paid to
the windmill foundations and how they are affected
by the installation of the WEC.

1.1 Synergies
The synergies between co-located offshore wind
turbines (OWTs) and wave energy converters [3-4] can
be listed as follows:
• Energy yield. Co-located technologies would
increase the energy yield per unit area of marine
space and thereby contribute to a better use of
the natural resources.
• Grid infrastructure. Using a common electric
grid infrastructure would bring about a cost
reduction.
• Logistics. Sharing the specialised marine
equipment needed for the installation or during
the life of the project, such as port space or
installation vessels, would also contribute to
reducing the costs.
• Operation and maintenance (O&M). The use of
common installations of specialised technicians
would become an important cost reduction.
• Foundation. Sharing the same foundation
system would mean a reduction in the cost of
the structures compared with separate projects.
• Shadow effects. Co-locating WECs and OWTs
may have a shadow effect. WECs located on the
perimeter of the offshore wind park would
absorb wave energy and thus result in a milder
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1.

Introduction

Wave and offshore wind energy are part of the
marine renewables energy family, which is called to
become an important part of the EU electricity mix
satisfying 15% of the European electricity demand and,
in some countries, up to 20% of the national demand by
2050 [1]. Sharing the same hostile sea environment,
some of the challenges that wave and offshore wind
energy confront are similar. Their level of
technological maturity is, however, not the same: while
offshore wind is a proven technology with 3.8 GW of
installed capacity in Europe and employing 35,000
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wave climate inside the park. This effect may
mean open more windows for O&M and
reduced loads on the OWTs structures.
• Smoothing power output. Waves have less
variability and are more predictable than wind,
as the wave climate peaks trail the wind peaks.
This would help wind parks to avoid the effects
of sudden disconnections on the electric grid
and to obtain a more accurate output forecast.
• Environmental benefits. Knowledge of the
environmental impacts can be transferred from
one sector to another.
On the other hand, the use of the same space for both
technologies may present some disadvantages, such as:
• Development times. The early stage of
development of WEC technologies could entail
longer development times, which would be an
upward factor on the project cost.
• Insurance. The lack of experience in co-located
projects could mean higher insurance costs.
• Accident or damage risks. Co-locating floating
WECs near OWTs could increase the risk of
accident or damage in case of a mooring failure
on the WEC.
• Site-selection compromise. Optimising the site
selection for a co-located concept could be not
ideal for wave and wind compared with the
stand-alone option.

system in the industry. Its main advantages are the
simple concept and easy installation. On the other hand,
it has certain disadvantages, such as: (i) the possible
scouring of the seabed, (ii) the high steel cost to reach
water depths larger than 30 m, or (iii) the limitations on
extra loads on the structure (especially on lateral
forces).
The tripod tube has appeared as an evolution of the
monopile. Based on the same concept but with a
multiple base, usually in the form of a tripod, the tripod
tube allows a better distribution of the loads. The main
advantages of this system are: (i) it can be used on a
broader range of sea beds; (ii) the driven pipes have
smaller diameters than in the case of the monopile,
which reduces the scouring effects; (iii) it allows to
reach higher depths than the monopile (up to 40 m);
and (iv) it is less sensible to lateral forces. Its main
disadvantage is that the installation process is longer
and more expensive than in the case of the monopile.
The jacket frame is getting more common on the last
years, each time more projects are using this foundation
system. This system comes from an adaptation to the
offshore wind industry of old concepts already
existents on the oil and gas industry for decades. The
main advantages lies on: its possibility to reach higher
depths (up to 60m), the distribution of the contact with
the seabed on four points makes those smaller
(reducing its impact and the sourcing effects), the use
of small pipes to form the structures and not a big
monopile reduces the loads on the structure due to the
waves, and that this concept don't needs the transition
part to ensure the verticality of the wind mill. But the
main disadvantage is that the construction and
installation processes are much longer and expensive
that in the other cases.
Finally, floating foundations still are at an early
stage of development, with many different concepts –
of which some prototypes are being tested at scale level
in real conditions. The main advantage of these systems
is the possibility of reaching deep waters (up to 200 m),
and the main disadvantage their early development
stage.

1.2 Offshore wind foundation
To consider hybrid or co-located platforms it is very
important to understand properly the limitations of the
different offshore wind technologies. Essentially the
offshore wind technology is the same as that used
onshore, with the exception of the foundation system –
a relevant exception. The offshore wind foundation
systems suitable for WEC integration are: monopile,
tripod tube, jacket frame and floating foundations
(Figure 1) (the gravity base system has been discarded,
as it is only appropriate for shallow water, with depths
in the range 5 – 20 m) [5-6].

1.3 Wave Energy Converters
As with offshore wind foundations, a proper
understanding of the limitations and characteristics of
WECs is crucial for a hybrid or co-located platform.
Wave energy technologies can be grouped into the
following categories: oscillating water columns,
oscillating bodies, overtopping, and linear absorbers or
attenuators. These categories are outlined in the
following with the exception of linear absorbers or
attenuators, which are not deemed suitable for the
purposes of this work – their dimensions are usually
too large, hence it would be very difficult to co-locate
those systems and offshore windmills [7-8].
Oscillating Water Columns (OWC) are conversion
devices with a semi-submerged chamber, keeping a
trapped air pocket above a column of water. Waves
cause the column to act like a piston, moving up and

Figure 1: Offshore wind foundations

The monopile, consisting of a pipe that has been
driven into the seabed, is the most extended foundation
2
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down and thereby forcing the air out of the chamber
and back into it. This continuous movement generates a
reversing stream of high-velocity air, which is
channelled through a turbine-generator group to
produce electricity.
The main advantages of these systems are their
simplicity (essentially there are no moving parts other
than the air turbine) and the fact that they are usually
well-proven and reliable. On the other hand, their
performance is not so high – although there are new
control concepts that should be tested to increase the
performance; moreover, these systems are normally
bottom-fixed – there are some floating concepts, but
the performance is smaller than that of bottom-fixed
devices. Some representative devices are: GreenWave
(Scotland), Wavegebs Limpet (Scotland), Pico Plant
(Azores), Mutriku (Basque Country), OE Buoy and
Oceanix (Australia) [9].
Oscillating Body converters are either floating (more
usually) or bottom fixed. They exploit the more
powerful wave regimes, normally in deep waters (more
than 40 m). In general, they are more complex than
OWCs, in particular as regards their Power Take Off
(PTO) systems. In fact, the many different concepts and
manners to transform the oscillating movement into
electricity have given rise to many different PTO
systems, e.g. hydraulic generators with linear hydraulic
actuators, linear electric generators, piston pumps, etc.
The advantages of oscillating body converters are
their small size and the fact that most of them are
floating devices, which makes them very versatile. On
the minus side, a clear technology has not emerged yet,
and more research should be carried out to increase the
PTO performance and avoid certain issues with the
mooring systems. Some representative devices are:
AWS of Columbia Power Technologies, Oyster
(Scotland) and Wave Star (Denmark) [9].
Overtopping terminators consist of a floating or
bottom fired water reservoir structure, normally with
reflecting arms to focus the wave energy, as waves
arrive, they overtop a ramp structure and restrained in
the reservoir. The potential energy due to the height of
collected water above the sea surface is transformed
into electricity using conventional low head hydro
turbines.
The main advantage of this system is the simple
concept – it stores water and, when there is enough, lets
it pass through a turbine. Its main downsides are the
low head (in the order of 1-2 m), or the huge
dimensions that a full scale overtopping device would
have. Some representative devices are: WaveDragon
(Denmark), Seawave Slot-Cone Generator (Norway),
or WaveCat (Spain) [9-10].

2.

energy converters, and floating hybrid wind-wave
energy converters.
2.1 Independent bottom-fixed wind turbines
and wave energy converters
A co-located independent solution is the direct
option at the current stage of development of both
technologies. This type is based on an actual offshore
wind farm configuration and the additional deployment
of WECs on the same space, sharing common
installations (like the grid connection) but with
independent foundation systems.
Within this type, different options can be considered,
such as: (i) placing the WECs on the perimeter as a
wave shield, (ii) distributing the WECs through the
entire wind park, (iii) using bottom fixed WECs to
reduce the impact risk, or (iv) using floating WECs.
The main advantages are the simplicity of the
concept (it doesn’t require major changes to the current
technologies), easy integration (which would consist of
deploying the devices on the same area, and planning
the grid connections and capacity accordingly), or the
possibility of opting for either bottom-fixed or floating
WECs. On the other hand , there are two main
disadvantages. First, the lack of experience in colocated devices, which constitutes a hard start barrier
for wave or wind developers. Second, the difficulties
relating to the mooring technologies and the early stage
of development of the new concepts signify that the
risk of accident or collision between the WEC and the
OWT cannot be dismissed (and consequently the
insurance costs for the global project could be large).
2.2 Bottom-fixed hybrid wind-wave
A second option is the idea of hybrid devices,
meaning to design systems that would go for a shared
platform. This option considers the actual offshore
wind bottom-fixed technology to create an evolution
defining new devices. Those hybrid systems are
basically a modification of the foundation structures,
adapting some already existent wave technologies.
Concerning the foundation point of view, and based
on the analysis made on point 1.2, the most likely
options to go for a hybrid wave-wind device are the
monopile and the jacket frame. Also considering the
restrings of both systems and the characteristics of the
three WECs technologies described on point 1.3, the
most likely options for a hybrid bottom-fixed system
are: A hybrid OWC-wind or an hybrid oscillating bodywind (here the simplest option is to consider a buoy
point absorber).
As to the main advantages, these are the lack of
floating bodies that can end in an accident or a collision
(reducing the risk and consequently the insurance cost),
the cost reduction due to the use of a sharing
foundation system and the increase in the energy yield
per device. ,The disadvantages are the extra costs on
the production and installation of the foundation system
and the extra loads on the structure (especially on the
monopile case).

Different types of wind/wave farms

Three types of wind/wave farms can be considered:
independent bottom-fixed wind turbines and wave
energy converters, bottom-fixed hybrid wind-wave
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Both prototypes are described in the following
paragraphs in detail:
The first prototype is the OWC-monopile hybrid
converter. This solution consists of integrating a
cylindrical chamber around an offshore wind monopile
foundation. The chamber is fixed to the monopile,
bottom open and it can be divided into more than one
sub-chambers. Each one of the sub-chambers is
connected at the upper part to an air turbine (e.g. a well
or an impulse turbine). Table 1 presents the main
characteristic of this prototype.
The main advantages of this prototype are like the
common ones for the OWC-Wind and that there is no
limitation on the chamber size, as it is only limited by
the foundation. On the other hand, the main challenges
are on the extra efforts from the chamber to the
foundation, which would probably increase its cost, and
the high cost of building it in steel (more research on
composites materials should be done to reduce cost).
The OWC-jacket frame hybrid converter is the
second prototype, and here the free space that there is
inside a jacket frame foundation is used to install an
OWC chamber. The chamber has a conic shape in order
to optimise the space inside the foundation structure
and at the same time retain the advantage of a circular
base (to be wave direction independent). Like in the
previous prototype, the chamber is fixed to the
foundation structure and bottom open, nevertheless in
this case there are no sub-chambers, and consequently
only one air turbine is connected at the top. Table 1
also presents the main characteristics of this prototype.

2.3 Floating hybrid wind-wave
As a long term option, the idea of bringing floating
wind turbines and floating WECs together under the
same platform should be considered. This type
considers the idea of developing hybrid floating
concepts that brings together WECs and OWTs. The
main idea is to integrate, either wind turbines on big
WECs (e.g. a big overtopping WECs could be used as a
floating foundation system for one or two wind
turbines), or integrate small WECs on a floating OWT
foundation (e.g. as part of system to reduce the lateral
movements on the floating turbine).
The main advantage of these solutions would be the
possibility to reach deeper waters (at European level,
this means for the most part the Atlantic coast), where
the majority of wave and resources are located. On the
other hand, the main disadvantage is that those ideas
are still at a very early research point and may be an
option for a long term perspective.

3. Some hybrid solutions for a wave-wind
generator
This paper has proposed the consideration ofF the
second type of wave/wind farm (the bottom-fixed
hybrid wind-wave), and based on the analysis done on
point 2.2, three prototypes had been designed to a
preliminary level.
3.1 Hybrid OWC-Wind
The first option considers the integration of OWC
and wind technologies. Fig. 2 presents the two
prototypes that have been designed. On the left side of
the figure it is the OWC-monopile hybrid converter,
and on the right side the OWC-jacket frame hybrid
converter one.

Prototype

OWC monopile

OWC - jacket
frame

Chamber
shape

cylindrical

conic

PTO

air turbine

air turbine

Diameter
(width)

20-25 m

8-15 m

Height

12-20 m

15-20 m

Table 1: Main characteristic of the hybrid
OWC-wind prototypes

The main advantages of this prototype are like the
previous one, the same as the common ones, with the
extra advantage that the jacket frame foundation is less
sensitive to extra lateral load than the monopile and for
that the extra requirements for the foundation would be
less important. Moreover, on the disadvantages, the
chamber’s maximum size is limited by the foundations
dimensions, which in turn limits the available volume
and consequently the system's power.

Figure 2: Hybrid OWC-Wind

As the main common characteristics for the OWCWind hybrid solutions (independently of the foundation
system) they are that the OWC is a proven and simple
technology with a low maintenance cost, there are no
moving parts except for the air turbine, and it presents a
more compact size compared with the wind turbine.

3.2 Hybrid oscillating body-wind
This second option considers the integration of
oscillating body and wind technologies. Fig. 3 presents
the third prototype considered for this paper. This
solution consists in integrating a semi-toroidal buoy
around a monopile foundation. The buoy is divided into
two or four sections and each one of the sections is
4
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power resource per meter of wave front 𝑃𝑤𝑎𝑣𝑒 [𝑊 ⁄𝑚]
times a relevant dimension 𝐵 [𝑚] (note than this is not
a proper efficiency as it may in principle be larger than
one).
𝑃
𝜂1 = 𝑎𝑏𝑠
(1)

connected to a hydraulic actuator fixed on the
foundation structure.

𝑃𝑤𝑎𝑣𝑒𝐵

Considering the characteristics of three prototypes it
can be defined two average capture width ratios. For
the for the first two OWC prototypes can be considered
as 33% [11], and considering the oscillating body as a
larger heaving buoy a 29% [11] is one for the last
prototype.
Based on these ratios, it is possible to estimate
energy production of the hybrid devices and compare it
with the respective production of the windmill. For
example, considering the first OWC prototype
(𝜂1 = 33%), and assuming a wave resource of 25
kW/m and a width of 22m (Table 1), the average power
absorption is 181.5 kW. With a capacity factor of 3,000
hours, the average power production of a 5 MW wind
turbine is 1,700 kW. This means that the WEC power
production represents approximately 11% of the wind
turbine power production. Moreover the required total
width to match the power production of a single 5 MW
wind turbine is 200 m, (9 times higher than the OWC).
Table 3 presents the capture with ratio and the power
absorption for each prototype, and Table 4 presents the
ratios between the wind turbine and the prototypes.

Figure 3: Hybrid oscillating body-Wind

Wave oscillations will move the buoys up and down,
transmitting the movement to the hydraulic actuators.
The high pressure oil from the hydraulic actuators
would move a hydraulic generator to produce
electricity. Table 2 presents the main characteristics of
this prototype.
Prototype

Oscillating body monopile

Body shape

Semi-toroid or
semi-toroid section

PTO

hydraulic

Average diameter

15-20 m

Width

8-12 m

Height

4-8 m

Width [m]

33

22

OWC (II)

33

12

99

Oscillating
body

29

10 (x4)

290

OWC (I)

Table 3: Capture width ratio and power absorption
for the three prototypes

Table 2: Main characteristic of the hybrid
oscillating body-wind prototype

The main advantages of this solution are the
lightness of the prototype and the configuration reduces
the loads (comparing it with the OWC case), the
concept has been tested successfully on many different
WECs, and the possibility of including a hydraulic
actuator would facilitate access to the wind turbine for
O&M operations (acting on the hydraulic actuator to
follow the service boat). On the other hand, the
disadvantages are that the hydraulic systems have a
higher O&M cost than other systems, and also these
kind of WECs are still at a early development stage and
more research is necessary, to achieve higher
performances.

4.

𝑷𝒂𝒃𝒔 [W]
181.5

𝜼𝟏 [%]

Country

𝑷𝑾𝑬𝑪
�𝑷
𝑶𝑾𝑻
[%]

𝒘𝒊𝒅𝒕𝒉𝑾𝑬𝑪
�𝒘𝒊𝒅𝒕𝒉
𝑶𝑾𝑻
[%]

OWC (II)

17.2

6.

Oscillating
body

17.1

20

Country
OWC (I)

10.6

11

Table 4: Ratios between the wind turbine and
the three prototypes

5.

Conclusions

This paper goes through the different aspects
concerning the intent to integrate Wave Energy
Converters and Offshore Windmills. As a first step, a
review of the current status for both WECs and OWT
technologies, has been done, and considered the many
synergies in common.
At the same time, the paper shows that there are
three different options to integrate WECs and

Preliminary assessment

In order to evaluate the three prototypes described
previously, a preliminary assessment has been carried
out. To perform this assessment, the capture width ratio
𝜂1 has been used [11], this defined as the ratio between
the absorbed power 𝑃𝑎𝑏𝑠 [𝑊] and the available wave
5
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[2] J. Mocia, A. Arapogianni, J. Wilkes, C. Kjaer, R. Gruet.
(2011): Pure Power. Wind energy targets for 2020 and
2030. EWEA - European Wind Energy Association.

Windmills, the first being the most easy to implement
considering the actual technologies, but from a
scientific point of view, the second and the third ones
are the most interesting (as are those where the main
research and development advances should come
from). For the purpose of this paper, the second is the
considered, as the hybrid solutions are the next logical
step.
Defining new hybrid concepts may be a long
procedure, where many different points of view should
be considered and evaluated. From this procedure,
three preliminary prototypes were proposed in this
paper, based on proven technologies (OWC and
oscillating bodies).
A preliminary assessment of the three prototypes has
been done, and some interesting conclusions can be
interpreted. The Oscillating body monopile prototype is
the one with the higher power output, and the OWC
jacket frame has the lowest one. Nevertheless, the
simplicity of the OWC concept, considering space
efficiency and the loads impact on the structure, the
OWC jacket frame seems to be a good option.
It is premature to compare the prototypes at this
stage, since the method used to evaluate the
performance is based on many assumptions and
common considerations. A physical or numerical or
both monetization should be done, to get more accurate
data and go for a 'prove of concept' of the prototypes.
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