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Foreword

This Report marks the completion of that phase of the Department of Energy’s
R&D Programme in which the Energy Technology Support Unit was charged with
assessing the contribution that wave energy could make to energy supplies in the
United Kingdom. At the beginning of the programme, in 1974, waves were seen
as a very substantial source of energy, but there were large gaps in understanding
how to exploit this resource. There were uncertainties about the nature of waves
and of the principles of extracting energy from them, experimental methods were
not well developed, and the practical problems of building a useful energy
converter were poorly understood.

These problems were tackled in two main ways: original design concepts were
developed by means of experimental work and design studies; at the same time,
programmes of supporting work of value to all devices were carried out, for
instance, on the wave climate, mooring, materials, etc. The teams engaged on this
work were from University, Industry and Government research laboratories,
supported, when appropriate, by engineering contractors and consultants.

The whole programme cost approximately £15M, and it is impossible in this short
report to convey the high quality of the work carried out if only because of the
sheer quantity of information produced. As a result of this programme, there has
been an immense increase in the understanding of all aspects of wave energy
technology, which is a tribute to the dedication and skill of the scientists and
engineers involved.

It is sad that, at the end of the programme, wave energy is left as one of the less-
promising renewable energy resources.

| would like to express my thanks to the former Manager of the Programme, Mr.
C.0.J. Grove-Palmer, and to the present Manager, Mr. P.G. Davies, for their
dedicated work. | would also like to thank Mr. Davies, Mr. M. Cloke, Mr. K.A.
Major, Dr. D.I. Page and Dr. R.J. Taylor for their work in preparing the Report, and
the past and present members of the Wave Energy Steering Committee for their
advice and time freely given over the years. Thanks are also due to the many
Department officials — especially the four Chief Scientists — who have been
associated with the programme, with a particular mention for the present
Departmental Programme Director, Mr. W. Macpherson, who has helped with the
preparation of this report. Finally, it is worth repeating that the Programme was
made and sustained by the enthusiasm and skill of the scientists and engineers in
the UK Wave Energy Community, and this has been particularly evident to those of
us who have been privileged to be close to the programme and aware of the
quality and ingenuity of their work.

P Iredale
Chairman
Wave Energy Steering Committee
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[ ] Mooring and Anchoring

(] Power Conversion and Transmission

Summary

Introduction

The intensive phase of the Department of Energy’s wave energy research and
development programme ran from 1974 to 1983 and cost approximately £15M.
The basic objectives of the programme were to establish the feasibility of extracting
energy from ocean waves and to estimate the cost of this energy, if used on a
large-scale to supply UK needs.

Programme Content

In order to meet these objectives, a comprehensive programme of work was
carried out in the following main areas:

[] Wave Data

Work on collecting and analysing wave data has advanced our knowledge of
the wave climate considerably. The variable nature of wave energy is now
better understood and the size of the resource is more firmly established.

[ ] Conversion Principles

The most suitable form of energy to which wave energy can be converted is
electricity. At present, the most cost-effective type of converter is likely to use
wave motion to generate an air flow to drive turbines.

[ ] Device Designs

Over three hundred ideas for capturing wave energy were examined. The
most attractive concepts were tested at small scale in wave tanks, and three
were tested in sea conditions at one-tenth scale. Eight devices were taken to
the stage where reference designs for a 2GW power station located off NW
Scotland were produced and costed. This required the development of design
codes for structures and a study of materials and construction techniques, and

a great deal is now known about the sheer scale of the operations involved in
building such stations.

Although mooring and anchoring technology has made advances in recent
years, certain unique requirements of mooring systems for wave energy

converters required special approaches. Significant progress was made on
the design of ‘compliant’ mooring systems.

The particular problems of aggregating power from thousands of individual
generating sets and delivering it via a single transmission line to the Grid were
studied in depth and suitable systems were designed.

vii
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Summary

[] Availability and Maintenance

ii

The economics of wave energy are heavily dependent upon the availability 0
devices and the cost of maintaining them. Mainly through the development
computer modelling techniques, the level and type of maintenance and rep
resources required by wave power stations were determined.

=]

Size of the Resource

When the wave energy programme began, estimates suggested the potential
resource around the UK coast was enormous. It is now evident from wave
measurements and calculations which take account of geographical limitations i
the overall conversion efficiency of the assessed wave energy stations that the
technically achievable UK resource does not exceed 6 GW mean annual power.
This is equivalent to approximately 50 TWh of energy per annum or 20 Mtce pe
annum representing about 6% of the total current primary demand for energy irl
the UK. This achievable resource will probably be further limited in practice by
environmental and economic constraints. '
Cost of Wave Energy

The cost of energy produced by the various devices was assessed by Consultzils
using cost data from the 2GW reference designs. The assessment concluded t
there was only a low probability of any design achieving an energy cost below
8p/kKWh (in May 1982 money values). l

Economics of Wave Energy

In January 1982, ETSU produced its ‘Strategic Review of the Renewable j
Technologies’ which made an economic analysis of all renewables including wae
energy. It concluded that the overall economic prospects for wave energy looked
poor when compared with other electricity-producing renewable energy

technologies. An up-dated analysis in 1984 confirmed this conclusion. '

In the light of the Strategic Review, the Advisory Council for Research and
Development for Fuel and Power (ACORD) concluded in March 1982 that larg
scale prototype work was not justified and that the programme should be redu
The Department of Energy decided therefore to fund a small research programme
to see if progress could be made which might justify larger-scale work in later
years. Research work continues to be funded at the Universities of Edinburgh, '
Belfast and Lancaster and SEA Ltd. at Coventry.

The Way Forward l

The work carried out in the programme has indicated that constructing and
maintaining wave power stations necessary for large-scale exploitation of the
resource would present formidable tasks. The diffuse nature of the energy and
remoteness from industrial centres and consumers are major factors contributing
the unattractiveness of large-scale wave energy relative to other energy source
renewable and conventional. Smaller scale wave energy might, however, havei
brighter future in remote locations where the competition comes from expensiv
fuels such as diesel.
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Summary ix

The Department is currently supporting work by SEA Ltd. directed towards a small-
scale version of the CLAM device. In addition, the Department of Trade and
Industry has supported a feasibility study of a small-scale demonstration of the NEL
Breakwater device. These and developments overseas will be studied carefully;

any re-assessment of the application of wave energy on a large scale must await
the demonstration of its viability at these smaller scales.




Introduction

1.1 Wave energy is created when winds caused by solar energy interact with the
surfaces of the oceans. The largest concentration of wave energy on earth is
between latitudes 40° and 60° in both the northern and southern hemispheres
where the winds blow strongest. Because wave energy increases with the
distance, or ‘fetch’, over which winds interact with the ocean, the UK, at the
eastern end of long fetches across the Atlantic and in the 50° latitudes, has a
potentially large wave energy resource.

1.2 Numerous ideas for converting wave energy to a more suitable form of
energy have been proposed in the past but none was sufficiently attractive to
warrant development to the exploitation stage as long as fossil fuels remained
cheap and plentiful. Within the last decade, however, the realisation that the era of
cheap energy might be over has given fresh impetus to the study of renewable
sources of energy, especially wave energy.

1.3 From a situation in the early 1970s of very limited knowledge of wave energy
conversion and crude estimates of what appeared to be a vast energy resource, a
research and development programme, largely funded by the Department of
Energy, has advanced wave energy knowledge considerably. Very much more
quantitative information is now available and many uncertainties have been
eliminated or reduced. Unfortunately it has been shown that wave energy is, at
present, not economically attractive for large-scale power generation when
compared with conventional and other renewable energy sources.

1.4 The UK has always had more wave data available than most other places in
the world but even so it is difficult to make a definitive estimate of the size of the
resource. By analysing existing data and gathering new data from possible wave
power station sites, it has been possible to show that, in principle, wave energy
might make a significant contribution to UK energy needs. Chapter 3 explains the
way in which the resource has been calculated and Chapter 4 discusses the
principles by which it might be converted to useful energy.

1.5 Wave energy would most conveniently be converted to and distributed as
electricity. The programme therefore set out to study concepts of devices which
could form a wave power station and supply electricity in bulk to the UK Grid.
Preliminary study of such devices led through a number of stages including small-
scale model testing and large-scale sea trials to full-scale designs. In the latter
stages of the programme, estimates of the cost of energy produced from waves
were made by costing large-scale power stations designed by each device team.
The common requirement for these ‘reference’ designs was that the station should
be capable of delivering 2GW for 5% of the year and be located off South Uist in
the outer Hebrides. By choosing this size, advantage could be taken of economies
of scale even though 2GW is not necessarily the optimum rating for a wave power
station. The costs quoted in this report are from the 1983 assessment report
produced by the Department's Consultants, Rendel, Palmer & Tritton. Chapter 5

describes the most promising devices, the generating costs of which were
assessed.
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1.6 The wave energy programme also studied many of the problems common to
all wave energy devices including:

Structure design (Chapter 6)

Mooring and anchoring (Chapter 7)

Power conversion and transmission to shore (Chapter 8)
Availability and maintenance (Chapter 9)

Design of a 2GW power station (Chapter 10)

ODOoodod

Environmental effects (Chapter 13).

1.7 The methodology used for deriving energy costs is described in Chapter 11
and the economic analysis of these costs in the context of the ‘Strategic Review of
the Renewable Energy Technologies'* is discussed in Chapter 12. The Review
concluded in 1982 that large-scale wave energy appeared to be economically
unattractive when compared with competing technologies. It was on the basis of
this conclusion that the Advisory Council on Research and Development for Fuel
and Power (ACORD) made its recommendation that no new development work on
wave energy should be supported, and that the work done in the programme
should be published.

1.8 This report therefore marks the completion of the major phase of the
Department of Energy’s wave energy research programme. Research on wave
energy did not, however, cease in 1982 — the Department decided that a small
programme should continue with the objective of establishing the likely minimum
cost for generating electricity from wave energy from the best of the current types
of devices and any new devices that may emerge.

1.9 The report is almost entirely based on the R&D programme funded by the
Department of Energy which dominated UK wave energy research. Two other
organisations, the Science and Engineering Research Council and the Central
Electricity Generating Board, also funded much smaller programmes and will
continue to do so. Liaison between the separate programmes was very good and
there was a constant interchange of views and results between them.

1.10 The prices and costs quoted in this report are in terms of the value of

money in May 1982, except where otherwise stated.

*Strategic Review of the Renewable Energy Technologies — An Economic Assessment (2 vols. 1982) ETSU
Report R13 (HMSO, London)
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Historical Background to
the UK Programme

2.1 Interest in wave energy increased significantly in the UK in 1974 with the
publication of a report entitled ‘Energy Conservation’ by the Central Policy Review
Staff. This report started from the recognition of the vulnerability of the UK's
energy-intensive economy to disruptions in supply such as those illustrated vividly
by the Middle East crisis of that time. It identified the Government's responsibility to
ensure that as wide a range as possible of energy options should be assessed to
ensure security of energy supplies in the long term. It reviewed the possibility of
developing new contributions to electricity supply from inexhaustible sources of
energy and highlighted wave energy as being an apparently enormous resource.
Its main recommendation was that the first stage of a full technical and economic
appraisal should be put in hand.

2.2 The Department of Energy’s wave energy R&D programme began in
February 1974 with a preliminary study to assess the large-scale generation of
electricity from waves, undertaken by the National Engineering Laboratory (NEL).
Research at Edinburgh University, which later played a significant part in the
Department's programme, actually began in the winter of 1973.

2.3 In 1976 the Department announced the start of a more detailed study with
the dual aims of establishing the feasibility of extracting energy from ocean waves
and estimating the cost of further development. The Energy Technology Support
Unit (ETSU) based at Harwell was asked to formulate and manage the
Department’s programme. The philosophy adopted was that of supporting
experimental teams, each dedicated to the development of a concept, with
freedom to optimise the design of an actual device which used the concept. The
Wave Energy Steering Committee (WESC) was set up to advise on the technical
content of the programme.

2.4 Within a year, progress had been sufficiently encouraging for the programme
to be expanded and by 1978 it covered three areas of work:
[] examination of new ideas for wave energy devices

[] specialist studies related to marine structures, materials, moorings,
transmission systems, wave climate and other ‘generic’ topics

[J one-tenth scale model tests of devices in the open sea.

Scale models of a number of devices were being tested in a specially constructed
wave tank at Edinburgh University.

2.5 Four widely differing concepts were assessed in order to establish the
feasibility of each and its potential for future development:

[] the DUCK (invented by Stephen Salter; developed at the University of
Edinburgh)

the RAFT (Sir Christopher Cockerell: Wavepower Ltd.)
the RECTIFIER (Robert Russell; Hydraulics Research Station, Wallingford)
the OSCILLATING WATER COLUMN (NEL and Vickers Ltd.).

00O
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Historical Background to the UK Programme 7

By late 1978, one-tenth scale models of the DUCK and RAFT devices were being
tested at Loch Ness by Sea Energy Associates (SEA) Ltd and in the Solent by

Wavepower Ltd respectively, whilst smaller scale models of the other two were
being tested in wave tanks.

2.6 In order to ensure that device teams were working to a common basis they
were asked to optimise their respective devices to meet the criterion of a 2 GW
wave power station off South Uist in the Hebrides and to estimate the cost of
electricity generated by such a station. The Consultants, Rendel, Palmer & Tritton
(RPT), assessed the resulting station designs (which became known as the
‘reference designs') and costed, in pence per kilowatt hour (p/kWh), the energy
they would produce. These costs, presented at the Heathrow Wave Energy
Conference in November 1978, were disappointingly high, particularly for the
RECTIFIER. A new device, the FLEXIBLE BAG, appeared to have the lowest
predicted costs of any device assessed. One major outcome of the Heathrow
Conference was the identification of the high cost centres which had to be tackled
to improve the economics of wave energy.

2.7 By the time the second Workshop was held (at Maidenhead in December

1979), new concepts which showed prospects for cost reduction had swelled the
list of devices being studied in depth to:

[] four variations of the OSCILLATING WATER COLUMN

[] the RECTIFIER

[] the FLEXIBLE BAG (Michael French; University of Lancaster)

[] the RAFT

[ ] the CLAM (Norman Bellamy; Lanchester Polytechnic and Sea Energy
Associates)

[ ] The TRIPLATE (Francis Farley; Royal Military College of Science)

[ ] the CYLINDER (David Evans; University of Bristol)

[ ] the DUCK.

In addition, many other concepts were assessed by a Technical Advisory Group of
WESC. Revised costings showed that in many cases the cost of power in p/kWh
had been reduced by as much as a factor of three, but the range of 6 to 12p/kWh,

was still too high to make wave energy economically attractive compared with
other sources of energy.

2.8 In March 1980, ACORD recommended that the number of devices being
studied in the programme should be reduced. As a result, work was concentrated
on the CYLINDER, the FLEXIBLE BAG, and the OSCILLATING WATER COLUMN.
The RECTIFIER, the TRIPLATE and the RAFT were abandoned and only limited
funding was made available for the DUCK and CLAM teams.

2.9 InJanuary 1982, ETSU produced its ‘Strategic Review of the Renewable
Technologies’. This concluded that ‘wave power is likely to be economic only in
those futures more favourable to renewable energy technologies’ and 'Although
wave power could just be economically acceptable at the bottom of its estimated
cost range . . . other electricity generating sources . . . are consistently more
attractive when analysed under the same circumstances.’
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Historical Background to the UK Programme 9

2.10 When it reviewed renewable ener
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Fig. 3.1 Anidealised wave
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Sea Waves as a
Source of Power

The Nature of Waves

3.1 Waves at sea are caused primarily by the interaction of winds with the sea
surface. They represent a transfer of energy from the wind to the sea and the
energy in a wave is a function of the amount of water displaced from the mean sea
level. The energy transferred depends on the wind speed, the distance over which
it interacts with the water and the duration of time for which it blows. Prevailing
westerly winds blowing for long distances over the Atlantic Ocean can generate
waves tens of metres high with over a hundred metres between crests and many
tonnes of water displaced in each wave.

3.2 |Individual waves (Fig. 3.1) can be characterised by their height H; distance
between crests (wavelength) L; time between successive crests (period) T; and
speed, C. A real sea is made up of many individual waves of different H, L, T, and
C, some of which may be generated by local winds and some of which may have
travelled a long distance.

3.3 Waves travel with velocities which depend on their wavelengths — the longer
the wavelength, the faster a wave travels — and in a real sea longer wavelength
components move to the front. This effect is seen in hurricane areas where long
waves generally travel faster than the storm generating them and a hurricane is
often preceded by heavy surf on beaches.

3.4 Waves once formed will continue to travel in the direction of their formation
after the wind dies down and even in a glassy calm the sea can be observed
heaving in a long swell, probably caused by a storm which may have occurred
days before and hundreds of kilometres distant. In deep water, waves lose energy
mainly by interacting with the atmosphere but long smooth swells can persist for
hundreds of kilometres; shorter, steeper seas rapidly die out.

3.5 Although a wave travels rapidly in a direction at right angles to the wave
front, the water itself undergoes oscillatory motion (Fig. 3.2), progressing only
slowly in the direction of the waves. The water particles actually travel in closed
orbits which in deep water are circular. Near the surface the diameter of this circle
is roughly equal to the vertical distance between crest and trough but it decreases
rapidly with depth; in shallow water the orbits become elliptical.

Description of Sea-states

3.6 Inamixed sea, many wave heights and lengths occur simultaneously and
the waves may travel in different directions. Such a sea can only be properly
described statistically, and it is usual to use the root mean square elevation of the
water level for this purpose. A traditional definition closer to the intuitive idea of
wave height is, however, that of ‘significant wave height’ (Hs) which is the average
height of the highest one-third of the waves. In describing the wave period
statistically, ‘significant period’ (T,) is used. This is the average time interval
between successive crossings of the mean water level in an upward direction. Both
Hs and T, are calculated from measurements obtained from a buoy which follows
the rising and falling of the waves and records the elevation of the sea surface over

11




Significant height Hs (m)

Fig. 3.4 The representation of wave data
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Real seas are a mixture of waves of various heights,
periods, wavelengths and directions.

The usual form that wave data take is a record of the
height of the water surface as a function of time at a
fixed position in space.

Wave records are characterized by two ‘average’
parameters called significant wave height Hg (m)
and period T, (secs)

AR S - - .

Hs is defined by Hs = 4 o where o is the root mean
square water elevation.

T, is defined by
=D
Ty= h
where n, is the number of times the water surface
moves through its mean level in an upward direction
in arecord of duration D.

An approximate relationship for determining the
power in KW per metre of wave front is

P=0.55H2.T,

Another representation of wave-data is a scatter
diagram. The numbers on the graph represent the
fractional occurrences of each significant wave height
and period throughout the winter months
(December—February).
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The broken lines show constant power levels.
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Sea Waves as a Source of Power 13
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a period of time. Fig. 3.4 shows a time record of wave heights and illustrates the L
large spread in heights and periods over a short space of time. Annual data for
any particular site are summarised on a ‘scatter diagram’ which for any

combination of Hg and T, shows the number of times it has occurred during the
year. The data generated from buoys are also often presented to show the b
seasonal variation in power and the number of days in a year a particular power b

level is exceeded. Fig. 3.5 shows the location of wave data buoys around the UK b
coast.

|
3.7 Wave directions are usually summarized in ‘directional roses’ of lines drawn - :
through a point on a map to show the directions from which waves arrive at that |
point (Fig. 3.6). The length of a line in a given direction is proportional to the total |
energy arriving from that direction. Directionality is of great importance for wave
energy conversion because devices cannot usually extract energy equally
efficiently in all directions. Precise directional measurements are difficult and
reliable data are available for a few sites only. Theoretical calculations have been
carried out, estimating the sea state from the measured meteorological conditions,
using a model developed by the Meteorological Office and have been validated by
the limited measurements available from wave energy buoys.

Power in the Waves

3.8 The power in a wave is a function of the rate at which its energy is transferred .,
across a one metre line at right angles to the wave direction and it is expressed in i
units of kilowatts per metre of wave front. When, in a practical situation, it is 1
necessary to estimate the total power crossing a line along which a device may be
positioned, the direction of the wave must be taken into account, and the power
crossing a one metre plane in the sea is usually less than that estimated from
measurements made by a buoy which accepts energy from all directions. It is
customary to talk in terms of the mean annual power in the waves (Chapter 10).

3.9 The power in a wave train remains relatively constant in deep water with
small losses arising from the viscosity of the water and interaction with the
atmosphere. In water shallower than about half a wavelength, the oscillating motion
of water particles near the bottom becomes appreciable and there are energy
losses due to friction with the sea-bed.

3.10 As well as causing losses, a shelving sea-bed causes a reduction in wave
speed and may also cause a change of wave direction if the wave fronts appr