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INTRODUCTION

Since the completion of the report of this committee for the 16th ISSC (2006)
significant developments have taken place within the field of ocean energy utilization.
The development of fixed offshore wind turbines has matured to a point where it can
now be considered a well-established commercial technology for shallow waters up to
25 meters. Several offshore wind farms have been put into operation and are operated
like small power plants. This is supported by a large amount of publications on various
technical aspects as well as the publication of an international standard and a number of
design guidelines. Steel monopiles and concrete gravity foundations are by far the
most often applied structures for shallow waters. For deeper waters, space frames are
considered but not yet fully optimised. In even deeper waters, the development of
floating wind turbines is at a stage where the first prototype is soon being erected. This
is reflected in the literature by a diversity of publications on various case studies of
different floating concepts.
Improvements in wave energy converter concepts have mostly resulted from at sea tests
in dedicated trials of infrastructures and from a few industrial and commercial devices
operating and connected to the electrical supply infrastructure. Aside from
intermediate and full-scale tests, which benefited these concepts and devices, political
and financial aspects played an important role: access to sea concession and feed-in
tariff. The different avenues explored in the past decades (flexible and articulated
bodies, oscillating water columns, water overtopping devices) remain relevant.
There has been a rapid rise in worldwide interest in the use of tidal currents for
electricity generation. Although there are still only a limited number of actual
installations, these have increased in rated power to a maximum of 1.2MW and are now
connected to the electrical supply infrastructure. There has been a corresponding rise
in the number and quality of published information concerning the assessment of
resources and design of specific machines to match those resources. The reader is
referred to the 2006 report for the discussion on the energy resources. The limited
number of commercial scale devices means that there is still little published
information with regard to the actual in-service response of structural aspects of tidal
turbine design.
2.

WIND

2.1

Overview of Current Wind Power Projects

In the last few years, a number of offshore wind farms have been put into operation in
European countries such as Denmark, the United Kingdom (UK) and the Netherlands.
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They are all situated in shallow waters, having a water depth of less than 25 meters and
are relatively close to shore. For these developments, it proved economical to use
either simple concrete gravity structures or steel monopiles as substructures (Musial
and Butterfield, 2006).
A list of the offshore wind projects built in the last few years can be found at Wind
Service Holland (2008). In terms of installed power, the main projects were the
following: in the UK, the 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); and in Denmark, the Nysted offshore Windfarm (165 MW) and the
Horns Rev project (160 MW).
Projects are currently in development for deeper sites. The cost of the support structure
and foundation will be a proportionally higher part of the total cost than for turbines in
shallow waters. This means that finding an economically feasible design is vital for
overall project viability. This necessitates the development of other substructure and
foundation types than those previously used for shallow waters; an example can be
found in Klose et al. (2007), where the development of a jacket substructure in 45
meters of water is described.
The most recent advance in wind farm development is the investigation of floating
wind turbines in very deep waters. 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 et al.. 2007) and Japan
(Suzuki and Sato, 2006)). A floating wind turbine prototype will be put into real sea
test in Norway in 2009.
The design of support structures for offshore wind turbines (OWTs) has developed
rapidly over the last decade. The following section pertains to the design of the
substructure and foundation and how coupling it to the wind turbine and its supporting
tower affects the design. Figures 1 and 2 show typical support structures.

Figure 1: Typical fixed support structures (W.E. de Vries et al., 2007): monopile, tripod,
jacket, suction bucket, gravity base).
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Figure 2: Typical floating structures (W.E. de Vries et al., 2007).
2.2

Integrated Design of Fixed Wind Turbine Structures

On the surface, it would seem that support structures for OWTs could be designed
based on the design principles used in the oil and gas industry, and that OWTs would
be very similar to their onshore counterparts. However, the industry has learned that
this is only partially true; OWTs and their support structures require specific design
requirements. The predominant design factors are reviewed in this section.
Contrary to offshore structures, where the dominant loading is typically from wave
loads, offshore wind turbine support structures may be equally loaded by wind and
wave loads. The load level is generally quite onerous, and the response of the entire
system is dynamic. The dynamic nature of the response requires an analysis of the total
OWT system, namely its tower and substructure. This analysis is referred to, hereafter,
as an integrated analysis, as opposed to a separate analysis, which consists of the OWT
and its tower as one piece and the substructure and foundation as another piece.
For the purposes of analysis, an OWT is characterized as a highly nonlinearly loaded
elastic system supported by a substructure. The substructure may be approximately
linearly loaded (fatigue loading) or nonlinearly loaded (ultimate loading) with an elastic
or elasto-plastic response, depending on the load level. The analysis is further
complicated by nonlinear foundation behaviour. For piled substructures, long-term soil
behaviour, in conjunction with large pile diameters and the predominantly lateral
loading, calls for special attention.
The effect of the soil properties on the overall stiffness estimation is significant. Small
variations of soil properties may result in large variations of fundamental natural modes
and, in some cases, resonance with rotor exciting frequencies. The estimates of
stiffness for lower load levels are particularly expected to be imprecise because soil
curves have traditionally concentrated on predicting load-bearing capacity rather than
giving a detailed stiffness description. Lesny and Wiemann (2005) discusses this
subject and concludes that stiffness is underestimated. However, the analysis is limited
to 2-D soil models and certain Coulomb soil models which are thought to be debatable
(Lesny and Wiemann, 2005). 3-D and other soil models lead to higher stiffness than
current practice.
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The combined lateral and axial loading of OWT foundations leaves room for
optimization regarding pile lengths because ultimate tension capacity is underestimated.
Still, many questions exist concerning cyclic tensile loads (Achmus et al. 2007).
Scour creation is another important issue to consider during design and analysis,
especially considering the unfavourable condition of large-diameter structures in
shallow waters. These aspects have been investigated in Nielsen and Hansen (2007)
and Offshore Center Denmark (2006). It is worth noting that current experience
regarding bearing capacity, cyclic behaviour and scour for piles is based on
experiments using piles with diameters relevant for the oil and gas industry. The piles
used in the offshore wind monopile foundations have a diameter larger than 4 meters
and are also considerably stiffer. Another significant difference from the typical oil and
gas design is that the pile’s main exposure is lateral loading rather than axial (Lesny
and Wiemann, 2005).
Considering the above nonlinear sources of loading and response, the de facto analysis
tool is a time domain analysis that may reproduce the aforementioned nonlinearities. In
general, experience shows that fatigue is the dominant design consideration for OWTs
and their substructures.
A common design approach is simulation of turbulent wind fields and wave trains in
the time domain. The dynamic response is calculated for each time step using the blade
element theory for the wind loads and, typically, the Morison equation for the wave
load. An example of the integrated analysis model used by Germanischer Lloyd (GL)
for the fatigue analysis of the DOWNVInD research project (Klose et al. 2007) is
shown in Figure 3. The analysis was carried out using the Bladed software, a 5 MW
turbine with a rotor diameter of 126 meters and the model of the support structure as
shown.

1st = 2.7s

3rd = 0.68s

4th = 0.66s

13th = 0.26s

Figure 3: Support structure model for load analysis and typical eigenmodes of the
jacket used in DOWNVInD, (Klose, 2007).
To produce fatigue load time histories, stochastic wind fields are generated for different
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wind speed bins (characterized by mean wind speed and turbulence intensity) and
accompanying wave trains (characterized by significant wave height and peak period).
Using the fatigue load time histories as load input, the response of the structure is
calculated and the hot spot stresses are analyzed with the rainflow method and
extrapolated with a Weibull distribution to cover the whole design lifetime.
The drawback of integrated analysis is that the procedure is time consuming; extensive
calculations are needed since several seeds of 10-minute-long time histories have to be
generated per bin to achieve statistically acceptable results. It should be noted that the
use of 10-minute-long time histories is relevant for structures with eigenperiods around
a couple of seconds, while floaters with significantly larger eigenperiods will require
much longer time histories to capture both high and low frequency phenomena.
Most of the first-generation, shallow water OWT developments were designed using
simpler methods, as the necessary computer software for integrated analysis has just
recently become available. When using simplified analysis methods, the correct
phasing of wind and wave loads and the mutual interaction of the loads (e.g.,
aerodynamic damping) due to the system’s elasticity are difficult to accurately take into
consideration. In an integrated time domain analysis, the calculation results in a correct
phasing of wind speed and wave elevation, and the mutual interaction between the
wind and the wave load is inherently taken into consideration.
The integrated analysis is still time-consuming, and simpler design methods are
desirable. These simpler methods for the design of monopiles have been developed
and used with some success as described in Kühn (2001); however, they have not been
verified for a large turbine on a transparent and relatively stiff structure in deep water,
such as that used for the Beatrice development. A more recent development is a
frequency domain method for calculation of the fatigue damage of the substructure
developed by Van der Tempel (2006). This method, as described in recent and not yet
published work, has been found to yield results that are comparable to the outcome of
time domain simulations for two test structures (monopiles). The frequency domain
method may have potential to accurately model other structures as well, but since this
has not yet been demonstrated, the use of the frequency domain method should be
limited to preliminary design.
2.3

Floating Wind Turbine Structures

2.3.1

Design of Platform

A wide range of platform types are being investigated for the floating wind turbine
structure. Platform types are semi-submersible; barge; spar-buoy and, tension leg
platform (TLP) (Musial and Butterfield, 2006).
The first major design choice is the number of wind turbines to be installed on a
platform; the choices consist of the one-floater-one-turbine concept or the one-floater-
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multiple-turbine concept. For the multiple-turbine concept, spacing between wind
turbines must be large enough to avoid interaction between turbines, which inevitably
makes the platform larger. Generally, a large-size platform improves motion
characteristics, but strength becomes a central issue. Economic feasibility also
influences the design choice. The multiple wind turbine concept was investigated in
two research projects. In a project for the National Maritime Research Institute, Yago
(2008) investigated a plane lattice-like platform, categorized as a barge. Initially, a
three-wind turbine concept was pursued, but due to the strength issue, the number of
wind turbines had to be reduced to two. Phuc and Ishihara (2007) investigated another
type of multiple wind turbine support, the oval hub-spoke semi-submersible platform
with three wind turbines, for the University of Tokyo and Tokyo Electric Power Co.
joint research program.
Some of the most commonly researched platforms can be seen in Figure 4 below.
Although not shown in Figure 4, the TLP is advantageous because the motion of the
system is effectively constrained, and it can be economical if the foundation can be
provided at a lower cost (Shim and Kim, 2008, Jensen and Mansour, 2006). The
motion characteristics of a semi-submersible platform are good, but the turbines are still
subjected to some amount of motion. The suppression of motion is one major research
area for this type of floater. Construction and installation of the semi-submersible
platform is easier in comparison to other types of floating platforms. The spar-buoy
platform is built as a tall structure in order to make the centre of gravity lower and the
buoyancy centre higher (Fukumoto et al. 2006). Suzuki and Sato (2006) investigated
the effect of a fin to improve pitching-motion characteristics. The fin can reduce the
rotational motion of the platform about the vertical axis due to uneven wind load on the
turbine because the fin will add hydrodynamic mass. The fin is also effective in
moving the natural periods of roll, pitch and yaw away from the wave period range by
the added mass, and is also effective in reducing the motion of the platform by the
augmented damping. The fin-equipped floater is also wave resistant and may be
suitable for a harsh environment.
A demonstration unit of the StatoilHydro floating wind concept equipped with a
2.3MW Siemens turbine is scheduled to be installed offshore the west coast of Norway
during 2009. This unit part of an extensive development programme and is planned to
be on site for two years.
One futuristic platform concept is the sailing-type floating wind turbine, seen in Figure
4. In this study, Manabe (2008) looks at how feasible it is to utilize wind energy far
from shore. The system cruises about the ocean, avoiding excessive storm conditions,
and navigates from one area to another searching for good wind conditions. Hydrogen
is produced from the generated wind power and transported to land.
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Oval hub-spoke type

semi-submersible
Figure 4: Floating wind turbine concepts, Manabe(2008).
2.3.2

Criteria for Design of Platform and Technological and Economical
Feasibility

In most research projects concerning floating wind turbines, it is assumed that landbased wind turbines are installed on a floater with minimum modification to reduce the
overall cost. For this reason, strict limits are imposed on the motion of the wind
turbine. For example, five degrees is allowable for a static inclination and one to two
degrees is allowable for the amplitude of pitching motion considering inclination and
acceleration effect (Yago 2008).
The relevant technology for floating platforms intended to support floating wind
turbines is available from the offshore oil industry. The major challenge is to design an
economically feasible floating wind turbine under the constraints imposed by the
purpose of the structure.
For floating wind turbines, a larger platform is preferable to keep the motion to a
minimum. However, the weight of the wind turbine to be installed on the floater is
minimal, especially in comparison with the floater’s buoyancy capabilities. For this
reason, it is relatively easy to install a large wind turbine on a floater, and economies of
scale hold true in this case for floating wind turbine technology.
2.3.3

Analysis of Dynamic Response

The effect of platform motion on the strength of the blade and shafting is a key issue in
designing the wind turbine and platform. The effect of motion on the wind turbine has
been investigated for the land- based wind turbine, but the floating wind turbine will be
subjected to a greater range of motion. Skaare et al. (2006) and Suzuki and Sato (2006)
developed an integrated analysis scheme of the whole system. The effect of greater
motion, especially inertia force induced by the rotational, translational and angular
combined motion of the blade, was formulated more precisely in their work. Skaare et
al. (2007) also demonstrate the importance of including the blade pitch control system
in the analysis. They also show that the control system used for fixed wind turbines
must be modified when the turbine is mounted on a floating foundation.
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Design Standards for Fixed Wind Turbine Structures

Recently, the International Electrotechnical Commission (IEC) completed the FDIS
(Final Draft International Standard) for the IEC 61400-3 standard (2008) with
principles and requirements for design of offshore wind turbines. The IEC standards
have world-wide recognition as the technical basis for design and certification of wind
turbines. All major wind turbine manufacturers, research institutions and certifying
bodies participated in the development and maintenance of the IEC standards relevant
for wind turbines.
Due to the significance of the wind loading, the large effect of control and safety
system actions, and the sophisticated aeroelastic response of the rotor, the definition of
design load cases for offshore wind turbines is much more complicated than that for
offshore oil and gas installations.
For the common type of modern offshore wind turbines, ultimate wind-induced loads
for design can occur at wind speeds in the operating regime. The control and safety
systems protect the rotor speed of the turbine from overloading. If this level is
exceeded, the safety system will bring the turbine to a stop and disconnect the electrical
grid. Emergency stops will typically lead to large turbine loads, particularly when the
stops occur at the same time as wind gusts. Modern offshore wind turbines pitch the
blades during storm conditions to minimize the blade loads. In this mode, the largest
tower bottom movements are typically crosswise relative to the wind direction. Some
of the most advanced wind turbines even include tower vibration control by pitching
the blades. Such advanced control systems reduce not only the wind-induced fatigue
response, but also the wave-induced fatigue response (through the aerodynamic
damping).
Aerodynamic damping is the main contributor to total damping in line with the wind
(i.e., perpendicular to the rotor area), while the lateral aerodynamic damping in the
cross-wind direction is much smaller. For the cross-wind direction, the important
damping sources are those arriving from damping in the material and in the soil. Since
these contributions are relatively small, especially at sites with dense sand soils
(Liingaard 2006), active damping devices are often introduced in the structure itself to
provide sufficient damping.
The main code for the design of wind turbines, the IEC 61400-1 (2005), defines loads
using both stochastic wind input and transient deterministic wind input as well as
defining worst case scenarios such as extreme wind gusts, extreme wind shear and
extreme direction change. Load cases refer not only to normal operation, but also to
fault conditions such as loss of grid and controller errors. Wind turbine response used
as a basis for the design is computed as time simulation by aeroelastic software codes.
For the design of offshore wind turbines, the load cases from IEC 61400-1 (2005) must
be modified to include relevant marine loads from waves, current and ice. Stochastic
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wind loads are combined with stochastic marine loads and deterministic transient
events are combined with deterministic or stochastic marine loads. In principle, it is
straightforward to combine wind turbine specific and offshore specific load cases, but
as discussed in the following, the practical solution to the problem is far from obvious
or simple.
Extreme wave loads typically govern the design of conventional fixed platforms, and
the dynamics associated with the extreme wave load is often modest. Therefore,
conventional offshore standards emphasize a correct derivation of the wave loading
using nonlinear, higher order wave theories and focus on methods for quasi-static
response analysis in combination with simple dynamic amplification procedures. In
contrast to conventional offshore design standards IEC 61400-1 (2005) and other wind
turbine standards explicitly require a full, nonlinear dynamic response calculation to be
carried out due to the dynamic response behaviour of wind turbines. The logical
extension of the load cases for extreme wind would include extreme wave conditions
by simulating irregular nonlinear wave trains. However, methods for stochastic
simulation of irregular nonlinear wave trains are still the subject of ongoing research
and very time consuming. Hence, a compromise between the need for dynamic
response calculations and an accurate account of wave kinematics must be found.
Typically, one needs to make a quasi-static evaluation of response in order to properly
account for nonlinear wave kinematics of extreme waves. It is also necessary to
perform pseudo random response simulations in order to examine possible dynamic
amplification of the wave loads.
The need to properly address both nonlinear wave loading and the dynamic response
has been addressed in IEC 61400-3 (2008) so that this code contains a rigorous
specification of design load cases that address all operating conditions in combination
with applicable external loads. The users of the standard should – according to the
opinion of this ISSC committee – be aware of some special issues related to the
required analysis methods.
The combination of wind and wave storm events is still a partially unresolved matter.
Conservatively, it should be assumed that the extreme wave and wind events occur
during the same storm as adopted in IEC 61400-3 (2008) and Tarp-Johansen et al.
(2006).
One attempt to overcome the separated stochastic and nonlinear regular wave analysis
in the storm situation is through the introduction of the embedded wave concept. In
this, a nonlinear regular wave, with the height and timing characteristics of the extreme
wave, is artificially embedded within the wave time series. Further, this new wave
train is combined conservatively with the 50-year, 10-minute wind event in such a way
that the extreme wave occurs during this extreme wind event (10-minute time series).
Another issue, investigated during standard development, is the extrapolation of load
effects. Due to the characteristics of the wind turbine operation, extreme load effects
may occur even at low wind speeds as a function of control setting and other causes.
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Significant effort has recently been put into the extrapolation of ultimate loads of wind
turbines – onshore and offshore – from turbine loads obtained by simulation or
measurement (Agarwal and Manuel, 2007a). For the Blyth site, the loads for a 2-MW
wind turbine at a mean water depth of about 9 meters, 1 kilometre from shore was
analyzed. It was shown that turbulent wind from land governed extreme loads and that
wave heights had a lesser influence than wind, though some tower dynamics were
induced by the waves (Agarwal and Manuel 2007b). Extrapolation of loads was not
introduced within IEC 61400-3 (2008) since the joint consideration of all significant
parameters (wind speed, significant wave height and period, as well as directionality)
would result in an excessive amount of required analysis. Omitting some of these
influences could lead to misleading results.
An additional issue to be considered is the misalignment of wind and waves. In
Trumars et al. (2006) it was found that the influence of wind-wave misalignment shall
be considered in foundation load analysis, while the influence of directional spreading
of the waves was not clearly seen.
The present edition of the IEC 61400-3 (2008) has standard tables for 35 different load
cases (operation, standstill, transients, fault conditions, etc.) resulting in the order of
1000 simulations of 10-minute time series. The introduction of directionality and
misalignment results in a very large number of simulations.
This motivates a
screening process, during preliminary design, to determine the most important load
cases for the design in question. Further, lumping of the sea states is often acceptable
to reduce the number of FLS simulations (Kühn 2001).
Experience from built projects has shown that the design driving ULS load cases are
those associated with the storm cases. These load cases have important implications
for the required pile penetration depth for the monopile. In some applications in which
wind loads dominate the design, extreme operating gusts (gusts of extreme amplitude at
lower wind speeds) or safety system driven stop procedures tend to be decisive for the
support structure. For structures in ice-infested areas, ice loading is expected to be the
main strength design driver (Tuomo Kärnä, 2006).
In general, the fatigue loads govern most parts of the support structure design. For
these loads, the effects of wind-wave directional distribution and misalignment,
damping and associated dynamic amplification, as previously discussed, play the
dominant role.
IEC 61400-3 (2008) does not include specific component design requirements or
design formulas. The standard relies on the use of recognized design standards as the
basis for the sizing of the structural elements in the support structure. It generally
makes reference to the ISO standards as shown in Figure 5. IEC 61400-3 (2008) also
allows for the use of other industry guidelines, such as GL, DNV and API. It is
required that, when partial safety factors from national or international design codes are
used together with partial safety factors from IEC 61400-3 (2008), the resulting safety
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level shall not be less than the intended safety level inherent in IEC 61400-1 (2005).
While the U.S. has a long history of onshore wind power development, offshore wind
power resources remain largely untapped (Saigal et al. 2007). Only a few offshore
wind farms have been proposed for U.S. waters, but none have yet been constructed. A
few years ago there was a major change regarding the permitting of OWTs in the U.S.,
as well as how design standards are likely to be applied. Prior to 2006, the U.S. Army
Corps of Engineers was, according to Tarp-Johansen et al. (2006), the lead agency in
permitting offshore wind energy facilities. With the Energy Policy Act of 2005, the
jurisdiction was transferred to the U.S. Department of Interior’s Minerals Management
Service (MMS). The MMS has been the agency responsible for permitting the offshore
structure of the oil and gas industry, and it is expected that they will apply their
experience in that area to the topic of offshore wind. Generally, the MMS philosophy
is to require that the reliability of new types of offshore facilities be equal to or exceed
the reliability levels of currently accepted facilities. However, the results from TarpJohansen et al. (2006) indicate that one should exercise caution in applying these
standards to OWTs without a thorough investigation of the economic consequences.

Figure 5: Reference to other standards in IEC 61400-3 (2008), Saigal et al. (2007).
While the U.S. Army Corps of Engineers was the lead agency regarding offshore wind
in the U.S., the issue of which design standards to use was not widely discussed. Most
observers were led to conclude, by default, that the standards being developed in
Europe would probably be utilized in the U.S. as well. But effectively there are no
current guidelines that have been accepted by the MMS or other U.S. agencies for the
design of offshore wind power generators and their support structures in U.S. waters.
The MMS has significant experience with the design, fabrication and installation of
traditional offshore structures and utilizes the American Petroleum Institute’s (API)
Recommended Practice for Planning, Designing and Constructing Fixed Offshore
Platforms (API RP-2A WSD, WSD stands for Working Stress Design) as the basis for
regulating offshore structures in U.S. waters. Seen in that perspective, it makes sense
to utilize the huge amount of experience built into the API standards when designing
support structures for OWTs. However, as API RP-2A does not address the special
conditions that are required for the design of wind turbine support structures, it is also
envisaged that API RP-2A would have to be adapted or supplemented with other
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standards if it were to be used as the basis for wind turbine support structure design.
In order to obtain an indication of the inherent safety level in API RP-2A, as compared
to the safety level required in IEC 61400-1/IEC 61400-3 (2005/2008), some initial
comparisons have been made. In Saigal (2007), comparisons of wind loading alone
across the two standards and wave loading alone across the two standards have been
made. However, no comparisons of combined wind and wave loading have been
possible as the different scope for the two standards does not make such comparisons
realistic. The indication was that API RP-2A is the more conservative of the two
standards, but it should be noted that these results are preliminary and do not reflect a
complete comparison of them.
In this context it should be noted that the objective for IEC 61400-3 (2008) has been
that OWTs should have the same level of structural reliability as current onshore wind
turbines as specified in IEC 61400-1 (2005).
It appears that the design of OWTs is governed by a mix of fatigue loads, various
operational extreme loads and extreme loads during extreme environmental conditions
to a much larger degree than would be the case for offshore structures used by the oil
and gas industry. Indeed, some of the important loads for OWTs are not addressed in
offshore design practice, and the recommended methods for determining the structural
response are different. The conclusion is that applying the API or the ISO 19902
standards to design OWTs is not feasible, to a large extent because wind turbine design
practice and the design practice for typical bottom-fixed offshore structures varies due
to the difference in the physical behaviour of the two types of structures. Contrary to
this finding, it is feasible to reference the mentioned codes for the resistance calculation
as an integrated part of IEC 61400-3 (2008) design procedure.
3.

WAVES

3.1

General

3.1.1

Systems in Operation or Under Development

Some wave energy converters have been raised to an industrial level and installed at
sea, connected to the grid, and produce electrical energy. Several Pelamis devices
(Retzler 2006) are now in operation off the coast of Portugal, with three units of 750
kW each, the last installed in September 2008. The rise of the Pelamis from a wave
basin model scale to a full-scale device is probably related to the use of extensive at-sea
tests of a prototype, in this case at the EMEC in Orkney Islands. An important factor
for the development and installation of such converters is the feed-in tariff.
An at-sea measurement of the overtopping flow was made onboard the 1:4.5 scale
Wave Dragon overtopping device (Tedd and Kofoed, 2009). The system has been
undergoing testing since 2003 in the Danish inlet which has wave conditions
resembling the downscaled North Sea climate (Kofoed et al. 2006, Tedd and Kofoed,
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2009). The prototype was fully equipped with turbines, control systems and
instrumentation to measure power production, wave climate, motions of the floater,
mooring forces and structural stresses. These data are compared to theoretical
modelling and allow for the discussion of the independency of the running waves and
body response.
Boström et al. (2008) tested an offshore Wave Energy Converter at the Swedish west
coast. The device is based on a directly driven permanent linear generator located on
the ocean floor and driven by a point absorber. The research was focused on the
conversion of wave to electrical power by the direct drive system.
Places where full-scale or intermediately sized wave energy converters can be tested in
real conditions at sea have been specially developed during the past years. They
consist of sea areas exposed to waves and other metocean processes, fitted with an
electrical connection to the grid, various environmental sensors and other logistics such
as sea bottom mooring and supply vessels. These full- scale experimental facilities
allow for a better understanding of the wave energy device’s response and energy
conversion and production. However, they do not represent industrial wave farms as
they do wind farms described in Chapter 2. Among the dedicated places are EMEC in
Scotland; the “Wave Hub” off the north western coast of Cornwall in the UK; the
SEM-REV under development in South Brittany in France, (Mouslim 2008) and the
Portuguese Pilot Zone in the west coast of Portugal (Huerta-Olivares et al. 2007).
Numerical studies and model scale tests of the SEAREV concept, as well as its
electromechanical basics, have been accomplished and it now needs full- or
intermediate-scale tests at sea, Babarit et al. (2006), Kerbiriou et al. (2007).

Figure 6: Three P1-A Pelamis machines with capacity of 2.25MW, 5 km off the west
coast of Portugal (substation of Aguçadoura).
3.1.2

Practical Limits

Falnes (2007) presents a review of wave energy extraction, starting with a discussion of
wave spectrum parameters that are related to the transport, distribution and variability
of the wave energy. An equation is derived for fully developed seas, which shows that
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the power flow intensity is up to five times larger for ocean waves than for the wind
that generates the waves. It is known that wave energy is more spatially concentrated
and persistent than wind and solar energy; however, there are limits to the amount of
energy that can be extracted from the waves. Considering optimum wave interference,
Falnes (2007) presents an upper bound to the amount of energy that can be extracted by
an oscillating system (line PA in the graph of Figure 7). Optimum wave interference,
for a single oscillating system, occurs at the resonance frequency and for specific
amplitude of the motions of the oscillator. Resonance means that the excitation force
and the velocity of the device are in phase.
Due to the limited size of the device, the power that can be extracted for longer wave
periods is much smaller than the former bound. Budal and Falnes (1980) derived
another upper bound that takes into account the limited volume of the immersed
oscillating system (line PB in Figure 7). In order to extract the maximum energy (i.e.,
to approach as much as possible to the theoretical bounds), it is necessary that the shape
of the immersed volume is well designed and the control strategies are used to keep the
phase between excitation and velocity close to zero for different wave periods.

Figure 7. Two upper bounds for the power that can be extracted from a sinusoidal wave
of height H and period T by means of an immersed body of volume V (Falnes 2007).
The two dashed curves represent the power absorbed by a semi-submerged finitevolume sphere heaving with optimum amplitude (optimum load obtained by latching)
or without phase control (passive).
3.1.3

New Developments

Since the first ISSC (2006) report on ocean energy utilization, no obvious breakthrough
has been observed in the domain of the wave energy conversion principles. Major
improvements are related to the conversion technologies. Leijon et al. (2006) and
Agamloh et al. (2008) illustrate ongoing studies on electric converters directly driven
by floaters experiencing oscillatory motions in waves. In the first case the resulting
heave motion is linearly transmitted to the electrical converter; in the second case the
translation motion is converted to a rotational motion through a ball screw. In the
Archimedes Wave Swing concept, Valério et al. (2007) describes linear electrical
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converters driven by the motion of underwater floaters and submitted to various control
strategies: phase and amplitude control, reactive control, latching and feedback
linearization, in order of increasing efficiency.
Works on air-flow turbines dedicated to Oscillating Water Columns are still underway
to improve their efficiency, Torresi et al. (2008), Thakker and Abdulhadi (2008), both
with Computational Fluid Dynamics and experimental methods. In the category of
moving body converters, latching control remains a promising tool, Babarit and
Clément (2006), Falnes (2007).
The use of submerged horizontal plates to extract energy from the waves was proposed
several years ago by Graw (1993). The principle is based on the fact that an oscillatory
horizontal flow is generated below the plate as the wave passes through the plate. The
energy can be extracted with a water turbine. The concept was re-examined by Orer
and Ozdamar (2007) who carried out experiments and concluded that by locating a
vertical wall below the plate, the ratio between wave power and the power of the flow
below the plate can be up to 0.60. The wave power is calculated for the width of the
opening area under the plate, while the water flow power is proportional to the opening
area under the plate and flow velocity to the power of 3. Although the concept is
interesting, the difficulties of installing a vertical wall at full scale combined with the
very large wave forces expected to be generated on this wall make the implementation
of the concept for real applications difficult.
Another concept, which saw a strong development over recent years is the near-shore
bottom hinged flap device (Whittaker et al. 2007). It consists of a buoyant flap, hinged
at the base, which is fixed to the sea bottom and located at shallow water depths. As
the flap oscillates due to wave action, hydraulic cylinders are actuated to compress a
fluid, which is transported under pressure to shore. The conversion to electricity takes
place at the power plant onshore. One of the advantages of this concept is the large
power-to-weight ratio and the fact that the production of electricity is done onshore. In
extreme seas the flap can be lowered to the sea bottom. One of the disadvantages is the
maintenance of the fully submerged system. Minor maintenance actions need to be
done remotely or by divers. For major maintenance, the device includes a ballast/deballast system, which enables installation and removal with the aid of a small service
vessel. An alternative top-hinged, flap-type wave energy converter was studied by
Folley et al. (2007).
The ANACONDA concept was recently proposed (Chaplin et al. 2007) see Figure 8.
This is a large water-filled rubber tube, aligned in the direction of wave propagation, in
which the natural propagation speed of bulge waves is matched to the speed of the
water waves to be captured. The bulge wave power is converted to electricity by a
turbine, which receives a flow smoothed by accumulators. Model tests have shown
that the capture width is up to four times the diameter of the tube.
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Figure 8. Artist view of the ANACONDA concept. Photo Credit EPSRC.
3.2

Environmental Conditions and Loadings

Implementation into a real environment requires a better analysis and description of the
waves field and its influence on the power take-off as described by Kerbiriou et
al.(2007). In particular, the decomposition of the sea states shows several indicators
such as different swells and wind waves, and gives a more reliable description of the
resource, loads and energy production. In addition, new types of useful measurements
can be delivered by satellites, Mackay et al. (2008), extending the knowledge of the
wave’s resource from several located points to geographical areas.
A review of wave energy resources and extraction and associated mathematical tools
can be found in Falnes (2007). Cruz (2008) edited an extended collaborative work on
the analysis of past and present knowledge and technology in this field, including
impact assessment and opening on future developments.
Full-scale measurements of the wind, current (Muller et al. 2007) and waves field can
be assessed by the use of High-Frequency Radar, Saillard et al. (2005). In particular,
the wave field can be described by an area demonstrating tenths of square miles in a
scale representation of a wave energy farm, Cochin et al. (2006). Acoustic Doppler
Current Profilers (ADCP) are often used to measure slowly varying current profiles at
sea or in coastal or offshore environments. The use of ADCP at a rather high frequency
still needs some improvement in data processing, to evaluate the waves and current
interaction, Guinot et al. (2008).
3.3

Structural Response

3.3.1

Simulation methods

3.3.1.1

Overtopping

Overtopping WECs are based on the principle of overtopping and storing wave energy
in a reservoir, which is then used to actuate a water turbine. The most efficient
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concepts use several reservoirs, placed one over the other, in order to extract energy
from waves of different amplitudes. Vicinanza and Frigaard (2008) carried out an
experimental program with a scaled model of an onshore overtopping device to
characterize the wave structure interaction phenomenon and to measure the spatial and
temporal pressure distributions. 2-D and 3-D sea states and severe sea states were used
for the experiments. The authors conclude that the Weibull distribution, with
appropriate parameters, is suitable to represent the probable distribution function of the
pressures. The data are compared with the design criteria suggested by the Coastal
Engineering Manual (CEM) for predicting pressure distributions on sloping structures
and the authors observe that the criteria underestimate the measured data by 20 to 50
percent.
3.3.1.2

Moving Floaters

Griet De Backer et al. (2008) investigated the vertical slamming on point absorbers,
including the control of the motion to reduce the slamming probability and the
consequences on the power absorption. A review was made of analytical methods to
calculate the slamming pressures on 3-D bodies and some results are presented for
cones and hemispheres. Drop tests were carried out for the same shapes to measure the
impact pressures. Although, the numerical results are about two times larger than the
measured data.
Fonseca et al. (2008) calculated the expected maximum pressure distributions on the
hull of the FLOW wave energy converter. The concept, under development by
Martifer Energia, is a floating WEC, composed of two bodies connected by one degree
of freedom articulation and the energy is extracted at the articulation point by a power
take-off system. The numerical model, based on a boundary integral method, was
calibrated using experimental data from model tests. Finally, the pressure distributions
on the hull are calculated in the time domain for selected storms, while the probability
distributions are obtained from frequency domain-determined variances.
3.3.1.3

Oscillating Water Column

Analysis of the Oscillating Water Column (OWC) devices focuses on the turbine
efficiency and overall efficiency of the system in terms of power take-off as described
by Perdigão and Sarmento (2003). The water motion is linearly modeled, the airflow is
considered as isentropic and the turbine control of the flow is emphasized. Josset and
Clément (2007) gives a detailed description of the various functions involved in the
potential flow modeling of a generic OWC device. The outer and inner water flows
problem are coupled and lead to the hydrodynamic coefficients in time domain and
resulting loads on the structure after solving for the isentropic airflow. Application to
the practical case of the Pico plant makes it possible to evaluate and improve the Power
Take-Off by tuning the turbine efficiency. The risks associated to the inner free surface
motion are also discussed. The model can be used for monitoring the device.
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3.3.2

Mooring Analysis

Floating wave energy devices are dependent on adapted and reliable mooring. Two
key situations are likely to occur. First, the mooring may be part of the energy
conversion process. In this case, floating buoys may be connected to underwater
energy converters such as directly driven electrical converters or hydraulic engines. In
this scenario, single or multiple taut mooring lines can be working and a secondary
mooring system may be involved. Second, the mooring is only dedicated to maintain
the floating body in a position compatible with its operation. The mooring can consist
of single or multiple lines of various shapes (catenary lines, tendons, composite with
intermediate buoyancies or weights) and materials (chains, cables, fibre ropes). In both
cases, the mooring system must ensure various purposes:
-

Maintain the device with acceptable excursions around a mean position.
Comply with acceptable tensions induced by the tide level, current, wind and
waves.
Limit the loads in the other components such as the electrical connectors,
umbilical driving fluid and the device itself.
Ensure sufficiently long service.

In addition, the mooring system must fulfil some technological requirements such as
easy installation, maintenance and decommissioning for single or multiple devices.
Solutions arising from the oil and gas industry or from coastal engineering are applied,
but must cope with the large amplitude motions imposed on wave energy converters
and resulting loads, though this aspect is sought to be minimized under other
circumstances.
Some experiments in laboratories, or at sea and nonlinear numerical modelling, have
shown the importance of the mooring design on the line tensions and device motions,
Kofoed et al. (2006) and Johanning et al. (2007).
The response of the system has to be considered from several points of view.
Theoretical modelling of WEC in the available literature is primarily made through a
linear approach in the frequency domain and sometimes several second-order
refinements. In the linear case, the mooring system is taken into account as a linear
system with a linear stiffness matrix, but must also allow for additional mass and
damping matrices, resulting in a global impedance matrix which can be issued from
time-domain simulation (Fitzgerald and Bergdahl, 2008), or from analytical
considerations.
Second-order forces can be quite easily computed with now nearly standard computer
codes giving the Quadratic Transfer Functions (QTF). The low-frequency QTF are
particularly involved in the drift motions of moored bodies inducing low-frequency
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excursions related, most of the time, to the horizontal resonant motions. Both mean
and oscillating forces are then induced into the mooring lines.
Time-domain simulation is often used to evaluate the low-frequency response of the
system. This method is time consuming and needs many simulations to allow any
statistical or probabilistic approach, especially for the determination of extremes. For
that purpose, works initiated in the offshore industry domain for the analysis of lowfrequency motions of FPSO are promising. The time simulation can be performed
more quickly by a proper handling of the QTF, and the second-order statistics can
benefit from some direct methods (Prevosto et al., 2007).
Fitzgerald and Bergdahl (2007) compared different alternatives for the design of the
mooring cables of a cylindrical floater, similar to a point absorber, in 50-meter water
depth. The lines are designed according to the ultimate limit state criteria of Det
Norske Veritas (DNV-OS-E301) and the environmental conditions include design wind
speed, current, steady drift force and wave frequency motion (slowly varying forces are
not considered). The authors consider different line configurations and materials and
compare the designs in terms of several criteria. It is concluded that simple catenary
moorings are not very efficient. Submerged or surface buoys may have a beneficial
effect, and the use of synthetic cables with higher elasticity has the potential to reduce
very much the overall weight of the system.
Johanning and Smith (2007) present the results from a large-scale mooring
investigation at the Scapa Flow in Scotland: three slack mooring line configurations
and a taut nylon rope line configuration were considered. The experimental data are
compared to numerical results and the overall results discussed in terms of stationkeeping criteria. It is concluded that the agreement between experimental data and
numerical results is good. Slack moorings show a large increase in the tension when
the line is lifted from the sea bottom, while the taut mooring with synthetic lines might
have advantages in terms of load-excursion characteristics. More research is needed to
understand the long-term behaviour of synthetic ropes under cycling loading due to
environmental loads.
Johanning et al. (2007) discuss the static and dynamic mooring line damping and their
importance for floating WEC machines. Experiments were carried out with a mooring
line under horizontal motion in a wave basin to investigate the axial stretching and the
upper-top end dynamics. Both free decaying tests and forced motion tests were
conducted. It is concluded that the line motion has important dynamic effects when it
becomes semi-taut. Dynamic effects are also important for high-frequency motions at
the top end of the line. Damping due to the cross-flow drag also plays an important
role in these cases.
Most of the theoretical/numerical work on the performance of WECs and their
optimization to extract the maximum energy from the waves does not consider the
influence of the mooring system. There are two reasons for this. First, it seems that for
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many WECs, the ratio between the installation depth and the dimensions of the floater
is minimal; therefore, the mooring is of shallow water type. In this case, the dynamic
effects of the mooring system are probably small. Second, if the dynamics of the
mooring system are to be considered as a solution to the wave-floater interaction, then
the problem becomes much more complex. The elastic and damping forces of the
mooring system are highly nonlinear; in principle they must be calculated by finite
element or finite difference methods, and the accurate coupled solution of floater plus
mooring system must be obtained in the time domain. The mooring system may add a
few hundred degrees of freedom to the dynamic problem. One possible approximate
solution is to make linear the effects of the mooring lines and solve the linear problem
in the frequency domain. Fitzgerald and Bergdahl (2008) implemented a solution
based on this principle and discuss the results for a generic WEC with a cylindrical
shape.
The correct characterization of the slowly varying drift forces is important for the
design of the mooring system and, during operational conditions in which the
contribution for fatigue damage is greatest; it is known that there is a relationship
between the power extracted from the waves and the horizontal drift forces. Retzler
(2006) presented the results of an experimental investigation of the slow drift motions,
on the Pelamis WEC, induced by second-order wave drift forces. The most interesting
conclusion is that the drift forces are mostly due to wave power absorption, with only a
small contribution from the other components. The author concludes that because of
the absorbed wave power, the Pelamis is subjected to considerably larger drift forces
than a vessel of similar dimensions.
Fonseca et al. (2008) presented an analysis of the wave drift forces on an articulated
floating WEC with emphasis on the effects of the wave energy extraction on the time
history of the horizontal drift forces. The hydrodynamic calculations were carried out
by a boundary integral method to obtain the motions and mean drift forces. The
Newman approximation is used to obtain the complete low frequency QTF, which is
then used to derive the drift spectrum and the time histories of drift forces for typical
operational conditions. It is concluded that the extraction of energy significantly
increases the horizontal drift forces.
One of the components of the mooring system is the anchor and, again, the experience
accumulated by the offshore industry to moor floating systems can be used for WECs.
However, specific aspects of these new structures should be taken into account: the
characteristics of the lifetime dynamic loads, which are associated with the dynamics of
the wave energy extraction; the probability of sliding of the anchor should be very
small because the WECs are to be installed in wave farms, therefore, in close proximity
between each other; and, different economics compared to offshore, etc. Ming and
Aggidis (2008) discuss the different possibilities in terms of anchoring the floating
WECs.
Measured data at sea provide important information about the statistics of the
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environment and the structure dynamics. Realistic results on return periods and
extremes can be provided by the Response- Based Design approach for whatever
variables are considered: wind, current, wave, and load motions. A limited number of
variables (two or three) permit some analytical development, and methods such as the
Inverse First Order Reliability Method allow the evaluation of joint probabilities
(Nerzic et al. 2007, François et al. 2007).
3.3.3

Coupled Analysis

A coupled analysis is always necessary to determine the horizontal motions of floating
WECs induced by slow drift wave exciting forces. In this case, the mooring line forces
are coupled to the hydrodynamic responses of the floater. Due to shallow water
mooring characteristics, hydrodynamic effects on the mooring lines (damping and
inertial) can often be neglected. However, the elastic forces of the mooring system are
highly nonlinear, especially for large horizontal displacements, meaning that the
problem of determining design loads at the mooring lines and extreme horizontal
motions of the floater must be solved in the time domain.
However, “coupled analysis” is usually used in a different context. Coupled analysis is
necessary when the mooring dynamics and floater dynamics are coupled at the wave
frequency. The mooring lines respond dynamically to the wave frequency motions of
the floating structure imposed on them. Due to inertial and drag effects on the lines,
they do not achieve their catenary shape instantaneously when excited by the motions
of the fairlead; therefore, the behavior is dynamic in nature. The dynamic effects
influence the maximum loads on the lines and they also affect the dynamics of the
floater. The importance of the dynamic coupling increases with the water depth.
Inertial and drag effects can be neglected for shallow water moorings.
Regarding the elastic effects of the moorings, in most cases of offshore floating
structures, the system is designed to achieve a natural period of the horizontal motions
that are much larger than the typical wave periods (approximately one order or
magnitude larger). This means that the mooring system is compliant with the wave
frequency exciting forces; therefore, these forces are mostly opposed by inertial effects
instead of being opposed by the mooring lines. This design principle also seems to be
the most common for WECs; however, there have been some proposals that suggest
using the elastic properties of the mooring system to tune wave frequency motions of
the floater, which optimizes the wave energy extraction. The disadvantage is that noncompliant systems will result in very large extreme loads on the moorings.
3.3.4

Control System and Response Mitigation

Many WECs will have active systems to amplify the motion response, thus optimizing
the energy extraction. It is possible to use the active system to de-tune the motion
responses in order to reduce response loads in survival conditions. As an example, the
Pelamis can use its digitally controlled hydraulic system to de-tune the response in case
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of encountering adverse wave groups.
3.4

Stochastic Response

3.4.1

Stochastic Nature of Waves

The existing sea spectra have been derived for deep water. However, the waves modify
their characteristics as they approach shallow water (presently offshore WECs are
planned to be installed in water depths of around 50m). The existing wave statistics in
the form of joint probability distributions of significant wave height and mean wave
period (scatter diagrams) are also for deep water.
The important issue regarding the stochastic nature of the waves is probably the local
effects due to bottom inclination, coast line effects and shallow water effects. This
means that the characteristics of the waves are site specific. Ideally, they should be
obtained from local measurements or calculated using wave propagation models.
Nonlinear effects in random waves are the main challenge.
Second-order
approximation remains a valuable tool to approach the low frequency loads and
response of moored systems. Infra-gravity waves, which can be explained as the result
of low-frequency, second-order waves reaching shallow water, constitute a particular
field of investigation.
3.4.2

Extreme Event Analysis

To design wave energy converters, one needs to calculate the expected maximum loads
that the system will encounter during its operational life. It is important to properly
represent the hydrodynamic behaviour of the system and the stochastic nature of the sea
states. Environmental loads that need to be considered for the analysis of the mooring
system are mainly due to waves, current, and wind. However, for most devices and site
locations, the wave loads dominate.
Since these systems are new and different from conventional offshore structures, semiempirical formulas and procedures developed over the years and, based on the
accumulated experience, in principle cannot be used. The calculation of the expected
maximum loads on the structures should be performed with numerical models based on
first principles. The stochastic nature of the combined action of waves wind and current
loadings should be considered. The wave loads will normally dominate the response
and should thus be treated in more detail than wind and current loads.
Direct calculations of the wave loads can be done by computer codes based on
potential flow boundary element methods. However, the specific relevant
characteristics of the WEC must be included in the code, as for example, articulations,
multi-body dynamics, or multi-body hydrodynamics, effects of the power take-off
mechanism (which may be used to reduce the responses), mooring system couplings,
etc. It is expected that in most cases the extreme loads are affected by strong nonlinear
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effects, which means that ideally the direct calculations should be done by nonlinear
codes in the time domain. The stochastic response analysis should thus be performed in
selected seastates representative of the future area of operation.
There are several stochastic methods currently used, or proposed, for ships and offshore
structures to estimate the maximum expected structural nonlinear loads. They are based
on proper selection of the wave conditions to carry out the nonlinear simulations. Either
the wave sequence is previously determined, by a stochastic process, as the expected
most severe event or otherwise extreme value probability distributions are fitted to the
simulated response. The reader is referred to the ISSC reports of the Loads Committee.
Expected maximum structural loads on the system during the structure’s operational
lifetime must be determined in order to design the structure. Since the loads are
stochastic in nature, an appropriate procedure needs to be used to carry out the extreme
event analysis. Because the systems are new and different from other offshore
structures, the procedures for extreme event analysis should be based on hydrodynamic
models, derived from first principles, together with proper stochastic characterization of
the environmental loadings. Ideally and especially for new concepts, direct calculation
should be combined with experimental data from model tests.
The developers very often do not have specific nonlinear codes to calculate the wavebody interactions for their systems. A possibility then is to apply standard linear
frequency domain panel methods. Past experience shows that in many cases, the linear
predictions overestimate the system responses; therefore, one can say the linear
methods are conservative. This hypothesis must be analysed with care case by case. If
linear hydrodynamic tools are applied, the prediction of maximum expected loads is
easy and simply given by summation of short term Rayleigh distributions weighted by
the probability of occurrence of the sea states. Ideally, for new concepts, the
calculations should be combined with survivability model tests in a wave basin.
Regarding wind and currents, constant values of the maximum sustained speeds can in
principle be used for design purposes. The return period applied should be according to
the standard applied for design.
Dealing with mooring and the low-frequency motions of floating bodies, Prevosto et al.
(2007) compared several methods to evaluate the crossing rate level of a horizontal
motion. The results reveal large deviations from the simulation-based assessment,
taken as the reference solution, of the Rice formula with a Gaussian assumption. Three
other methods – an asymptotic expansion approach and a Monte-Carlo integration
approach, both developed by Hagberg (2004), and a projection method – appeared
close to the reference solution. In particular, Hagberg’s Monte-Carlo integration gives
good approximations for high response levels.
Nerzic et al. (2007) studied the joint distribution of a couple of variables selected
among waves, wind and currents parameters in an offshore situation. The Inverse Firstorder Reliability Method (I-FORM) allows for the calculation of the extreme
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environmental contours for a given return period. This method is of general interest
and can be used to evaluate the design loads of WECs for given metocean statistics.
François et al. (2007) used the same I-FORM methodology to derive the extreme
tension in mooring lines of offshore platforms. Up to three variables were taken into
account.
3.4.3

Fatigue Analysis

Regarding fatigue analysis of WEC machines, linear frequency domain analysis may be
sufficient to establish the fatigue damage in moderate wave heights. However, the
validity of the linearity assumption must be examined in each case. Due to the
intentional amplification of motions, latching, multi-body dynamics, etc., the waveinduced loads, even in small and moderate seas, may be nonlinear. If this is the case,
nonlinear time domain approach, as for the extreme loads, should be employed. For
bottom-fixed or taut-moored structures, load variations due to tide should be taken into
account.
3.4.4

Structural Reliability

The mechanical behavior of WECs as any fixed offshore platform is affected by many
uncertainties. Rational treatment of the uncertainties in design is ensured by the use of
structural reliability analysis. However, depending upon if extreme loads or fatigue
failure is considered, the major uncertainties to be taken into account may differ (DNV,
1995). However, the description of the random properties requires qualification in
statistical analysis, regression methods, and random process identification (Ang and
Tang, 2007).
In extreme conditions, the uncertainties come from the environmental loading, the
wave-loading models, and the material ultimate strength. The environmental loading is
described by the joint probability of waves, currents, and winds from available
measurements or hindcast models (Nerzic et al. 2007). In estimating the wave-induced
loading, the uncertainties come from the structural stiffness, damping properties, and
mathematical idealization of the structure
3.5

Learning from Experience

One of the problems with the structural design of WEC devices is the fact that very
limited experience with real operation is available. For this reason, it is advantageous
to make information from full-scale testing in the sea available to be shared between
the developers; however, no significant information has been found in recent literature.
An undergoing FP7 European project named EQUIMAR, “Equitable testing and
evaluation of marine energy extraction devices in terms of performance, cost and
environmental impact,” has the primary aim to deliver a set of protocols for the
equitable evaluation of marine energy converters. This will particularly profit from
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former model scale and full-scale experience.
3.6

Guidelines and Standards

In 2005, DNV issued “Guidelines for design and operation of wave energy converters,”
a work commissioned by the Carbon Trust as part of the Marine Energy Challenge
(Carbon Trust, 2005). Since this industry is relatively new and involves several specific
characteristics, it was not clear if (or which) existing codes and standards are applicable
for the design and operation of wave energy converters. The objective of these
guidelines is to provide interpretation and guidance on the application of various
proven standards and recommended practices for the development of wave energy
projects (as well as tidal energy devices). The guidelines give a basis to introduce the
aspects of integrating reliability, feasibility, and risk management into the design and
operation of these systems.
The document covers many topics related to the former aspects, but in particular it
includes chapters on Structural Design Criteria, Foundation Design and Mooring
Analysis, and Appendixes on Fatigue Analysis Methodology and Wave Modelling and
Loads.
More recently, DNV issued an Offshore Service Specification for Certification of Tidal
and Wave Energy Converters (DNV-OSS-312, DNV 2008). This document defines the
requirements, philosophy, deliverables and the certification procedure itself. Together,
the qualification process (DNV RP-A203 “Qualification Procedures for New
Technology”) and the “Guidelines for Design and Operation of Wave Energy
Converters” define the framework for the certification activities.
Bittencourt (2007) describes the experience, related to the involvement of DNV, in the
Qualification process of several projects for marine energy converters, and the use of
the Guidelines for Design and Operation of Wave Energy Converters. The objective of
the process is to obtain a good balance between the constraints, handling of
uncertainties, financial targets, and functional requirements.
3.7

Needs In Terms of Research

A major challenge is related to the modelling of resonant systems with strongly
nonlinear behaviour.
For conventional floating bodies, the purpose is generally to minimize the response for
a given sea state. In the case of the wave energy converters, maximum responses are
sought while preserving the converters’ structural integrity. Second-order nonlinear
formulations still requires further study, as do higher-order nonlinear vertical motions
and internal flows.
Regarding the mooring in shallow water, conventional chain catenaries are not good at
absorbing dynamic loads. This problem has been identified by some researchers, who
pointed out that synthetic ropes have advantages in absorbing large dynamic loads
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induced by waves. More research is needed to understand and characterize the
advantages and disadvantages of the synthetic and hybrid mooring lines for the
mooring of WECs, in particular with regard to fatigue life when compressive loads
occur, protection against marine grows and sand particles ingress between the fibres.
The development of converter farms requires particular attention to the multi-bodies’
interferences in terms of response and power take-off and environmental impact in
terms of modified currents, wave fields acting onsite and on the coast, and sedimentary
effects. There are no published works on the design of the mooring system for arrays
of wave energy converters. This problem needs to be addressed because, in the future,
these devices will work in arrays. The development of a full-scale industrial system
and “wave hubs” needs reliable instrumentation for environment and structural
monitoring.
4.

TIDAL ENERGY

4.1

Introduction

The tidal flow of sea water caused by planetary motion is a potential source of energy if
suitable systems can be designed and operated in a cost-effective manner. The
available methods of extracting energy from tidal movement are classified into devices
that store and release potential energy and those that capture kinetic energy directly.
The methods of energy extraction and the importance of local site bathymetry and tidal
range are described in ISSC (2006). Recent developments for offshore application
have concentrated on low-head (kinetic energy) devices as opposed to the estuarybased storage solution of a tidal barrage. This report continues with this emphasis and
considers the main developments in tidal current energy systems since the previous
report was compiled. It is worth noting that the 240MW tidal barrage scheme at La
Rance, France celebrated its 40th year of successful operation in 2007 (Charlier 2007).
4.1.1

Systems in Operation or Under Development

The development of tidal current energy schemes is evident in the schemes now
proposed around the world with a significant scale of schemes now reaching 300 – 812
MW in Korean waters, the Bay of Fundy, Canada (6.6MW), Paimpol-Behat, France
(4MW), West Bengal, India (4 MW), Pentland Firth, Anglesey, UK ( 80.5 MW), and
Pouto, New Zealand (200MW). There are other schemes under consideration in the US
and Australia. The projected timescales for most of these projects are within 5 to 10
years and demonstrate considerable confidence in the technology. The more advanced
proposals typically plan to use variants of Horizontal Axis Tidal Turbines (HATT).
Although it is suggested that larger powers can be captured with Vertical Axis Tidal
Turbines (VATT), however, typically these are less effective at capturing energy for a
given swept area.
At present, the largest commercial grid connected machine is the twin rotor HATT
system, installed by Marine Current Turbines in 2008 at Strangford Lough, Northern
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Ireland (UK) which has a rated power of 1.2MW. This machine reached full power for
the first time in December 2008. Open-Hydro installed a 6m diameter driven rim
ducted machine which was connected to the electrical supply grid in 2008 at the
European Marine Energy Centre, Orkney, UK, and produced the first UK grid
connected power in May 2008. At present, no published data are available with regard
to achieved performance for either machine as a function of actual tidal speed.
The ability to propose a viable tidal energy scheme relies on an accurate assessment of
the tidal resource at a specific location and detailed knowledge of how the local flow
regime varies with depth and over short time scales comparable to the blade rate of
rotation (typically 20 rpm or less for 14m diameter machines). This data is required for
the specification of the blade strength and fatigue characteristics, as well as the loading
imposed on the support structure. Typically, decisions about suitable sites require an
overall assessment of a particular coastline or area of sea. It is customary to select sites
that are easily connected to either a national electrical grid or ideally have a large user
of power nearby.
Bedard et al. (2007) summarized the findings of collaborative North American
programs into wave and tidal energy developments. Two demonstration plants began
operation in late 2006 and 30 permit applications have been made. Figure 9 shows the
estimated tidal energy resources. The main conclusion was that regulatory barriers
were holding up the widespread application of tidal energy. One of the studies upon
which Bedard et al. based their findings was Hagerman and Bedard (2006) who looked
in detail at the possible energy capture off the coast of Massachusetts. A criterion of a
flood or ebb tide surface speed averaging at least 1.5m/s was suggested. Six sites were
selected that had sufficient tidal power density. Further consideration with respect to
suitable bathymetry, seafloor geology, water depth, utility grid interconnection,
maritime support infrastructure, and environment identified a possible site for a 500kW
demonstration project. In the UK, Mueller and Jeffrey (2007) prepared a ‘roadmap’ for
installing 2GW capacity of tidal current and wave energy devices by 2020. This
consultation exercise is aimed at the necessary policy and technology developments
required to achieve this as shown in Figure 10.

Figure 9: Tidal Electrical Energy estimates for North America from Bedard et al.
(2007).
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Figure 10: Time dependency between the Technical Strategy and the Deployment
Strategy, Mueller and Jeffrey (2007).
4.2

Resource Assessment

A number of papers attempt to assess the energy capacity of specific locations through
the development of appropriate theoretical approaches. Blanchfield et al. (2007)
examined the power potential of Masset sound in Canada. They developed an
approach valid for a tidal channel linking a bay to the sea, shown in Figure 12. This
uses a one-dimensional model based on the unsteady Navier-Stokes equation applied in
the x direction. Flow resistance is applied to the driving tidal wave by the channel
surface, the drag of the tidal energy support structure, and the momentum exchange in
the tidal energy device itself. The volume flow rate through the channel Q will be
influenced by the channel resistance which in turn influences the change in water level
in the bay and the net driving head (difference in elevation between open ocean and
bay). Applying this model, with the assumption of a constant depth averaged flow rate,
it can be shown that as more energy is extracted, the flow rate decreases; and at some
stage, increasing the number/size of tidal energy devices will reduce the power capture.
For Masset Sound, the maximum average extractable power is approximately 54MW.
This would reduce the flow rate through the sound by 40% of the undisturbed flow
whereas extracting 12MW would keep the flow rate within 90% of its original value.
This work was built on the theoretical developments by Garrett and Cummins (2005)
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who showed that the average power available in a channel over a semi-diurnal tidal
flow, either between an island/mainland or ocean/bay, was between 20 and 24% of the
peak tidal pressure head multiplied by the undisturbed mass flux through the channel.
This maximum power was independent of the location of the tidal devices, in this case,
applied as fences (local arrays of turbines).
Brooks (2006) looked at the tidal stream energy resource in Passamaquoddy-Cobscook
Bays. This has a large tidal range of 5.7m and was the proposed location of a tidal
barrage scheme estimated at up to 1GW. For tidal stream devices to achieve even a
small fraction in such a site, they have to be located in areas of natural flow constriction,
which raises the local flow speed. A numerical model with a 300-m x,y grid resolution
and ten cells in the vertical direction was used to assess the likely estuarine and coastal
flow circulation. The finite difference model examines velocity, temperature, and
salinity fields for mass and momentum conservation. This was used to determine the
power density with the highest value of 10 kW/m2. In this model, the influence of the
tidal device itself was not accounted for. Chang (2008) carried out a detailed study
using a 2-D finite element model, also in the Bay of Fundy, and compared barrage and
tidal stream energy capture. The predicted water levels were compared with tidal
gauge observations. The cost per kWh of the tidal barrage was about half that of the
tidal stream, but without the widespread environmental concern for the barrage.
Sutherland et al. (2007) used a 2-D finite element model with turbines simulated in
certain regions by increasing drag within Johnstone Strait in Canada, and compared this
to the predictions with the analytical estimates of Garrett and Cummins (2005). Good
comparisons were obtained and an important conclusion is that achievable power for a
system that attempts to extract a maximum amount of tidal energy has to aim to
minimize any losses associated with drag of the turbine support structure. Care was
needed to ensure that turbines were sited such that they did not deflect flow away to the
other side of a channel or into another channel. A technical note by Garrett and
Cummins (2008) discussed the limits to power and showed that a small number of
devices may be the most effective strategy, especially if allowance is made for the drag
of the support structure. They propose that the approximate formula for the maximum
power P is given by P = 0.22 ρgaQmaxin which ρ is the density, a is the amplitude of tidal
wave, and Qmax is the maximum flow rate in the absence of energy extraction devices.
Garrett and Cummins (2007) examined in detail the interaction between multiple
devices across a channel and showed that the Betz limit (Cp=16/27) for maximum
−2
efficiency of a turbine in an infinite domain is increased by a factor of (1 − A Ac ) in a
channel in which A is the device area and Ac is the channel area. This is equivalent to
the blockage correction that should be applied to tidal energy turbines tested within a
finite width channel (towing tank/cavitation) as described by Bahaj et al. (2007b).
One of the interesting aspects of tidal energy is its predictability and, therefore, its
reliability. Clarke et al. (2006) examined the effect of spatially locating tidal energy
devices to determine the base load of the power supply. As each device would reach its
maximum power at different times, the power generated would become more uniform.
They considered a generic device with power proportional to the cube of the
instantaneous flow speed and operating at a constant Cp condition of 0.4 between cut-
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in speed and rated power. They assumed three sites were used around the Scottish
coast. Figure 11 shows the total power, which always generates nearly a third of the
maximum. However, such a scheme will not smooth out the usually significant
variations in power between spring and neap tides. Hardisty (2008) examined a larger
scale scheme with tidal stream devices installed in the Clyde, Tees, Humber, Severn,
Menai Straits, and the Mersey around the coast of the UK that can provide a more or
less regular and continuous supply of 45MW for an installed capacity of 200MW.

Figure 11: Site and aggregate power output
for a 10m diameter tidal turbine with no
limiting capacity in spring tides, Clarke et al.
(2007).
4.3

Figure 12: Schematic of a channel
linking a bay to an open ocean,
Blanchfield et al. (2007).

Environmental Conditions and Loadings

The European Marine Energy Centre (EMEC) is now established to provide a site to
test grid connected wave and tidal devices. Norris and Droniou (2007) discuss the
development of Acoustic Doppler Current Profiler (ADCP) methodologies for
characterizing the tidal flow at their five tidal berths. These are in depths of 25-30
meters and experience strong tidal streams through the Fall of Warness, SE-spring
(3.5m/s), NW (3.34 m/s).
A three-bladed 350-mm model scale turbine was investigated by Barltrop et al. (2006)
in a towing tank with imposed waves. One of the blades was fitted with strain gauges
and the blade root bending moment was compared with that predicted by a modified
blade element momentum (BEM) code that includes wave velocity based on linear
theory. In steep waves, the bending moment was under-predicted. The blade bending
moment fluctuates by up to 50% for out-of-plane and 100% of in-plane mean moments.
Masters et al. (2007) modified an open-source wind turbine BEM code to include the
spatial effects of waves superimposed on a typical turbulent boundary layer velocity
profile. Other effects incorporated include turbine yaw and teeter and it is proposed that
it could be used to assess blade fatigue. Blunden et al. (2008) examined the effect of
yaw of HATT energy capture using experimental towing tank measurements. These
confirmed the momentum theory that predicts that yawed flow reduces power in
proportion to the square of the cosine of yaw angle squared and thrust is proportional to
cosine of yaw. Whelan et al. (2007) considered the influence of the free surface,
seabed, and wave- induced velocities on a transverse array of HATT both theoretically
and using open channel flow results. The free surface head drop, due to the presence of
the turbine and the effective blockage, is described.
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McCann (2007) carried out a parametric study of the fatigue loading experienced by a
HATT and support when exposed to a time-varying tidal current with a given level
turbulence intensity (0-12%) and separately, a range of surface sea state (HS/Tp,
1.5m/7s to 6.0m/28s). The generic 2MW, three-bladed turbines were analyzed using a
series of commercial codes developed for similar analysis for wind turbines and
modified for tidal current. A von Karman spectral density was used for the turbulence
intensity and a JONSWAP wave spectrum. Figure 13 shows the generic turbine and its
first structural mode shape. Tables 1 and 2 show the variation in the blade root out-ofplane bending moment, damage equivalent loads for 20 year 1x107 cycles. It is
concluded that both wave action and turbulence intensity need consideration as part of
the design process.

Figure 13: (a): ISO view of generic tidal turbine.
Table 1
TI Blade Root My DEL [kNm] vs TI
(Hs=0m).

4.4

(b): First structural mode shape
(1.49Hz), McCann (2007).

Table 2
Wave height effect on Blade Root My DEL
[kNm] vs Hs (TI=10%), McCann (2007).

Stochastic Response

The dynamic environment experienced by a tidal energy device and its support
structure is due to spatial and temporal variation in tidal speed. These will be the
primary variations about the slowly varying tidal flow speed whose magnitude and
local direction vary with the phase of various planetary motions at a given latitude.
The resonant motion at a given location is controlled by the local/regional bathymetry.
At sites of interest for tidal energy the contraction of available cross-sectional area
results in a combination of increased tidal range and tidal flow rate. This is controlled
by changes in depth and contractions imposed by islands, in estuaries or channels and
sounds. In addition, the surface wave environment driven by the wind environment
will impose a velocity variation with depth and movement of the local sea surface
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elevation. At a given site there will be a correlation between typical weather conditions
and the local tidal flow directions. The alignment of devices will result in a windimposed fluctuation in the axial and cross-flow directions, which will vary with depth.
The local upstream bathymetry will control the depth variation in mean tidal flow and
the variation in turbulence intensity.
A preliminary study by Gant and Stallard (2008) examined how the Synthetic Eddy
Model (SEM) of Jarrin et al. (2006) changes the unsteady tidal turbine wake
development, downstream from a porous disc, using Computational Fluid Dynamics
(CFD). Figure 15 indicates the variation in axial flow speed. A more rapid recovery of
the wake can be seen, creating implications for the positioning of further downstream
devices. The dynamic response of a tidal energy device will be more important for
tethered devices. Van Zwieten et al. (2005) considered the response of ‘C-Plane’. A
mathematical model is used to represent the 1/30th scale model as a rigid body with
moveable control surfaces moored with three linear elastic cable elements. Figure 14
shows the HATT, which use the lateral control surfaces to change depth in order to
track the location of maximum ocean (rather than tidal) currents. The model includes
gravitational, buoyancy, hydrodynamic cable, gyroscopic, and inertial forces in the
dynamic model. The results indicate that the system is stable and can change depth
under control..

Figure 14: Aquantis 1/30th scale C-Plane
prototype in position for a tow test.

4.5

Figure 15: Streamwise velocity along
horizontal axis through the centre of the
actuator disc; thin multi-colored lines;
unsteady SEM; thick red line; steady
results, Gant and Stallard (2008).

Structural Response

Difficulties and challenges are faced when deploying, maintaining, and recovering
equipment within a fast flowing tidal stream. The thrust on a marine turbine of a given
rated power is typically three times greater than that experienced by a wind turbine of
the same rated power, even though the marine turbine will be significantly smaller.
Therefore, there is a major structural problem inherent in holding the rotor securely and
reliably in place in the harsh and corrosive sub-sea environment. Several different
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concepts for the fixing of tidal energy extraction devices are under consideration with
varying opinions on each. These range from pile-mounted devices to moored devices,
those weighted to the sea bed, and semi-submersible designs. Table 3 gives a brief
overview of some of the support structure concepts and provides the main advantages
and disadvantages of the designs developed in Nicholls-Lee and Turnock (2008) from
Orme and Masters (2006). Clarke et al. (2007) estimated the proportion of costs
associated with device mooring/mountings, which amount to 33% for the steel and
16% for installation.
As shown by McCann (2007), the design of the blade will be most sensitive to
variations in environmental loading. Uzawa et al. (2007) examined the use of
composite blades for tidal turbines. They suggested that they are the most attractive
material for use, but gave a note of caution with respect to their poor cavitation erosion
performance. Nicholls-Lee and Turnock (2007) considered the use of a passive
adaptive pitch design using the flexible response of composite structures to enhance
energy capture and showed reasonable improvements.
Table 3
Possible support structures with advantages/disadvantages.
Support Structure
Concept
Pile Mounted

Advantages
z

z

A tower is built on the
seabed which
supports the rotor at
a predetermined
depth.
Moored

z
z
z

Stiff structure able to
withstand complex loadings
Not subject to wave action
No visual impact
Low collision risk

z

z
z

z
z
z
z

The turbine is
mounted underneath a
moored, floating
platform on the surface.

Disadvantages

z

Low cost installation and
construction
No need for additional
navigational markers
Minor maintenance
possible at the site
Can be used in waters of
any depth

z

z
z

Minor maintenance
requires complete
removal of nacelle.
Additional navigation
marks required as no
surface component
present.
Unable to rotate turbine
into flow
Difficult and costly to
install
Subject to weather and
wave effects
Structure flexible and
susceptible to fatigue in
complex loading
situation
Cannot yaw into flow
Surface piercing hence
an eyesore and
increased collision risk
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Tethered

z
z

A buoyant system
anchored to the
seabed via a cable or
rigid arm.

z
z
z
z

Low cost installation and
construction
Can be used in deep water
Self aligning to flow
Not subject to wave or
visual impact
Low collision risk

z

z
z

z

Sheath System

z
z
z

Surface piercing tower
installed on the
seabed. The rotor and
generator are
mounted on a sheath
and moved up and
down mechanically.

z
z

Electrical components above
water
Minor maintenance possible
at the site
Stiff structure can withstand
complex loadings
No additional navigational
markers required

z

z

z

Guyed Tower

z
z
z
z

The buoyancy of the
nacelle is used to
tension multiple chain
anchors

z

z
z

Low cost structure
Easily adapted for deeper
waters
Not subject to wave and
weather actions
No visual impact
Low collision risk

z
z
z
z

Maintenance is difficult
and costly
Structure flexible and
susceptible to fatigue
loads
Additional navigational
markers required
Fewer devices can be
installed in one area

Surface piercing hence an
eyesore
Increased shipping
collision risk
Subject to weather and
wave action
Structure installation costs
increase with depth of
water
Hoist mechanism exposed
to marine corrosion and
growth
Unable to rotate turbine
into flow
Minor maintenance not
possible on site
Flexible structure
vulnerable to fatigue loads
Additional navigational
markers required
Unable to rotate turbine
into flow
Installation difficult and
thus costly

Telescopic
z
z

A system of telescopic
towers is used to
maintain the turbine at
the required depth for
operation.

z
z
z

Minor maintenance possible
at site
Stiff structure can withstand
complex loading situation
Not subject to weather and
wave actions
No visual impact
Low collision risk

z
z
z
z

High design and
construction costs
Additional navigational
markers required
Unable to rotate turbine
into flow
Construction costs
increase markedly with
increase in water depth.
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Shroud Concept

z
z
z
A cylindrical shroud or
duct surrounds the rotor,
the middle section of
which can be separated
for removal and
maintenance. The device
weight and use of anchor
chains fixes it to the
seabed

4.6

z
z
z
z

No yawing mechanism required
Stiff structure able to withstand
complex loading
Can be positioned in deep
waters
Not subject to weather and
wave action
No visual impact
Low collision risk

z
z
z
z

Minor maintenance not
possible on site
High cost of materials and
construction
Additional navigation
markers required
Vulnerable to marine fouling
as shroud remains in place
for life of turbine
Greater exposure to ocean
bottom boundary layer
decreasing flow speeds

Interaction between Multiple Arrays of Devices

In order to make significant contributions to energy, arrays of tidal energy devices are
required. An important consideration on the loading regime experienced by tidal
energy devices is the arrival of any upstream device wake-induced effects. Bahaj et al.
(2007c) attempted to characterize the wake of a HATT using a momentum approach
with a porous disc and associated flow field measurements downstream in a tilting
flume. Figure 16 shows the influences on wake and Figure 17 shows the measured
mean velocity deficit at different distances downstream. An experimental study of the
interaction between multiple arrays is reported by Jo et al. (2007). They used a
circulating water channel and twin small propellers as proxies for turbines and placed
them at different transverse, longitudinal, and diagonal spacings, and measured their
rpm as a way of assessing the interaction. Myers and Bahaj (2007) used a 0.4m
diameter (1/30th scale) HATT in a circulating water channel to measure the
downstream water surface elevation. Antheaume et al. (2008) considered the
efficiency of vertical axis tidal turbines (VATT) in isolation and when located in an
array. They used a CFD code coupled with an inner domain, representing the effect of
a VATT through a methodology, to insert momentum sources based on blade element
analysis within a cylindrical domain. Figure 18 shows the values of axial velocity on a
horizontal plane on a barge arrangement of five VATT turbines. Performance gain
studies were carried out for multiple turbines stacked vertically and transversely for
different spacings. Although no account was taken of the effect of the necessary
support structure, the approach is valuable for generating the best arrangement and also
in helping to understand the effect on the downstream wake. Myers et al. (2008)
examined the effect of the proximity to the seabed and free surface in a tilting flume,
again for a porous disk, and with support from an established wind turbine 3-D eddy
viscosity numerical model. In the experiment, an Acoustic Doppler Velocimeter ADV
was used to measure flow properties at 50Hz for sample volumes of 0.15 cm3. Figure
19 shows the centre-plane mean velocity distributions for three different locations of
the turbine disk. The comparison of normalized kinetic energy with the numerical
model shows some reasonable agreement with the simple numerical model. It is clear
that proximity to boundaries will have an effect on the mean velocity and turbulence
intensity that will be important for downstream devices. Sun et al. (2008) used a
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commercial CFD code to examine the downstream wake with a free surface based on a
volume- of-fluid approach but without validation against experimental data. A porous
disk was used to represent the turbine drag.
Wang, et al. (2007) used a cavitation tunnel to observe cavitation patterns at pre-stall,
stall, and post-stall HATT operation and for two depths of submergence. Noise levels
were measured for the same condition. It was shown that in shallow depth, unstable
sheet and cloud cavitation can occur and that these increased the noise levels. Field
velocity measurements indicated that the wake may have an impact (scour) on the
seabed if the turbine is positioned too close.

Figure 16: Schematic showing influences
on wake of turbine, Bahaj et al. (2007c).

Figure 17: Measured vertical velocity
deficit profiles downstream of a porous
disc with
Ct = 0.95, U0 = 0.333m/s (depth
averaged) Fr. = 0.171.

Figure 18: Velocity streamlines in the barge
region colored with the reduced velocity
VX =V0; two turbines diameter spacing
between turbines, Antheaume et al. (2008).

Figure 19: Centre plane velocity deficits
for varying disk submersion depths. Disk
centre at 0.75d (top); 0.66d (centre); and
0.33d (bottom), Myers et al. (2008).

4.7

Influence of Load Take-off

The load applied through the electrical generator and how this is controlled will have
an important influence of the dynamics of the interaction between the rotating blades
and the support structure. One of the difficulties of energy capture for a submerged
system is the necessity to have mechanical components such as a gearbox, nacelle
yawing mechanism, and blade pitch. Each of these components will have an effect on
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the availability of the system through influence on reliability and requirements for
maintenance, which will be important for the economic viability of the device, as
described in DTI (2007). Nilson et al. (2007) looked at removing some of these
availability problems by designing a direct drive permanent magnet. Mueller and
Jeffrey (2007) also proposed a similar system for a VATT. Ben Elghali et al. (2007)
developed a time-dependent simulation using Matlab Simulink to investigate the
dynamic loads through applying pitch and speed control to a combined turbine and
generator system. The simulation was investigated based on the site characteristics at
Raz de Sein, France, with the tidal turbine represented using a BEM approach.
4.8

Design of Tidal Energy Converters

To some extent, the design capabilities for tidal turbines have matured rapidly since the
16th ISSC. The following sub-sections capture some of the more significant
publications with respect to possible design tools and associated model scale
assessment. Presently, due to commercial sensitivities, no full-scale performance has
been published in a form that can be used to assess design approaches. Although there
are still new concepts proposed, the activity in this area is limited to small model scale
devices and theoretical proposals for anything other than HATT and VATT. Work is
still ongoing in oscillatory foil systems but with little published information.
4.8.1

Horizontal Axis Tidal Turbines

The recent developments in these systems are associated with gains in performance,
improved robustness and reliability, and methods of operating/maintaining the design.
An advanced concept is the contra-rotating HATT as proposed by Clarke et al. (2007).
They used towing tank tests of a 0.82m diameter model scale and 2.5m diameter
demonstrator which has been tried at sea. The use of in-line rotors removes the
necessity for the structure to resist the driving torque as the downstream rotor generates
torque in the opposite direction and of comparable magnitude. This is also achieved
with a twin rotor system. Figure 21 shows the demonstrator system and support
structure. A combination of a three- and four-bladed system showed reasonable
performance but the mechanical system will significantly increase design complexity
and the number of components. Detailed towing tank and cavitation tunnel testing,
primarily for validation of HATT, Bahaj et al. (2007a, 2007b) has helped to quantify
the onset of cavitation. Fraenkel (2006) describes the development of the 1MW
Seagen and provides performance data for the 300kW Seaflow, as shown in Figure 20.
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Figure 20: Typical power versus current speed at hub height for two test runs, one at
neaps (light grey points) and one at springs (dark grey points), showing underlying
calculated curves for three values of CP (based on sampling rate of 2 Hz), Fraenkel
(2006).

Figure 21: Demonstrator (CoRMat) on launch
vehicle St. Hilda, Clarke, et al. (2007).
4.8.2

Figure 22: Schematic of Edinburgh
Designs proposal with plates to
control flow, DTI (2006b).

Vertical Axis Tidal Turbines

Proposers see VATT as a method of increasing the power capture of a single machine
by removing the restriction of a finite depth and allowing power to be taken from a
larger width. There is little information as to how this greater loading will be resisted
by the support structure, or through the blades themselves. The flow regime
experienced by each blade is inherently more dynamic, even with blade pitch control,
as they are continually changing their orientation to the onset flow, and like helicopter
blades, pass through the downstream wake of other blades. Shiono et al. (2007)
examine the power characteristics for a VATT (Darrieus type) for powering a
navigation buoy in the Akashi Strait. Laboratory tests and trials data from the full-scale
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device are reported with the device providing 110Wh per day. Laboratory tests by
Rawlings et al. (2008) describe the use of end plates to improve the laboratory scale
performance of a three-bladed VATT, and this follows on from their initial numerical
and experimental study of a ducted VATT, Klaptocz et al. (2007). Schonborn and
Chantzidakis (2007) describe the hydraulic pitch control mechanism for a VATT. Torii
et al. (2007) carried out laboratory and sea trials of a floating VATT and achieved a
measured Cp of 0.35 in real sea conditions.
A detailed design investigation, DTI (2006b), shown in Figure 22, by Edinburgh
Design, suggests that there may be an economic benefit compared to a HATT. The
work includes the use of a BEM approach, CFD, and a structural analysis of the
mooring system. Gretton and Bruce (2007) investigated the discrepancies in their
BEM approach and suggest that one cause may be uncertainty with the 2-D foil data
used. Alidadi et al. (2007) compared experiments and numerical approaches for 2-D
flow through a VATT using a RANS and discrete vortex method. Salter and Taylor
(2007) give a detailed assessment and design for the use of large VATT in Pentland
Firth. They suggest a seabed attachment suitable for rapid installation using a tri-link
mechanism with rigid legs made from post-tensioned concrete for a 140m diameter
rotor with 20 blades. The suitability of ducts to enhance performance was studied by
Alidadi et al. (2008), using a numerical analysis, with one of the benefits seen to be a
method of providing buoyancy and a method to moor. A similar approach, using
seabed-mounted vertical plates acting to concentrate the flow using a
contraction/diffuser approach, was tested by Ponta and Jacovkis (2008), although they
identify one of the uncertainties being the extra construction cost compared to the gain
in power capture.
4.8.3

Computational Design Tools

BERR (2008) describes the development of a design tool for tidal stream devices. This
tool aims to include blockage effects on a blade element momentum (BEM) analysis,
prediction of cavitation, environmental effects (current, waves, turbulence), support
structure, and buoyancy effects on the blades. Results were validated against the
extensive series of model scale tests at the University of Southampton, Bahaj et al.
(2007a, 2007b). More detailed analyses of the hydrodynamic performance have been
attempted which are ordered below in increasing computational cost. Such approaches
are comparable to those used for wind turbines or marine propellers.
1.

2.

3.

Blade Element Momentum: balances the sectional performance of each
element with momentum change (axial/angular) in a stream tube, BERR
(2008), Batten et al. (2006), DTI (2007), Grant and Stallard (2008).
Lifting Line (LL): Falcao de Campos (2007) describes the application of a
vortex lattice approach with a viscous drag correction incorporated as a
method of generating optimum chord and pitch distributions.
Boundary element or Surface Panel (SP) method: uses a potential flow
analysis based on Green’s function. Baltazar and Falcao de Campos (2008),
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4.

4.9

DTI (2007).
Computational Fluid Dynamics (CFD), or more exactly, solutions to the
Reynolds Averaged Navier Stokes momentum equations (RANS): a number
of previously mentioned studies have used CFD to assess the effect on the
surrounding flow but none in detail to design a HATT. This is due to the
computational cost and uncertainty associated with the approach. Nabavi et
al. (2007) attempted to use RANS for a VATT but came to no definitive
conclusions.
Guidelines and Standards

There has been little published work on the development of certification and standards
that can be applied to tidal turbines since 2006. It is expected that as larger scale
experience is monitored at EMEC and at Strangford Lough, this will inform the roll-out
of arrays of multiple devices for >10 MW scale systems. A UK Maritime Guidance
Note, MCA (2008) describes the issues associated with navigation, safety, and
emergency response for offshore renewable energy installations. The intention is that
these are used as part of the consent process with respect to site locations, structures
and safety zones, collision avoidance, and safety measures during construction,
operation, and decommissioning. Of particular interest is the Annex that deals with the
specification of the least depth of immersion of current turbine blade; however, no
value is specified, as this will relate to the restrictions on marine craft that are allowed
to operate in the restricted waters close to the offshore renewable energy installation.
The European Marine Energy Centre has developed an assessment of performance for
tidal energy schemes (Swift 2008). Its intention is to provide a uniform methodology
for consistent and accurate measurement and analysis for the performance of tidal
energy devices. The methodology is presented within the framework of many existing
IEC standards. It specifies what information is required about the site, the actual tidal
current experienced, how close the measuring device is, the measuring interval, the
wave environment, and other factors. As part of device development, the expected
stages of decommissioning devices have been given to the UK as guidance notes (DTI
2006).
4.9.1

Environmental Impact

It is expected that in gaining consent for a particular scheme, the developers will need
to demonstrate that the installation, operation, maintenance, and decommissioning of
the systems have only a limited environmental impact. One component of the process
is an understanding of the life-cycle assessment of the complete tidal energy device.
Douglas et al. (2008) considered the manufacture, installation, operation, and eventual
decommissioning of the marine current turbine installed at Strangford Lough. They
considered the life-cycle energy and carbon dioxide (CO2) performance. They found,
using conservative estimates, that the CO2 emissions at 15g/kWh was comparable to
that for land based wind turbines and significantly less than fossil fuel energy
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production (400-1000 g/kWh). Energy payback was estimated at 14 months and CO2
payback at 8 months. A main area in which further improvements can be made is the
structural efficiency and the use of alternative installation methods. The use of a
monopole system results in a significant amount of steel having to be left embedded in
the seabed with a concrete cap. This presently is the problem with all monopile
structures and may be a reason to consider tripod-type structures, which require three
pile connections that are much smaller. The assessment considers the likely energy
capture, shown in Figure 23, and quotes an expected availability of 90%. The materials
used and manufacturing process are considered, as well as transportation to the site.
The mass breakdown indicates that steel makes up 89%, iron 7%, composites 2%,
copper 1%, and other materials 1%. The steel tower is 54.6m tall and extends above
the sea surface to allow access to the turbine structure which can be raised out of the
water. The main composite components are the two blades on each of the twin rotors
that are joined to the monopile via cross beam. About half of the tower will remain
embedded in the seabed.

Figure 23: Tidal current histogram for Strangford Narrows and Seagen power curve,
Douglas et al. (2008).
4.10

Needs in Terms of Research

The future of tidal energy would appear to be attractive as a reasonably cost-effective
source of renewable energy. It is apparent that there is still no consensus as to a
favored machine topology with both HATT and VATT concepts receiving
considerable investment in research and development. Although, it is worth noting that
presently, only HATT machines are deployed at a commercial scale. One area of
weakness is the systematic assessment of the necessary capabilities of support
structures. Highlighted in the life-cycle assessment of Douglas et al. (2008), there are
still possible improvements that can be made. Apart from the conference paper of
Orme and Masters (2006) that qualitatively assessed concepts, no rigorous analytic
approach has been applied to possible approaches. The requirement to minimize drag
of support structures in large-scale schemes is likely to lead the design path for such
structures along possibly different avenues to those used for offshore wind turbines.
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Significant progress has been made in assessing the influence of variable
environmental loading due to turbulence and sea state. Presently, there is no pubic
domain data relating to the actual dynamic behavior experienced by full-scale machines.
It is likely that a crucial component will be the composite blade design, as this
component will experience the most extreme load variations and it will need to survive
an order of 1x107 load cycles. As large amounts of energy can also be produced by the
use of an array of many devices, ideally closely situated as much as possible to reduce
cabling costs, quantification of the interaction effects of an upstream wake on tidal
turbine performance still requires further investigation. The measurement of the fullscale wake of an actual turbine would provide valuable design data alongside more
detailed CFD analysis, and model scale tests of systems that represent more of the
actual turbine wake effects than just a porous disk. The developments in assessing the
interaction between an array of turbines and how this modifies the flow rate through the
turbines and overall, through a given channel, sound, or estuary, will be a crucial
requirement for gaining consent with respect to environmental impact.
5.

SUMMARY AND CONCLUSIONS

The development of offshore wind turbines on fixed support structures has relied
heavily on the past experiences with land-based turbines and traditional oil and gas
installations. This has made the path to success relatively short for installations in
shallow waters, i.e. up to 25 meters water depth, applying steel monopile structures and
concrete gravity foundations as the commonly used substructures. The major difference
from traditional fixed offshore structures is the dominant dynamic response behaviour
and the combined action of wind and waves which govern the response. Both
simulation tools and design rules to address this have been devised and refined over the
period since the previous ISSC report. This is manifested in the publication of an
international standard as discussed in detail above. However a number of optimisations
and design issues are still left to be dealt with before it can be truly said that a fully
developed technology has emerged. For instance the behaviour of monopiles in lateral
loading is not understood to a sufficient degree of detail to allow for optimisation, i.e.
design to the limit. Investigations have been made during the course of development,
but ongoing research projects are still devoted to this subject. The next step is, as the
economical feasibility improves, to move to waters deeper than 25 meters. A
demonstration project at 45 meters water depth with a space frame substructure similar
to traditional fixed offshore structures has been designed and put into operation. In
going to even deeper waters floating support structures seems to be an option to
consider. This opens a whole new variety of challenges as dynamic response becomes
even more complicated. There is in this field also a considerable amount of experience
to pull on regarding floaters, however, the control behaviour of the turbine has to be
reconsidered to ensure stability in response. Though this field is far from having
matured to the same level as fixed supported wind turbines at shallow waters a
prototype is soon to be put into operation in Norwegian waters.
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There are dozens of Wave Energy Converter (WEC) concepts proposed and
investigated, and several prototypes tested or under testing, however at this moment it
is not clear which will prevail. Contrary to the wind sector, the wave energy sector is
characterized by the diversity of concepts and the fact that none has proved yet to be
technically and economically viable. The tendency nowadays seems to be for near
shore floating devices, since the waves are more energetic here than along the shoreline.
The development and assessment of the wave energy converters (WECs) are closely
linked to the fields of offshore and coastal engineering. The methods and results
developed within these fields are essential to further development of the WECs. The
main difference is that most WECs are designed to operate with large motion response,
usually at resonance, while for normal offshore structures resonant response is to be
avoided. A further design challenge is the need for large energy absorption at moderate
sea-states combined with survivability in extreme sea-states. Few dedicated guidelines
for WECs have been proposed by the certifying bodies. Presently, mainly DNV offers
such a guideline for design. However, guidelines for design of offshore and coastal
structures are useful also for design of WECs, taking the special WEC features into due
consideration. In addition to the increased technological knowledge about WEC design
and efficiency, it is foreseen that environmental aspects, such as sediment transport,
living resources and decommissioning will have increased focus in the future.
To assess design loads for WECs, hydrodynamic models based upon first principles
and site specific statistics of the waves, wind and current should be used. Model testing
to verify survivability are recommended as a supplement to numerical studies. The
guidelines developed for the offshore industry can be used as a guide for deciding load
combinations and relevant safety factors. Fatigue loads can in principle be determined
by the techniques used in the offshore industry.
The recent developments in tidal turbine technology offer a reasonable degree of
confidence that this technology will make an important contribution to the generation
of renewable energy when applied to appropriate sites. It is still unclear what will
make the most effective type of generation device and likewise the most appropriate
structure. The ability to make design decisions which will ensure that the eventual
devices are cost-effective yet have a minimal impact on the environment remains an
important factor. In order to achieve large-scale power generation capability, arrays of
tidal devices will be required. This will require a detailed assessment, for each specific
site, of the interaction between the number (and type) of device, their location relative
to each other and most importantly, their impact on the local tidal conditions. For such
tidal turbine array systems, it is clear that minimizing the drag of the support structure
will be an important feature of the design. As a result, the use of ducts (or shrouds) is
likely to only benefit isolated tidal turbines. The assessment of a specific resource
needs to consider the local flow environment, including the velocity variation with
depth and turbulence intensity and any possible influence of the wave environment.
This report has identified the need to develop specific support structure arrangements
that are well suited for use with tidal turbines. These structures have to facilitate
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installation, operation, maintenance, and eventual decommissioning without imposing
higher costs. The certification methodologies developed for offshore wind turbines
should provide a suitable framework for moving to large-scale applications of this
technology.
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