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Summary 

An overview of the present state of development of offshore renewable wave and wind 
energy is presented and future prospects are discussed. The information on some of the 
current wave energy systems worldwide are given as indicative of the present state of affairs. 
The main working principles of wave energy systems are described and the differences in 
terms of working principle, conversion chain, location and power take-off systems are 
highlighted. Some of the technology challenges are identified and the prospects of utilization 
of the various wave energy concepts are discussed comparing the characteristics of the 
devices in particular their power output. The evolution of the concepts of wind turbines with 
time and the main types of offshore wind turbine concepts are presented, from the shallow 
water fixed ones to the floating ones. The development of various numerical codes for the 
dynamic analysis of offshore wind turbines and the studies carried out based on the codes for 
hydrodynamic, aerodynamic, structural and response due to control system are presented. The 
present status of wind energy compared to wave energy and the role of naval architects and 
ocean engineers for the design and analysis of wave energy device and offshore wind turbine 
technology are presented and discussed. 

 
Keywords: Offshore renewable energy; Wave power; Wave energy converters; Offshore wind 
turbine; Coupled dynamic analysis. 

1. Introduction 

Energy is the ability to do work and thus is absolutely essential for existence of human 
civilization. After the industrial revolution in the eighteenth century, the demand of energy 
has increased in manifolds. In today’s life, energy is essential in every aspect, be it 
agriculture, transportation and information technology.  The primary resource of energy is 
still the fossil fuel, i.e. coal, petroleum and the natural gas.  However, the fear of exhaustion 
of the fossil fuel in the future combined with the concern for national energy security as the 
concentration of fossil fuel is restricted to certain regions has forced to look for renewable 
energy resources. The renewable energy is derived from natural processes that are replenished 
constantly such as the wind, waves, sun, geothermal, hydrogen, biomass etc. and are 
considered to be green. In the recent decades, the interest in the use of renewable energy has 



C. Guedes Soares, J. Bhattacharjee, D. Karmakar Overview and prospects for development of wave and  
 offshore wind energy  

88 
 

gained significant attention due to the rising concern over global warming and environmental 
pollution.  

Among the renewable energy resources, the wind energy represents the mainstream 
energy source of new power generation and an important player in the world's energy market. 
The wind energy is observed to be the one of the suitable solutions for global climate change 
and energy crisis which can be regarded as promising renewable, clean, and reliable energy 
source. On the other hand, the world oceans contain such a huge amount of energy that if 
exploited efficiently, can end the global energy problem. Therefore, it is relevant to discuss 
different aspects of the two important branches of renewable energy resources, namely the 
wave and the wind energy and understand the present status and the future prospects. 

2. Wave power 

Wave power is renewable energy derived from ocean waves. It is different from tidal 
energy, which is derived from underwater equipment that captures the ongoing movement of 
ocean currents powered by gravity and the Earth’s rotation. Ocean waves are generated due to 
wind blowing over the ocean surface.  The pressure difference caused by Sun’s heating leads 
to wind blowing and hence ocean waves are a result. Amongst the other marine renewable 
energy resources, wind driven surface waves contain a great amount of energy. The wave 
energy level is usually expressed as power per unit length. Typical values for good offshore 
locations range between 20 kW/m - 70 kW/m and occur mostly in moderate to high latitudes 
as can be seen in Fig. 1.  

 
Fig. 1 Global average wave energy distribution (Pelamis wave power) 

A wide spread effort is seen presently to use advanced numerical methods to assess the 
wave energy resources along various coasts, such as the Baltic Sea (Bernhoff et al. (2006)), 
Continental Portugal (Rusu and Guedes Soares (1999)), the Spanish coast (Iglesias and 
Carballo (2009, 2010)), USA (Defne et al. (2009)), Canada (Dunnett and Wallace (2009)), 
Sweden (Waters et al. (2009)), the French coast (Gonçalves et al. (2014)) among others. 
These studies typically use numerical methods to study the generation of storms far away and 
the corresponding propagation of swell, as well as the waves induced by local winds. Some 
studies deal with the specific aspects of estimating wave resources around islands, which are 
specially interesting type of applications (Stopa et al. (2009), Iglesias and Carballo (2010), 
(2011), Rusu and Guedes Soares (2012a, b) and Gonçalves et al. (2013)). 
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The best wave energy environments are along western coastlines because the largest, 
most consistent winds come from the west. Seasonal variations are larger in northern than 
southern hemisphere and hence, southern coasts of South America, Africa and Australia are 
particularly attractive for wave energy exploitation as evident from Fig 1. Globally, wave 
energy leaders are the UK, Portugal, Australia and New Zealand. Northern Canada and 
southern Africa are other wave power hotspots. In the United States, wave power hotspots are 
California, Oregon, Washington and Alaska. Portugal is home to the world’s first commercial 
wave farm, Aguçadoura Wave Farm near Póvoa de Varzim, north of Porto. Three Pelamis 
machines were initially installed with 2.25MW production capacity in Aguçadoura Wave 
Farm. The project was suspended for a period due to financial and technical difficulties.  It is 
once again revived with a follow up project at Aguçadoura to install, in phases, a farm of up 
to 26 machines with an installed capacity of 20MW.  

2.1 Historical evolution of wave energy conversion devices 

The first evidence of the concept of wave energy extraction was found more than 200 
years back when father son duo of Girard from France filed the first patent in 1799 (Ross 
(1995)). Since then, more than one thousand patents were taken on different concepts to 
harness energy from ocean waves (McCormick (1981)). However, the modern research 
started in the 1940’s in Japan. In this respect, Yoshio Masuda (1925 - 2009), a navy officer 
from Japan, may be regarded as the father of wave energy technologies, who invented the 
floating Oscillating Water Column (OWC) technology to extract energy from waves. He 
developed a navigation buoy with an air turbine that was later commercialized in Japan and 
USA in the 1960’s (Masuda (1971)).  He later supervised the construction of a large floating 
barge named Kaimai, containing multiple OWC chambers having different types of air 
turbines.  Another pioneer in the field of wave energy extraction was Michael E. McCormick 
from US Naval Academy, who developed the self-rectifying air turbines for OWC devices in 
the 1970’s.  

Despite scattered personal interests, the industrial and academic progress in this field 
was still at its infant stage until the oil crisis in the 1970’s.  The acute oil crisis combined with 
the concern for national security forced the nations to look for renewable energy resources.  In 
1974, Stephen Salter from University of Edinburg published a paper in the prestigious journal 
Nature on the concept of a nodding floater, called The Duck, which drew significant attention 
from the scientific community.  The UK and the Norwegian governments started funding 
several wave energy research and development programs. Although the governmental 
interests died down once the oil crisis was over in the 1980’s, the theoretical developments 
were in progress with significant contributions from different branches of science and 
engineering, especially from applied mathematicians.  

However, the scenario in Europe changed in the 1990’s when the European 
Commission made the decision to include wave energy in their R & D program on renewable 
energy.  Several projects were funded to investigate different concepts and their feasibility of 
commercial implementation. The Ocean Energy Systems Implementing Agreement (OES) 
was launched in 2001 under the flagship of International Energy Agency (IEA) to speed up 
the wave energy developments thorough international collaborations and exchange of 
knowledgebase. Presently, the number of contacting parties in OES is nineteen and 
membership of the OES is earned by invitation of the Executive Committee to country 
governments.  In the last two decades, several conferences, workshops and meetings were 
held to exchange ideas and information.  Therefore, a significant progress has been made in 
the theoretical analysis of wave energy conversion devices.  However, the utilization of wave 
energy in the commercial stage is yet to be achieved on a business scale due to various 
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technical and financial challenges.  Detailed reviews on historical progress, different concepts 
and technological developments can be found in Thorpe (1999), Clément et al. (2002), Harris 
et al. (2004), Falnes (2007), Drew et al. (2009), Falcão (2010) and Guedes Soares et al. 
(2012). The detailed discussion on the theoretical developments on ocean wave and 
oscillating wave energy systems, the difficulties and the future prospective can be found in 
Falnes (2004) and Cruz (2008). 

2.2 Classification approaches of wave energy converters 

There exists a large variety of concepts to extract energy from ocean waves all over 
the world.  More than one thousand patents have been registered for different wave energy 
conversion devices only in Japan, Europe and North America (Clément et al. (2002)).  
Therefore, there is no unique classification approach to categorize the existing concepts and 
designs. In order to classify the devices, it is important to understand the basic characteristics 
and requirements of the wave energy converters (WECs).  

Most of the wave energy comes from the rising and falling of the water free surface 
and hence requires the device to be exposed to the incoming waves. Therefore, the placement 
of the device is important and it can be installed at the shoreline, near to the shore or offshore. 
The distinction between near-shore and offshore is often related to design requirements for 
water depth, which generally increases with distance from the shore, the energy content of 
waves, which is being greater offshore, and access for deployment, retrieval, operation and 
maintenance.  The near-shore and offshore devices may be either bottom-mounted or floating.  
In general, near-shore devices are being fixed to the seabed by a static member and the 
offshore devices are being moored through cables to hold on station. 

Wave energy is in general extracted through the reaction forces between two or more 
bodies and this is one of the biggest design challenges. To build such a system, two or more 
bodies need to move relative to each other, while at least one body interacts with the waves. 
One of the numerous approaches is to allow one body to move freely with the waves, while 
another is held static as in the case of a floating buoy reacting against the seabed. 
Alternatively, all of the bodies may be dynamic and energy is extracted from their relative 
motion. Each moving body may be labelled as either a displacer or a reactor. Displacer is the 
body that is moved by the waves such as buoyant vessel, or, as in the case of Oscillating 
Water Column (OWC) devices, a mass of water. If buoyant, the displacer may pierce the 
surface of the waves or be submerged.  On the other hand, reactor is the body that provides 
reaction to the displacer. It could be a body fixed to the seabed, or the seabed itself or another 
structure or mass that is not fixed, but moves in such a way that reaction forces are created. A 
degree of control over the forces acting on each body and acting between the bodies is often 
required to optimize the amount of energy captured. In some designs, the reactor is actually 
inside the displacer, while in others it is an external body. Internal reactors are not subject to 
wave forces, but external ones may experience loads that cause them to move in ways similar 
to a displacer. Thus, some devices do not have dedicated reactors at all, but rather a system of 
displacers whose relative motion creates a reaction system.  

There are different approaches that have been proposed in the literature to classify 
WECs (Falcão (2010)). However, the common practice is to classify the devices based on the 
basic technology.  Presently, based on the working principles, there are three major types of 
WECs – the oscillating water column device, the overtopping devices and the oscillating 
bodies.  
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2.2.1 Oscillating water column device 

The oscillating water column (OWC) comprises of a partly submerged structure called 
‘collector’ which is open to the sea below the water surface as shown in Fig 2.  A column of 
air is trapped above the internal free surface of the water column. As waves enter and exit the 
collector, the water column moves up and down and acts like a piston on the air. The 
compressed air is channeled towards a turbine and forces it to turn. The turbine is in general a 
self-rectifying one to avoid the modification of the airflow and is coupled to a generator to 
produce electricity.  A low pressure Wells turbine is commonly used in the PTO system.  The 
OWC concept is known to the first to harness wave energy and hence called as the first 
generation of devices.  A variety of OWC devices have been proposed and are being studied 
due to its simplicity in design and robustness (Duckers (2004)). 

The oscillating water column (OWC) devices can be either fixed or floating.  In 
general, fixed OWCs are installed on shore or near shore. As there is no moving parts or 
electrical equipment in contact with the sea water and no underwater cable is required, these 
are considered to be easy for installation and maintenance. The disadvantage is that the wave 
loses energy as it progresses towards the shoreline and hence the near shore wave climate is 
less energetic.  However, proper positioning of the device and the favorable bathymetry may 
compensate the lost energy through refraction and diffraction.  Several fixed OWC prototypes 
have been in operation in shore areas as in Toftestallen, Bergan, Norway (1985), Sakata, 
Japan (1990), Vizhinjan, Kerala, India (1990), Pico, Azores, Portugal (1999), LIMPET plant, 
Islay Island, Scotland (2000), Port Kembla, Australia, (2005) (see Alcorn et al. (2005)), 
Mutriku, Spain (2008) (see Torre-Enciso (2009)).   

 
Fig. 2 Schematic diagram for OWC device 

Floating OWC devices are in general designed for deep water regions as in the case of 
the first OWC built in Japan under the supervision of Yoshio Masuda.  The larger barge type 
multiple OWC device “Kaimai” made in Japan was also a floating offshore device.  Masuda 
further modified the geometry of the OWC to introduce the backward bent duct buoy (BBDB) 
and the concept was studied in different countries (Masuda et al. (1995), Hong et al. (2004)). 
Efforts are underway in Ireland to construct a larger version of BBDB and models are tested 
in the sheltered Galway Bay, western Ireland. The Mighty Whale (Hotta et al. (1996)) is 
another floating OWC which was developed in Japan and a prototype of around 50m length 
has been tested for several years, with three chambers connected to Wells turbines that drive 
electric generators. Several studies have also been made for SPAR type OWC (McCormick 
(1976), Korde (2000)). These are a relatively long vertical tubes opened at both ends, which 
have a heave motion. The pressure of the inner OWC with respect to the floater pressurizes 
the air chamber that is connected to a turbine (Lye et al. 2009). 
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2.2.2 Overtopping devices 

Overtopping devices are in general large structures, shore-based or in the ocean that 
channel waves into a basin or reservoir as shown in Fig 3. When the basin’s water level 
becomes higher than the ocean’s, the head of collected water turns the turbines as it flows 
back out to sea and the turbines are coupled to generators to produce electricity. The 
technology is similar to a hydropower system, in which draining water runs a turbine.  These 
machines make use mainly of well-established technologies, thus reducing development costs 
and risks; the only moving parts are the turbine(s) and there are no components moving with 
the waves, thus minimizing loadings and breaking risks, as well as reducing the requirements 
on the structure and moorings. They are easily scalable without the need for reconfiguration 
or tuning. The presence of a reservoir, acting as a buffer, helps smoothing the power output. 
Examples of overtopping devices are the Tapchan (Tapered Channel Wave Power Device), 
Norway in 1985, Wave Dragon, Denmark in 2003 (Kofoed et al. (2006) and Seawave Slot-
Cone Generator (SSG) (Margheritini et al. (2009)). The hydrodynamics of overtopping 
devices is highly nonlinear and hence the linear wave theory is not adequate for analysis of 
the aforementioned devices.  

(a)        (b)  

Fig. 3 Schematic diagram for (a) shore based and (b) floating overtopping device 

2.2.3 Oscillating body 

Oscillating body devices are commonly meant for offshore regions to exploit the 
highly energetic wave climate which in general kept at water depth more than 50m. They are 
either submerged or floating on the surface and their relative motion with respect to the sea 
bottom or another body is used to drive an electric generator. The analysis becomes more 
complex due to the presence of mooring systems, under water cables, extreme sea states, 
difficulties in installation and maintenance and they are often termed as the third generation of 
devices. Oscillating bodies can be further categorized as point absorbers, terminators and 
attenuators. 

(a) Point absorber: Point absorbers are floating or submerged structure that absorbs 
energy from all directions by virtue of its movements at or near the water surface as shown in 
Fig 4. Their horizontal dimension is very small compared to the incident wave length and 
hence the presence of these devices does not alter the incident wave characteristics. It may be 
designed so as to resonate with larger amplitudes than the waves themselves. This feature is 
useful to maximize the amount of power absorption. The power take-off system may take a 
number of forms, depending on the configuration of displacers/reactors. 

Single body point absorbers are generally designed as a heaving buoy reacting against 
the sea bed or another structure fixed to the sea bed. Early evidence of single body point 
absorber device is found in Japan and Norway in the 1980’s (Falcão (2010)). The concept of 
taut moored buoy point absorber is being developed at Uppsala University in Sweden (Waters 
et al. (2007)). Vantorre et al. (2004) have proposed a heaving point absorber that moves with 
respect to a platform. 
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Point absorbers that are connected to the sea bottom are not the most frequent ones but 
reference can be made to one taut-moored buoy concept that use a linear electric generator on 
the bottom (Eriksson et al. (2005), Leijon et al. (2006)).  Elwood et al. (2010) at Oregon State 
University, USA have also developed a wave energy conversion system that consists of a 
deep draft spar and a taurus-shaped buoy having a saucer-shaped profile. The outer buoy is 
free to heave relative to the spar but is constrained in all other degrees of freedom by a linear 
bearing system. The systems that depend on the relative motion of two bodies (Falnes (1999)) 
are more frequent. Examples are the IPS buoy (Gomes et al. (2010)) Aquabuoy (Weinstein et 
al. (2004)), the Wavebob (Weber et al. (2009)), PowerBuoy (Ocean Power Technologies, 
USA) which are floating buoys that have parts moving vertically.  

 
Fig. 4 Schematic diagram of floating and submerged point absorbers (US Dept. of Energy) 

The Archimedes Wave Swing (AWS) is fully submerged heaving oscillating device. It 
has a bottom fixed cylinder and oscillating one on the upper part, which responds to the 
pressures of the waves as they pass. The system was tested in Portugal in 2004 and its 
performance can be improved with control strategies (Valério et al. (2007)). There are 
oscillating bodies that extracts the energy of ocean waves through the pitching motion. The 
most well-known example of pitching WEC is the Duck invented by Stephen Salter from 
University of Edinburg, UK in 1970’s (Salter (1974)).  Another device that depends on its 
pitch motion is the PS Frog Mk.5, which is a floater that has a vertical floater with a ballast 
tank hanging below (McCabe et al. (2005)). When it pitches there is a mass that moves 
sideways above the sea level, providing the motion for the PTO.  The Searev WEC developed 
at Ecole Centrale de Nantes, France is also a floating pitching device that fully encloses a 
horizontal axis wheel.  The wheel acts as a pendulum and the rotational motion of the wheel 
with respect to the hull is used to run a hydraulic PTO. 

(b) Terminator: The terminator devices are also floating structures that move at or 
near the water surface, but it absorbs energy in only a single direction. The device extends in 
the direction normal to the predominant wave direction so that the incoming waves are 
restrained. Again, resonance may be employed and the power take-off system may take a 
variety of forms. An example of this type is the famous Salter Duck, which has undergone 
different design improvements with time (Salter (1993)). 
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Fig. 5 Wave Star wave energy converter (courtesy WAVESTAR)  

Other type of structures has one main platform where one PTO is installed and then 
several small floating point absorbers are deployed and their motion will react with the 
platform. One example is the FO3, which is based on a square floating structure with a 
hydraulic PTO around which there is an array of 21 axisymmetric buoys (Lendenmann et al. 
(2007)). The Wave Star is made of two rectilinear arrays of floaters located on both sides of a 
bottom mounted steel structure aligned with the dominant wave direction (see Fig 5). The 
swings of the buoys pump oil into the hydraulic system. A prototype with 24m long has been 
tested for some years connected to the grid (Marquis et al. (2010)). A similar system for wave 
energy absorption was adopted by Estefen et al. (2008), although in this case it is fixed to a 
vertical breakwater.  

(c) Attenuator: Attenuators are long floating structures like the terminator, but they are 
orientated parallel to the waves rather than normal to them. It rides the waves like a ship and 
movements of the device at its bow and along its length can be restrained so as to extract 
energy. A theoretical advantage of the attenuator over the terminator is that its area normal to 
the waves is small and therefore the forces it experiences are much lower. 

 
Fig. 6 Pelamis wave energy converter (courtesy Pelamis wave power) 

The McCabe Wave Pump is an example of an attenuator (McCormick et al. (1998)).  
Another device derived from the concept of attenuator is the Pelamis (see Fig 6), which is 
based on making use of the relative pitch motion between sections of a long segmented 
cylinder (Retzler (2006), Henderson (2006)). Sea trials of these devices have been made in 
Scotland in 2004 and in Portugal in 2008 for relatively short periods. 

2.2.4 Other classification approaches 

The wave energy conversion devices can be classified based on the steps to convert 
available power of the wave into the deliverable power in the electrical grid (Price (2009)).  It 
allows comparison of oscillating bodies, OWCs and overtopping devices as well as 
comparison between direct drive and other types of power conversion chain.  The power 
conversion chain is divided into three stages – (i) Intercepted power: flow between wave and 
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primary interface, (ii) Captured power: flow between primary interface and PTO and (iii) 
Delivered power: flow between PTO and final conversion stage. The wave energy is the 
combination of potential and kinetic energy. The overtopping devices fall in the category that 
harness the potential energy contained in the waves.  The oscillating water column (OWC) 
device uses the pressure or kinetic energy to run the turbines.  On the other hand, mechanical 
energy of the wave is exploited by the oscillating bodies like point absorbers, terminators and 
attenuators. 

Amongst other approaches, WEC devices can be further classified in terms of the 
power take off (PTO) systems.  A variety of PTO arrangements have been proposed, which 
are not device specific, but in general can be associated to a number of devices. The PTO 
elements can be categorized depending on the working fluid (if any) like high pressure oil, 
low pressure water, positioning of the PTO (with respect to machine, shore and surface), 
components, control strategies and efficiency. Some PTO systems are offered as off-the-shelf 
package to device developers. A more extensive description of the PTO systems for the 
WECs can be found in Mynett, et al. (1979) and Salter et al. (2002). The details of various 
types of WECs are provided in Table 1. 
   

Table 1: Classification of WECs 

Wave Energy Concepts Types of WECs Water depth Wave height 
 
Oscillating Water 
Column (OWC) 

Fixed Structure 
Isolated: Pico, LIMPET, 
Oceanlinx 5m - 15m 5m - 15m 

In breakwater: Sakata, Mutriku 

Floating Structure Mighty Whale, BBDB 40m - 60m 5m - 10m 

 
 
 
Oscillating Body 
  

 

Point Absorber 

Floating: Aquabuoy, IPS Buoy, 
Wavebob, PowerBuoy, FO3, PS 
Frog, Searev 

30m - 60m 2m - 6m 

Submerged: Oyster, WaverolLer, 
AWS 

10m - 20m 5m - 8m 

Attenuator Pelamis, Wave Treader, Waveberg     > 50m 2m - 8m 

Terminator Salter’s Duck 20m - 40m 2m - 10m 

 
Overtopping 
Device 

Fixed Structure Shoreline: TAPCHAN 5m - 20m 5m - 15m 
In breakwater: SSG 

Floating Structure Wave Dragon 25m - 60m 5m - 10m 

2.2.5 Mooring systems for WECs 

The design of the mooring systems is gaining more and more significance as the 
present day WEC concepts are being developed more and more for deeper water regions to 
exploit the more energetic regime.  It has been the same for the offshore industry for some 
time now. However, unlike the offshore industry, the WECs tend to be smaller and to operate 
in shallower waters compared to other offshore structures. Furthermore, devices like the point 
absorbers are aimed at operating in resonance and thus to undergo relatively large 
displacements. Thus, mooring systems need to be designed in such a way that they do not 
hamper the oscillatory motion of the device. Additionally, the mooring system will have a 
dynamic response to wave or wave group loading.  This may be critical when the WEC and 
its moorings are considered together as a coupled system. For some WECs this dynamic 
response, or the lack of it, is a key element in the mooring system design. Therefore there is 
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diversity among the associated mooring systems and their requirements. However in the case 
of large fixed structures, such as overtopping or OWC devices, mooring systems designed for 
oil platforms can be applied without much alteration. Harris et al. (2004) listed standard 
requirements for mooring lines applied to WECs including other issues strictly related to the 
challenge of harnessing ocean wave energy. It is obvious that general conclusions regarding 
mooring lines for all WECs cannot be drawn. However, recommendations addressing the 
specific problem for floating WECs such as the need for light materials (synthetic ropes) and 
the use of spring buoys to avoid hampering the oscillatory motion of devices can be found in 
the works of Harris et al. (2004), Fitzgerald and Bergdahl (2008) and Tello et al. (2012). 

3. Significant technology challenges for wave power 

At present ocean wave energy innovation activity is spread over a wide variety of 
concepts and components. Till date, most of the studies are on the hydrodynamic performance 
of the device and its survival strategies.  However, detailed analysis of the complete system 
starting from the hydrodynamics of the device to the generation of electricity to the network 
grid is necessary for commercial installation of the device. When deciding on the installation 
at a site studies comparing the performance of different devices need to be done such as 
illustrated in Silva et al. (2013). 

In addition, although diverse studies on different types of designs and experimentation 
are important, it may create problems in terms of focusing R&D investment and the speed of 
commercialization. Therefore, across the sector as a whole, there is a need to strike a balance 
between prototype design variety and consensus, and to manage the selection processes for 
linking between the two.  

While resources and effort tend to focus on a few large-scale wave prototypes (up to 
around 1MW), and more conventional designs and components, there is a parallel need to 
explore more radical options which may offer step-change cost reductions or performance 
improvements. This can be understood as a balance between early-stage learning-by-research 
and later-stage learning-by-doing. At the same time, a number of generic technologies and 
components such as foundations, moorings, marine operations and resource assessment offer 
opportunities for collaborative learning, although the transfer of generic knowledge and 
components within the developer community is limited by commercial competition (Winskel 
(2007)). 

Further, given limited full scale experience in real time operating conditions, there is a 
need for more data on prototype performance and operating experience to feed back into the 
overall Research, Development & Demonstration (RD&D) cycle. There are significant 
opportunities for knowledge transfer from other sectors, such as offshore and coastal 
engineering. Enabling this transfer will involve better understanding of the ‘adaption costs’ of 
transferring components and methods to the marine environment, and identifying 
opportunities for collaboration with other industries and supply chain partners. 

4. Wind turbine technology 

The application of wind turbines for the generation of electricity was first reported in 
1885 at Askov, Denmark by Poul la Cour to cover the energy demands of Askov high school. 
The use of wind turbine technology thus gradually took momentum all over the world to 
overcome the energy demands. The history and the development of the wind turbine 
technology are well documented in Golding (1955) and Spera (1994). In the recent decades, 
depending upon the rotor operating principle, the wind turbines are classified as vertical-axis 
wind turbines (VAWTs) and horizontal-axis wind turbines (HAWTs). The vertical-axis wind 
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turbines have the main rotor shaft arranged vertically and the key advantages of this 
arrangement is that the turbine does not need to be pointed into the wind to be effective. 
These wind turbines are effective where the wind direction is highly variable.  

           (a)   (b)  

Fig. 7 Schematic prototype (a) vertical-axis wind turbine (VAWT) (b) horizontal-axis wind turbine (HAWT) 

The HAWTs have the main rotor shaft and electrical generator at the top of a tower, 
and are pointed towards the wind with two or three blades are the most common. The wind 
blowing over the propeller blades causes the blades to lift and rotate at low speeds. In the case 
of three blades, the wind turbines are operated upwind with rotor blades facing into the wind. 
The tapering of rotor blades is selected to maximize the kinetic energy from the wind and the 
optimum wind turbine performance is strictly dependent on blade taper angle and the 
installation height of the turbine on the tower. The schematic prototype of VAWT and HAWT 
is presented in Fig 7(a, b).  

5. Offshore wind turbines 

The offshore wind turbines technology is progressing fast as compared to land based 
wind turbine technology due to the added advantages. Various companies are engaged in the 
construction of offshore wind farm and among them Siemens, REpower and Vestas are the 
leading turbine suppliers for offshore wind power. In the next section, the development of the 
offshore wind turbine technology all over the world is described in detail.  

5.1 Evolution of offshore wind turbine with time 

The use of wind turbine technology started long back in 18th century but the concept 
of locating the wind turbine offshore was first suggested in the year 1930 and it was 
introduced in 1972 by Dr. William E Heronemus, professor at University of Massachusetts 
(see Bilgili et al. (2011)). The construction and installation of the first offshore wind turbine 
was done in 1990 by World Wind and then the technology has progressed rapidly from 220 
kW in Nogersund, Sweden to about 1GW at the outer Thames in UK and many countries are 
nowadays involved in the installation of offshore wind farms for the generation of clean 
energy. It has been decided by European Union that by 2020, the 20% of energy consumed 
across Europe to be from renewable source.  

Rotor Blade 

Nacelle 

Tower 

Rotor Blade 
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Fig. 8 Trends of offshore wind turbine size (Fichaux et al., 2011) 

 The studies carried out by the European Wind Energy Association (EWEA) shows 
that the countries such as Belgium, Finland, Portugal, Spain, Germany, Ireland, Norway, 
Sweden, Denmark, UK and Netherlands are actively engaged in the installation of offshore 
wind turbines. A commercial wind farm at Vindeby, Denmark of rated power 4.95 MW was 
constructed in 1991. Then in 1995, Denmark constructed another offshore wind farm of 5 
MW output and consequently in 2000 Danish offshore wind farm was constructed of rated 
power 40 MW. Horns Rev offshore wind farm was constructed in 2002 with total output of 
160 MW and in 2007, Lillgrund offshore wind farm was constructed with a total power 
production of 110 MW. The other offshore wind turbine projects carried out are in Belgium, 
Belwind Phase 1 (165MW), in Denmark, Nysted II/R_dsand II (207MW), in Germany, Alpha 
Ventus (60MW), in Sweden, Gasslingegrund (30MW), in the UK, Robin Rigg (180MW), 
Guneet Sands (172.6MW), and Thanet (300MW), Lynn and Inner Dowsing (194 MW), the 
Kentish Flats project (90 MW) and the Burbo Banks project (90 MW), in the Netherlands, the 
Q7 project (120 MW) (see Brennan et al. (2012)). The trends of offshore wind turbine size 
and development is presented in Fig 8. 

The International Energy Agency (IEA) and National Renewable Energy Laboratory 
(NREL) are working on the research and developments of offshore floating wind turbines in 
deep water areas. In Portugal a 2 MW prototype offshore wind turbine has been installed on 
the floating platform WindFloat developed by Principle Power. In the next phase an 
additional 5 MW turbine is planned to follow and it is proposed to achieve a total capacity of 
150 MW. Significant efforts have been made to implement this modified turbine structure, 
especially in Norway (Skaare et al. 2006, 2007), the United States of America (Wayman et al. 
(2006), Jonkman and Bhul, (2007)) and Japan (Suzuki and Sato, 2006)). A floating wind 
turbine prototype has been put into real sea test in Norway in 2009 (Nielsen et al. (2009)) and 
a detailed literature survey on offshore floating wind turbine are presented in Wang et al. 
(2010) and Bagbanci et al. (2012).  

6. Classification of offshore wind turbines 

The offshore wind turbines are in general classified as (i) Shallow water foundation, 
(ii) Transitional water foundation and (iii) Deep water foundation, depending upon the water 
depths. The shallow water wind turbines are generally placed in between 5m - 30m water 
depth and the transitional offshore wind turbine are placed between 30m - 60m water depth. 
Both these shallow water and transitional offshore wind turbines are having fixed foundations 
whereas the deep water offshore wind turbines are generally floating structures and are placed 
in more than 60m water depth. The floating wind turbines in deep water fall into four main 
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categories (i) Spar-buoy type, (ii) Tension Leg Platform (TLP) type, (iii) Semi-submersible 
type and (iv) Pontoon type. So far, most projects of offshore wind farms are located in 
relatively shallow water using bottom-fixed type wind turbines. To extend wind turbine 
systems to deeper water, practical research of offshore floating wind turbine systems is 
required. Also, developing offshore floating wind farms is important because it can provide 
high wind speed by low surface roughness, and make use of extremely abundant deep water 
wind resources with the additional advantages of minimizing the scenery disturbance and 
avoiding the noise problems generated by wind-driven blades. 

6.1 Fixed offshore wind turbines 

The offshore fixed support structures for wind turbines are used mainly for shallow 
and intermediate water depths. These fixed support structures are designed and built based on 
the design principles of the oil and gas industry. In offshore regions the support structure is 
having the dominant loading from wind and wave loads, so an integrated analysis is required. 
The offshore wind energy began in shallow waters of the North Sea where the abundance of 
sites and higher wind resources are more favourable in comparison with Europe’s land-based 
alternatives. In 1990, the first installation was done in Sweden for a single 300-kW turbine 
and consequently, the industry has grown very fast in the past 22 years. Here, the discussion 
will only concentrate on some of the typical fixed offshore wind turbine support structure 
used in the offshore region of intermediate and shallow water depth.  

6.1.1 Monopile structure 

The monopile foundation (see Fig 9 (a)) used for the offshore wind turbine consists of 
a steel pile with a diameter in between 3.5m - 4.5m and the pile is driven some 10m – 20m 
into the seabed depending on the type of ground. The turbine tower is extended under the 
water and into the sea bed which also helps in controlling the erosion. The monopiles do not 
need any seabed preparations but require heavy piling equipment and can be easily 
transformed from onshore to offshore with minimal design and they leave a minimal footprint 
to the seabed. These monopile foundations are not well suited for soil strata with large 
boulders. Additionally the required size of an acceptable monopile increases 
disproportionately as turbine size increases and site conditions become more challenging. 
Agarwal and Manuel (2009) performed the simulation of offshore wind turbine response for 
long term extreme loads prediction. Recently, Bagbanci et al. (2012) studied the effect of 
environment on the design loads on 5MW offshore monopole wind turbine. 

6.1.2 Gravity base 

The gravity base foundations were used by most of the existing offshore wind parks in 
shallow water region. The foundation is similar to monopile foundation and it relies on 
gravity to keep the turbine in place. The gravity base foundations (see Fig 9 (b)) require well 
prepared seabed to ensure horizontal smooth ground for foundation. These gravity based 
foundations can be manufactured with reinforced concrete or steel and the studies carried out 
in Denmark have shown that steel is better foundation solution than concrete in large offshore 
wind farms. 

The gravity based foundation using steel is a cylindrical steel tube placed on a flat 
steel box on the sea bed. The steel foundations are filled with olivine, which gives the 
foundations sufficient weight to withstand waves and pressure. A steel gravity foundation is 
considerably lighter than concrete foundations but it gives as good rigidity and stability as 
concrete. This gravity base alternative has not flair for flexibility like monopile but costs 
increase rabidly when water depth increases. 
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Fig. 9 Prototype (a) monopile wind turbine and (b) gravity base wind turbine and (c) jacket type wind turbine 

(Musial and Butterfield (2006)) 

6.1.3 Suction bucket 

 A suction bucket foundation consists of an upside down cylinder that is pressed into 
the subsoil. The bucket penetrates into the seabed partly by self-weight and partly by applied 
suction. Suction buckets are tubular steel foundations that are installed by sealing the top and 
applying suction inside the bucket. The hydrostatic pressure difference and the deadweight 
cause the bucket to penetrate the soil. This procedure allows the buckets to be connected to 
the rest of the structure before installation, enabling a reduction in steps of the installation 
procedure. This system has been tried in practice in the Norwegian oil and gas fields in the 
North Sea and in Angola. Due to large hydrostatic force that is required for installation, 
suction buckets commonly have a much lower aspect ratio than driven piles. It is observed 
that the diameter to length ratio of 10 is a practical maximum and it depends on water depth 
and soil properties. 

6.1.4 Jacket support structure 

The jacket type support structures (see Fig 9(c)) for offshore wind turbine are in 
general used for intermediate water depth. This type of support structures can also be used for 
higher water depths but the construction costs of jacket support structures are very high for 
higher water depth. These types of support structures are most common in oil and gas 
industries but for offshore wind energy application they are suitable for moderate water 
depths. In UK and Germany the jacket type wind turbines were installed in the Beatrice wind 
farm and Alpha Ventus wind farm as reported in Brennan et al. (2012). A lot of studies on 
these jacket type structures were carried out by Seidal (2007), Long and Moe (2007), Vemula 
et al. (2010) and Gao et al. (2010). 

6.2 Design challenges of fixed offshore wind turbine 

The fixed offshore wind turbine operating in the shallow and intermediate water depth 
region often face design challenges when they are used in the deep water regions. So the 
design challenges of fixed offshore wind turbines are as follows 

• The cost of the support structure for the wind turbine increases with increase in the 
water depth and as a consequence the entire wind turbine lifecycle including the 
phases of design, installation, operation and maintenance cost increases. 
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• The dynamic loading of the high power rated wind turbine increases significantly 
and as a result the aerodynamic loads induces high dynamic amplification to the 
support structure which may result in design challenge. 

• In the case of fixed type support structure for deep water depth the hydrodynamic 
load on the structure may lead to fatigue damage. 

So, in order to overcome these shortcomings of fixed offshore support structure for wind 
turbine in deep water region, the wind turbines need to be installed over floating foundations. 
In the next section the detailed study on the floating offshore wind turbine are discussed. 

6.3 Floating offshore wind turbines 

The floating offshore wind turbine concept is developed for the installation of wind 
turbines in the deep water regions. At present, there are a number of offshore wind turbines 
floating foundation concepts in various stages of development and the main concern is to 
study the floating wind turbine in deep water depth where the generation of power of each 
unit can be increased as compared to fixed support structures. The different type of offshore 
floating foundation for wind turbines are classified as spar-type, TLP type, Semi-submersible 
type and pontoon type structures.  

6.3.1 Spar-type floating wind turbine 

The spar-type floating foundation consists of a steel or concrete cylinder filled with a 
ballast of water and gravel to keep the centre of gravity well below the centre of buoyancy 
which ensures the wind turbine floats in the sea and stays upright since it creates a large 
righting moment arm and high inertial resistance to pitch and roll motions. The floater is 
ballasted by permanent solid iron ore ballast, concrete or gravel from a chute. The draft of the 
floating foundation is usually larger than or at least equal to the hub height above the mean 
sea level for stability and to minimize heave motion. The spar-type floating wind turbine is 
usually kept in position by a taut or a catenary spread mooring system using anchor-chains, 
steel cables or synthetic fibre ropes. The first full scale size spar floating turbine has been 
deployed off the south-west coast of Karmoy Island, Norway by Statoil in the Hywind 
demonstration project.  

The studies on the spar-type floating wind turbine (see Fig 10(a)) are carried out by 
various researchers in the recent decades and among them are Tong (1998), Nielson et al. 
(2006), Skaare et al. (2007), Suzuki and Sato (2007), Matsukuma and Utsunomiya (2008), 
Utsunomiya et al. (2009) and Karimirad and Moan (2010).  Recently, Bagbanci et al. (2011a) 
studied the dynamic analysis of spar-type floating wind turbine and Bagbanci et al. (2011b) 
performed a brief comparison of spar-type and barge-type offshore floating wind turbine. 

6.3.2 Tension leg platform (TLP) type floating wind turbine 

The TLP type floating foundation is most common in offshore oil and gas industry. 
The conventional TLP platform comprises a square pontoon with columns on which the 
topside deck rests. A smaller version of this conventional hull form is the mini-TLP which has 
been adopted by the TLP-type floating wind turbine. The TLP wind turbine are assembled and 
commissioned onshore thereby avoiding the logistical difficulties of offshore assembly. The 
fully fitted up platform is towed to the deployment site thus precluding the need to charter and 
mobilize expensive heavy-lift vessels or derrick crane barges for offshore construction. The 
floating platform is held in position by vertical tendons which are anchored either by a 
template foundation, suction caissons or by pile driven anchors and the pre-tensioned tethers 
provide the righting stability.  
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Fig. 10 Prototype (a) spar-type wind turbine and (b) TLP type wind turbine (c) semi-submersible type wind 
turbine and (d) pontoon type wind turbine (Wang et al. (2010)). 

A TLP wind turbine (see Fig 10(b)) has since been installed off the coast of Puglia, 
southern Italy by Blue H Technologies. This large scale prototype is used to test the assembly, 
transportation and installation of the TLP type wind energy converter as well as to serve as a 
metering platform with sensors to measure site specific data. The studies on the TLP type 
offshore floating wind turbine is carried out by Withee and Sclavounos (2004), Lee (2004), 
Suzuki et al. (2009), Weinzettel et al. (2009), Bae et al. (2010) and Nihei and Fujioka (2010). 

6.3.3 Semi-submersible type floating wind turbine 

The semi-submersible type comprises a few large columns connected to each other by 
tubular members. A wind turbine may sit on one of the columns or there can be wind turbines 
sitting on all the columns. Alternatively, the wind turbine may be positioned at the geometric 
centre of the columns and supported by lateral bracing members. The columns provide the 
ballast and they are partially filled with water. When in the afloat condition, the water-plane 
area of the columns primarily provides floatation stability. This design is good in providing 
stability to the wind turbine and its relatively shallow draft allows for site flexibility. The 
semi-submersible floating wind turbine is kept in position by mooring lines.  

This semi-submersible type (see Fig 10(c)) floating wind turbine may be constructed 
onshore and until now, Principle Power Inc. is promoting the semi-submersible type which 
consists of three column tubes with patented horizontal water entrapment heave plates at the 
bases. The research is still carried on the semi-submersible floating foundation and among 
them are Henderson and Patel (1998), Zambrano et al. (2006), Shimada et al. (2007) and 
Ishihara et al. (2007a,b, 2008), Ishihara et al. (2009), Roddier et al. (2009), Cermelli et al. 
(2009) and Aubault et al. (2009).        

6.3.4 Pontoon type floating wind turbine 

The pontoon type floating wind turbine has a very large pontoon structure to carry a 
group of wind turbines. The large pontoon structure achieves stability via distributed 
buoyancy and by taking advantage of the weighted water plane area for righting moment and 
may be moored by conventional catenary anchor chains. Based on the buoyancy stabilized 
concept, NREL and MIT collaborated in a pontoon-type floating wind turbine (see Fig 10(d)). 
The pontoon-type is adopted because of its simplicity in design, fabrication and installation. 
The study on the pontoon-type floating foundation is carried out by Jonkman and Buhl 
(2007), Wayman et al. (2006) and Iijima et al. (2010). 
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7. Coupled dynamic analysis of floating wind turbine 

The studies on the floating offshore wind turbine concepts are carried out by various 
researchers all over the world and this has led to the development of numerical codes for the 
dynamic analysis of offshore wind turbines where hydrodynamic, aerodynamic, structural and 
response due to control system are taken into account. In general, for the design and analysis 
of the wind turbine system, the time domain analysis is widely used whereas in oil and gas 
industry frequency domain analysis is used. Various offshore wind turbine codes that were 
used today are FAST, FLEX5, Bladed, Bladed Multibody, ADAMS, SIMPACK, HAWC, 
HAWC2, BHawC and ADCoS-Offshore. Among all these codes FAST is frequently used for 
the analysis of offshore wind turbines. 

The wind turbine modelled using the FAST (Fatigue, Aerodynamics, Structures, and 
Turbulence) is promoted by the National Renewable Energy Laboratory (NREL) in 
conjunction with ADAMS (Automatic Dynamic Analysis of Mechanical Systems), which is a 
commercially available software that is widely used to model mechanical systems (Jonkman 
and Buhl (2004a,b), Jonkman (2009, 2010)). FAST codes modelling the floater loading and 
mechanical properties are coupled to the ADAMS wind turbine model to determine the effect 
on the wind turbine components. The hydrodynamic studies can be conducted using WAMIT 
and then it can be coupled with FAST code to obtain aero-servo-hydro-elastic simulations. 
The CHARM3D is also used in the study of offshore wind turbine which is a time domain 
numerical code and is also coupled with FAST to analyse the mooring lines of the floater. 
Presently, IEA is continuing with the IEA Wind Task project for Offshore Codes Comparison 
Collaboration Continuation (OC4) for TLP type and semi-submersible type floating offshore 
wind turbines. 

8. Present status of wave energy compared to wind energy 

Although energy density is much higher in ocean wave than wind, exploitation of 
wave energy has lagged behind that of wind (Falcão (2010)). The primary reason behind this 
global scenario is probably due to the steady progression of wind energy exploitation from 
land-based to near-shore locations and further out to sea in the past few decades (Brennan et 
al. (2012)). The main disadvantage of capturing wave power compared to wind is its random 
variability in several time-scales, from wave to wave, with sea state, and from month to 
month. Optimal wave energy absorption involves some kind of resonance, thus the geometry 
and size of the structure are linked to wavelength. Hence, if pilot plants are to be tested in the 
open ocean, they must be large structures. In wind turbine industry (namely in Denmark), 
relatively small machines were developed first, and were subsequently scaled up to larger 
sizes and powers as the market developed. However, in the wave energy technology, high 
costs of constructing, deploying, maintaining and testing large prototypes under sometimes 
very harsh environmental conditions, has hindered the development of wave energy systems; 
in most cases such operations were possible only with substantial financial support from 
governments. The wind turbine technology has advantages as compared to wave energy. The 
major benefit of wind turbine technology is that it can offer cost-effective solutions that in the 
long term it can compete with energy from conventional sources. Furthermore, the installation 
offshore does not jeopardize the value of a home, office building or commercial building as 
can happen onshore.  

9. Conclusions 

In the recent years a lot of wave energy devices are developed and the challenges 
associated with wave energy are similar than those associated with wind energy. A larger 
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number of devices have been tested as proto-type model test and the ideas on the wave power 
generation were also fully studied. The primary challenges for WECs are the cost reduction, 
including for moorings and deployment systems in addition to fatigue resistance. In general, 
the development, from concept to commercial stage, has been found to be a difficult, slow and 
expensive process.  

In addition to the progress in the model testing a substantial study in the theoretical 
and numerical modelling of wave energy converters and their energy conversion chain has 
been widely carried out. In parallel to the development of wave power, the offshore wind 
technology has also taken a big step in the deployment of large scale offshore wind farms 
based on bottom-fixed support structures. In the recent years, a number of concepts 
demonstrating floating wind turbines have come up but the primary focus and major challenge 
is in reduction of capital and operational cost. Although design rules for bottom-fixed 
offshore wind turbines are in development, design rules for floating wind turbines is also 
initiated and covers a large variety of floating concepts. 

The experience in the offshore oil and gas industry is valuable for such developments, 
but the design requirements needs to be properly studied due to the unmanned nature and 
economic constraints for fixed and floating wind turbines. In order to properly carry out 
structural design, various simulation tools needs to be addressed not only aerodynamic and 
hydrodynamic loads, but also the structural responses of the rotor, tower and floating/mooring 
systems, as well as control strategy. In this respect offshore wind structural analysis can be 
more complex than for oil and gas structures, however, machine loading can be monitored 
and controlled meaning greater scope for progressive life- cycle strategies. In the coming 
years, due to the progress in the R&D activities in wave and wind energy utilization, the 
future designs can take full advantage of this experience and of the new emerging modelling 
techniques. In addition, the focus will be on array optimization and cost reduction for large 
volume manufacture, deployment and operation. 
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