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OVER-VI'EW 

Third draft, 
October 1978 

Part of the immense solar energy input to the earth is 
converted by natural processes into energy associated with 
ocean waves. The geographical location of the United Kingdom 
renders it one of the world's most favoured countries with 
respect to the potential availability of wave energy. In 
principle, the waves reaching our coastal waters from the 
North Atlantic might satisfy a considerable fraction of our 
electricity demand provided that reasonably high overall 
conversion efficiencies can be achieved. 

Inventors have recognised the power of the sea for many 
decades, and there has been no lack of ideas on how it. might 
be tapped. Sµt .none of the ideas was developed on a substan
tial scale, since ample and relatively cheap supplies of other 
reso~rces wer~ always available. In recent years, however, 
there has been a growing recognition that - on a world scale -
the presently used forms of energy may become too expensive, 
too scarce or otherwise unavailable to meet our energy needs 
by themselves. The Government's responsibility is to ensure 
that as wide a range as possible of energy supply options are 
available when they may be needed. Research and development 
can provide the necessary technical and economic data on which 
the ultimate choices can be made. 

Within this context, the Government announced in 
1976 the start of an R&D programme on wave energy for which 
the first phase was to be a feasibility study lasting for 
two years. The funding level has been increased twice since 
that time to maintain the momentum of the programme in the 
light of technical progress. 

The programme has had three main components: 

exploratory development of several different 
engineering concepts of wave energy converter 

supporting research in relevant engineering and 
scientific areas: 

the collection and analysis of wave data 

analysis of the structural response to wave
induced motions 

mooring 

energy conversion and transmission 

environmental aspects 

working up preliminary reference designs of 
full scale stations for technical and economic 
appraisal. 

(i) 
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The purpose of this paper is to review the present 
state of knowledge of wave energy in the light of the 
achievements of the first two-year phase of the programme. 

The development of· the· converters 

Four potential designs of converter were adopted for 
initial study, since the sparse data available were insuf-. 
ficient to enable a single concept to be chosen with 
confidence. Proposals for alternative concepts are 
received on a continuing basis and are assessed against a 
number of criteria: two of them have so far been added to 
the programme in order to explore new principles. 

Apart from basic technical differences the six designs 
differ from each other in their degree of complexity and 
their state of development, as described in Chapter 3. Work 
on two of the designs has been advanced from laboratory wave 
tanks to the testing of 1/10-scale models in natural open 
water at Loch Ness and in the Solent: For all the designs, 
a combination of theoretical studies, laboratory work and 
engineering appraisal has clarified the factors which will 
prove to be the most crucial in determining which of them 
could be chosen for more extensive development. 

The programme has progressed from establishing the 
scientific feasibility of wave energy converters to 
confirming the engineering feasibility of designing and 
building some of the designs. In very broad terms: 
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the early part of the programme placed considerable 
emphasis on optimising the efficiency of extraction I 
of the wave energy and proving the scientific 
feasibility 

the present stage is concerning with the technical I 
viability and is identifying the main cost centres 
in the designs, which can then be tackled by 
further R&D I 
the immediate future must also place emphasis not I 
only on the problems of construction, operation 
and maintenance, and of ways in which unit costs 
may be reduced, but also on the ability to survive 

1 in the most severe wave conditions. 

Whilst the technical feasibility of some types of 
converter has been established, we are far from the stage I 
of recommending that a full scale generating sta~ion should 

- be built. Of the four- original concepts, no single design 
has yet emerged which is outstandingly better than the other 

1 designs when all factors are taken into account. 
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The designs have changed considerably in the course of 
the feasibility study, and a continuing process of evolu
tion can be expected as in the early stages of any 
technical development programme. The optimum design may 
emerge from further changes in one of the original concepts, 
from a synthesis of ideas or from an alternative concept. 
The wave energy is distributed over a wide frequency and 
energy bandwidth and no design has yet been optimised to 
operate at or near peak efficiency over the whole spectrum. 
However, one of the new concepts introduced into the 
programme recently may offer significant advantages in this 
;espect. There is scope for much more engineering appraisal 
and for innovative thinking before we can be sure whether 
wave energy can be added to the United Kingdom's policy 
options or whether it should be rejected. 

Supporting research 

The extent of the available data on waves in the sea 
areas of primary interest is inadequate as yet for the 
full assessment of the resource. A start has been made in 
collecting and analysing new data, which will take several 
years to reach a satisfactory level. The results so far 
confirm the general point that the locations around the 
United Kingdom with the most abundant wave energy lie to the 
west of the Outer Hebrides, where several hundred km of sea
room are available with average annual power levels in the 
range 35-70 kW per metre of wavefront. 

The majority of the designs under consideration are 
free-floating and the converters would operate on or near 
the water surface - one of the most hostile en~ironments 
for engineering structures. The ultimate feasibility, 
technical and economic, of all designs of floating 
converter will depend upon extensive further work on 

·mooring and anchoring. Wh±lst _over-designed mooring 
systems based on present knowledge have allowed the open 
water trials to proceed with the objective of gaining 
experience, the existing knowledge is not adequate to 
design cost-effective mooring systems which will ensure 
survival at full scale under storm conditions. 

Considerable progress has been made in asses~ing and 
understanding suitable energy conversion and transmission 
systems for the various designs of converter, but much· 
more remains to be done to arrive at the most cost-effective 
solutions. The general engineering difficulties are quite 
basic and are related to the properties of the natural 
wave spectrum: 

the conversion system must be able to handle 
large short-term variations in the instantaneous 
power level 

(iii) 



the peak power level (of the order of 10,000 kW 

per metre) can be many times greater than the 

average power level (a few tens of kW per metre) 

the primary output is not in a form which can be 

handled conventionally (it is, of course, variable 

with time in a complex way). 
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I Moreover, apart from the randomness, other general 

problems arise from the low energy density of the input and 

the relatively low speeds and frequency of movement induced 

by the waves. Engineering devices to transmit large amounts 

of energy under such conditions must themselves be large, 

heavy and expensive. The efficient generation of electricity 

requires machinery operating at telatively high and prefer

ably constant speed. The transition from the one regi~e to 

the other appears to be more straightforward for systems 

involving air turbines than for those which do not: some 

designs of converter may prove to be intractable in this 

respect. 

11 

Many possible forms of energy transmission to the 

mainland have been reviewed, as summarised in Chapter 6. 

Whilst it has been recommended that several options should 

be kept open in the continuing studies it is likely that 

most attention will be given to electricity. The overall 

flow of energy from the waves to a final user connected to 

the electricity grid involves many separate steps, each of 

which can involve loss of some of the energy. This can 

have a considerable influence on the system economics and 

further work in this area will need to concentrate on both 

reducing the number of steps and increasing the efficiency 

(including the directional efficiency of the converters 

themselves) of those which must remain. Unless this can be 

achieved the usable resource will be only a small proportion 

of our needs; ~ome pointers to subtantial improvements are 

beginning to emerge. 

Environmental studies have not revealed any major 

detrimental effects of the converters provided they are 

well offshore. More information is needed on the behaviour 

of salmon and herring off the Outer Hebrides to confirm that 

the fisheries would not be affected significantly by the 

widespread installation of converters. 

Concluding remarks 
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The costing studies of the reference designs which have I 
been evolved so far indicate that wave-produced electricity 

is likely to be expensive compared wi~h either nuclear or I 
fossil · fuels unless some major breakthrough in the 

engineering can be achieved. However, this does not imply 

that the possibility of wave energy should be abandoned at 

this stage. It must be emphasised that the subject is still I 
at a very early state of development and many unknown factors · 

remain to be resolved. Under these circumstances, wave energy 
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is best regarded at present as a possible insurance 
technology - the consequences of failure of one of our 
existing major energy supplies are so severe that it is 
worth paying a considerable insurance premium to explore 
fully the alternatives. Nevertheless, the .evidence from 
the feasibility study so far does not allow a recommenda
tion for a full-scale development programme to be made at 
this time. Much more can be achieved to explore and then 
to narrow the design choices by continuing work at about 
the 1/10-scale coupled with, on the one hand, limited 
trials of some critical components at larger scale and, on 
the other hand, further creative engineering on the drawing 
board and laboratory work in a new generation of wave tanks, 
(of which the forerunner has been successfully commissioned 
at Edinburgh University). 

The programme has generated a broad basis of knowledge 
of all aspects of wave energy which did not exist before, 
so that we can now identify clearly the critical problems 
to be tackled by further work. It has also created a 
national asset in the form of a substantial body of 
engineers and scientists who have become conversant with 
wave energy and are dedicated to finding a successful 
solution, if one exists, to all the problems. The prize 
of a substantial, relatively non-polluting and renewable 
energy source remains as a spur to their ingenuity, but 
we now know that it will not be won easily or cheaply. 

(v) 
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1. INTRODUCTION 

Wave energy is a derivative of the solar energy input 
to the earth, which is accumulated on open water surfaces 
by the action of the winds. The world - wide wave power 
potential can be related ·to the distribution of winds: the 
strongest winds are located approximately between latitudes 
40° and 60° in both the northern and southern hemispheres, 
with a small number of subsidiary localised areas at about 10°. 
The equatorial regions are comparatively free of wind and 
the polar regions are either ice bound or continental. The 
eastern sides of oceans in the main wind belts, being the 
downward ends of the fetches, have the highest concentrations 
of wave energy. It will be seen, therefore, that the UK, 
geographically located on the eastern side of the Atlantic 
Ocean and in the right latitude, is one of the world's most 
favoured countries with respect to the potential availa
bility of wave energy. 

Although the existing wave data on a world basis are 
sparse the UK, being a maritime nation, has rather more 
data available than elsewhere. Although, as will be shown 
in Chapter 2, the amount of detail is as yet insufficient 
for the final design and installation of wave powered 
generating stations, nevertheless substantial visual and 
some instrumental observations (for example from Ocean 
Weather Ship 'India' stationed at 59°N, i9°w in the North 
Atlantic, s ee Fig 2. 14 ) over a number of years made it 
possible to arrive at a general figure for the amount of 
wave energy which may be available. The data suggested in 
the early 1970's that the average wave energy to the north
west of the UK could be about 70 MW/km of wave frontage . 
Since, in principle, several hundred km frontage of 
generating stations would be possible, it appeared that wave 
energy, if converted to electricity, could satisfy a 
considerable fraction of our electricity demand. 

Furthermore, in the idealised situation of a constant 
wind speed of, say, 20 knots, and a 50 per cent efficient 
extraction device, the wave energy beneath the winds could 
be extracted about every 25 km. Theoretically , therefore, 
one would not be limited to a single line of extraction 
devices, but could envisage several relatively parallel 
lines extending at intervals of 25-100 km well out into the 
ocean. The design of the stations more distant from the 
shoreline would almost certainly have to differ from those 
closer inshore: the possibility has not been pursued as 
yet, but this could present an increasing resource in the 
long-term future if the early development work is success
ful. 

1.1 HISTORICAL DEVELOPMENT OF THE UK PROGRAMME 

Waves are irregular in size and frequency. Moreover 
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the surface of the sea is one of the most hostile environ
ments for engineering structures and materials . However 
there has been no lack of ideas on how to recover wave 
energy for useful purposes . Several hundred patents were 
granted in the UK over the past hundred years or so 
relating to wave powered generators . 

Government interest in the UK in wave energy began 
formally in 1974 with the publication of a report entit led 
"Energy Conservation" by the Central Policy Review Staff . 
This report started from the recognition of the vulnera
bility of the UK's energy intensive economy to disruptions 
in supply which had been illustrated vividly by the ½iddle 
East crisis. In reviewing the possibili ty of developing 
new contributions to electricity supply from inexhaustible 
supplies of energy , the report highlighted wave energy and 
recommended that the first stage of a full technical and 
economic appraisal should be put in hand. A detailed 
introductory assessment of the large scale generation 
of electricity from ocean waves was initiated in February 
1974 at the National Engineering Laboratory by the newly 
formed Department of Energy . Based on the results of this 
review the Government announced in April 1976 the start of 
a two-year study costing about ElM, the aim of which was 
to establish the feasibility of the large scale extraction 
of power from sea waves and to generate information which 
would enable the cost of further development to be estimated . 

The properties of ocean waves wh ich are likely to be 
most relevant to the extraction of energy are : 

variations in the slope and height of the 
travelling waves 

subsurface pressure variations 

subsurface fluid particle motion . 

The careful classification of energy extract i on concepts 
in the NEL assessment led to the choice of the first of 
these properties as the main basis for the Government-
funded study . Whilst this continues t o be the case, some 
attention has been given to the possible attractions of 
using the other properties and work on two promising 
concepts is described later. 

At the start of the study the information available 
was insufficient to allow a firm choice of a single engineering 
concept to be made from the wide variety which was possible . 
Consequently it was decided that four basic designs should 
be investigated, utilising r adica lly different concepts for 
the primary conversion of the wa~e energy to mechanical 
energy . It was anticipated that as the work proceeded it 
would b~ possible to narrow the choice progressively until 
the optimum system remained for final development . Such a 
final choice has not yet been made . 

l. 2 
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The four designs which formed the major part of the two

year programme are: 

oscillating vanes ('ducks') 

invented by S H Salter at Edinburgh University 

and studied further there and by Sea 
Energy Associates Ltd. using effort based at 
Lanchester Polytechnic 

wave contouring rafts 

invented by Sir Christopher Cockerell and 
studied by Wave Power Ltd. 

oscillating water columns . 

studied at the National Engineering Laboratory 

wave rectifiers 

invented by R CH Russell and studied at 
the Hydraulics Research Station. 

These are described in Chapter 3. 

The engineering research on the converters has been 

supported by general research in several problem areas common 

to all of them, for example: 

the collection and analysis of wave data 

studies of the effect of wave forces on the 
structures of the devices 

anchoring and mooring problems 

power generation and transmission to shore 

the environmental effects. 

This work is described in Chapters 2 and 4- 8 , and a list of 
the main contractors is shown in A~pendix 1. 

At the end of the first year, by April 1977, the 

progress had been sufficiently encouraging for the Government 

to decide that the programme should be increased from a funding 

level of £1M to £2.5M. This would allow further work on the 

collection and analysis of wave data, on the effect of the 

waves on the structures of the converters, and further 

work on forms of transmission of the energy to shore, an 

extension of the engineering testing to the 1/ lOth scale 

in natural waves in open water, and the construction of a 

new wave tank at Edinburgh University in which mixed sea 

conditions could be simulated for more relevant small-scale 

experiments. An additional £2.9M was allocated in June 1978 

primarily in order to extend the dev elopment work at 1/ lOth 
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s c a 1 e in open water but also to allow some preliminary 
development and testing of vital components at a larger 
scale . The state of knowledge was not yet sufficient to 
allow development and demonstration of complete larger 
scale converters to proceed, or to narrow the choice with 
confidence . It is intended that the programme will be 
reviewed annually from the Spring of 1979 and , if justified 
by progress , it could build up substantially over the next 
three or four years to the much higher level of expenditure 
which would be requ i red in order to verify as quickly as 
possible a single design on which resources could then be 
concentrated . It is possible that the optimum design may 
not be one of those on which the programme was based 
originally , but will evolve from an amalgam of ideas 
through interactions which are already taking place 
within the programme and from the introduction of 
completely new concepts as noted in Chapter 3 . 

1. 2 PROGRN-'lMES IN OTHER COUNTRIES 

Considerable progress has been made in Japan over 
about the same period of time. There the 
development effort has concentrated on the concept of 
an oscillating water column for the transfer of energy 
from the waves to air as the working fluid to 
drive a turbine . Pioneering work by Masuda has led to the 
installation in Japanese waters of more than 300 generators 
in the 70 - 120 watt region of output for powering light 
buoys and lighthouses . A study of large wavepower gener
ators began at the Japan Marine Science & Technology Centre 
in 1974 , based upon Masuda ' s ideas . After two years of 
basic study and work with small models in water tanks , a 
large scale device was developed in 1976 , named Kaimei . 
Its maximum output was expected to be about 2 MW in a sea 
state characterised by a wave height of 3 metres. Prelim
inary trials up to a power level of 0 . 6 MW in the Sea of 
Japan are scheduled for the autumn of 1978 . These will be 
followed by more extensive trials in the autumn of 1979 , 
in which the UK will part i cipate :thro_ugh the International 
Energy Agency. 

A Working Party on Ocean Energy Systems of the 
Internat i onal Energy Agency was formed in March 1976 in 
order to bring together those member countries of the OECD 
which had a common interest in developing a range of ocean 
energy sources. This led to the formal sign i ng of an 
agreement for a co l laborative programme on wave energy 
in May 1978 , the participants being Japan , USA , UK and 
Canada . Some further details of t his programme are given 
in Chapter 3 . Other countries which are known to be 
developin? an active interest in wave energy are Eire 
and Norwav. 

1. 4 
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1.3 ORGANISATION AND AIMS OF THE UK PROGRAMME 

The organisation of the Department of Energy programme 
is shown in Figure 1.1. It is managed by the Energy 
Technology Support Unit on behalf of the Department of 
Energy, with advice from the Wave Energy Steering 
Committee (WESC) the composition of which is shown in 
Appendix 2. Broad guidance and advice on the recommen
dations of the committee are provided by ACORD (the 
Advisory Council on Research & Development of Fuel and 
Power) which is under the chairmanship of the Chief 
Scientist. The work of the committee and of the converter 
development teams has been supported in the general 
research areas through a series of Technical Advisory 
Groups (TAGS), - see Appendix 3. 

Some basic research on novel forms of wave energy 
converter is supported by the Science Research Council, which 
is represented on the Wave Energy Steering Committee. If 
they continue to show promise at the stage when the Councilts 
support becomes no longer appropriate, further exploration can 
be incorporated as part of the main wave power programme. 

This paper is an updated survey of the state of the 
art on wave energy technology, based upon the very considerable 
progress which has been made since the original NEL survey in 
1974. It is essentially a progress report on the original 
2-year feasibility study set up by the Department of Energy. 

The main achievement of the 2-year programme has been 
to progress from establishing the theoretical feasibility of 
wave power, by very small scale experimental work in . 
laboratory wave tanks, to a first examination of the 
engineering feasibility and cost . including exper:1e_:1_i;::E:_ of 
larger scale models in a scaled but real sea environment. 
In general terms, the aims of the original £1M programme 
have been met, but there is still much to be achieved 
before wave energy could become an engineering reality. 
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FIGURE 1.1 The Organisation of the 
Department of Energy R&D 
Programme on Wave Energy 

ACORD = Advisory Council on Research & Development 
for Fuel and Power 

ETSU = Energy Technology Support Unit 
WESC = Wave Energy Steering Committee 
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Although the main elements of the programme have 
been towards the possibility of developing a significant 
contribution to our electricity supply from wave energy, 
this is not the only way in which wave energy could be 
used. It is possible in principle, for instance, that the 
output could be used locally to produce essential, energy 
intensive materials such as fertilisers. These possibi
lities are being kept under review. Whatever output is 
finally decided on it is quite evident that wave power will 
not be won easily. The work so far has highlighted a need 
to push many aspects of engineering beyond the existing 
state of knowledge into novel operating regimes. However, 
the size of the resource continues to present a tempting 
prize. 

Within th~ context of the overall strategy outlined 
in the 1978 Green Paper on Energy Policy (Conunand 7101) 
the renewable sources of energy, of which wave energy is 
one, can be regarded as potential sup pl ements to our energy 
supplies or as insur a n ces against possible physical shortages 
of energy in the long-term future (for instance possible major 
shortfalls in the contributions from nuclear power or coal 
in the early years of the next century). 

The concept of wave energy as a supplementary supply, 
for instance of electricity, implies that it could be fore
seen as becoming competitive with other sources of electricity . 
As will be seen later in the paper, the predictions so far 
on the cost of wave-produced electricity are tending to 
confirm the original views expressed in the CPRS paper in 
1974 that it is likely to be considerably more expensive 
than nuclear power. Whilst an important aim of a continuing 
research and development progranune must be to reduce the 
predicted costs, wave energy is better regarded as an 
insurance technology. 

I
· Because of the substantial amounts of wave energy 
potentially available, it could be an important insurance 
technology amongst the renewable sources. Further research 
and development are therefore justified on these grounds in 
order to remove uncertainties . so that a decision can be 
reached as soon as possible on whether wave energy could 
be incorporated as a firm element of energy policy. 

Thus the general aim of the on-going wave power 
progranune will be to develop the technology to a stage 
where its technical feasibility has been examined fully 
and the cost of the power is known with some confidence. 
If all goes well, it is possible that this aim eventually 
will require the construction of a prototype wave powered 
generating station of a few tens of megawatts delivering 
power to the shore. However the Government is not yet 
conunitted to that stage and the more inunediate short term 
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objective is to provide sufficient basic engineering 
and other data to be able to make a choice of the most 
appropriate design on which detailed development could 
then begin if the economics look suffic i ently favourable. 

Nothing has emerged in the programme so far which 
would quest i on the ultimate technical feasibility of wave 
energy technology . Whilst the limitation to making 
faster progress is the state of the technology involved 
rather than the l evel of funding which has been made 
available, nevertheless it is hoped that this report will 
demonstrate clearly the very considerable progress which 
has been made in our understanding during the past two years 
as a result of the ded i cation and enthusiasm of all those 
taking par t. · 
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2. WAVE DATA 

A basic knowledge of the properties of waves and of the 
sources of wave data is so fundamental to an appreciation of 
all aspects of wave energy converters that it is essential 
for the first of the technical chapters of this report to 
deal with this subject. The development of the required data 
and the formulation and prosecution of a relevant research 
programme are the responsibility of Technical Advisory 
Group 2 of the Wave Energy Steering Committee 
(see Appendix 3). After a brief 
description of the appropriate aspects of wave physics, this 
chapter will outline the work which is being supported through 
TAG 2. 

2.1 WAVE PHYSICS 

Waves are disturbances in the water surface. We are 
interested primarily in progressive waves, which carry energy 
from one place to another, rather than standing waves which 
form when waves are reflected from objects. The larger waves 
carry most energy. 

In order to consider the relevant properties, it is 
useful to start from an ideal wave in deep water. The wave 
is assumed to be sinusoidal, small amplitude, monochromatic 
and to have straight wave-fronts (Figure 2.1). The wave 
speed (or phase speed) is 

C = L 
if• .. eqn 2 .1 

It is possible to obtain some useful relationships 
from a mathematical consideration of the general properties 
of fluids. For instance: 

c2 
= ~ tanh Kh ean 2.2 

where K is the wave number ~i , his the water depth and 
g is the gravitational acce~ration (9.81 m.s-2 ). 

If Kh is large, for deep water , tanh Kh = 1, so 

== 
gL 
2ir . . eqn 2. 3 

This is an important property of deep water waves - the 
speed i s p~opo r tional to the square r oot of the wavelength . 
Thus the longest waves from a distant storm reach the shore, 
or a converter, first. The speed of a group of waves, on· 
the other hand, is half the phase speed. Waves start at 
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the back of the group and die out at the front. Knowledg e 
of the speed is vital for wave forecasting~ 

Combining equation 2.3 with equation 2.1 g i v es 

L = 
gT2 
2TI • • eqn 2. 4 

and C 
gT 
2rr . . eqn 2. 5 

Thus, for these ideal waves the speed in metres per 
second is 1.6 times the period in seconds and the wave
length in metres is 1.6 times the square of the perio d 
in seconds. It must be stressed that this only approx i
mates the behaviour of real waves. 

To make the situation more realistic, one can 
consider next the effect of shallow water. If the 
depth is small, Kh is small and tanh Kh ~ Kh so that 
equation 2.2 reduces to 

c2 ~ gh. eqn 

Thus t he sp eed is now pr opor tiona l t o the squar e root 
of t he depth . Wave s can be focussed o r bent by the 
pr ocess of r efraction if the depth is changed . A 

common e x ample is the fact that waves near a beach are 
almost always parallel to it (see Figure 2.2). The 
part of the wavefront in deep water moves faster than 
that in shallow water and the wavefront swings round. 

Waves can also be focussed by .undersea hills and 
sand banks. It has been suggested that artificia l 
·undersea plates could focus waves onto wave energy 
converters or collectors, with the idea of using fewe r, 
larger installations. This suggestion may not ha ve 
much relevance to the UK wave energy programme because 
of the large tidal range around the coasts and the 
absence of suitable estuaries to focus the waves into . 
In addition, non-linearities may reduce the efficiency 
of the process. The possibility is, howev er, being k ept 
under review. 

( ' ~ ' What are meant b y the e xpressions deep and shallow? 

2. 6 

It is usua ll y accepted that deep water is whe r e the depth 
is grea ter than half a wav elength. Shallow wa ter sta rts 
where the depth is less than a bout 1/ 20 of the wavelength. 
In between there could be up to about 20 per cent error 
in the use of the e0u a t ions 2 . 3 to 2. 6 . 

The waves considered so far have had rel a tivel y small 
heights compare d with their wavelengths. Steep waves are 
not sinusoida l but hav e the shape of a rounded tro cho id 
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(Figure 2 . 3) . Whilst they are not common in real seas , 
they are important because they are closer than small waves 
to the breaking phenomenon. 

Such waves have a maximum steepness (H/L) of 1 . 7. 
The steepest angle Sat the crest is 120°, beyond which 
the waves starts to break . The steepness in deep water 
is determined largely by the energy input to the sea -
high winds raise steep waves which become shallower with 
time . Large breaking waves have , in the past , caused 
considerable damage to ships at sea . The forces on 
structures due to breaking waves a re being examined in 
the wave energy programme: means of minimising them at 
the converter design stage including t~e development 
of converters which operate below the surface or which 
will submerge in heavy seas . 

The energy in a wave 

The theoretica l derivation of the energy in a wave is 
a compl ex matter . The following simplified treatment 
produces some useful relationships . 

In the idealised wave represented in Figure 2 . 1 , the 
mass of water in the upper half of the wave is 

X p L H 
2n 

where p is the density of water . The height of the centre 
of gravity is nH above the mean level and so the change 
in potential T6 energy when a crest 'falls into ' a 
·trough is 

X p L H 2 n H 
. g . 

2 'TT 16 1 6 

This energy is required to deform the water surface . Kinetic 
energy a l so is present because of t he wave motion , and in 
deep water the kinetic energy is equal to the potential 
energy . Thus the total energy per metre of wave front is 

2 g p L H 
8 

and the power (rate of transfer of energy) is 
2 g p LH 

16 T 

since the wave ene rg~ travels at the ~rou~ velocity . 

Combining this with eauation 2.4 qives: 
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power as a function of wave height and wave length 

~ per metre 

or power as a function of height and period 

T 
1f 

The energy distribution in a wave 

per metre 

.. eqn 2.7 

. . eqn 2. 8 

Although a wave travels with a constant speed the 
water in it does not move at the same speed, or even in 
the same way as the wave front. In fact the motion of a 
water particle is roughly circular in deep water and this 
is why a light object is not pushed along appreciably by 
small waves. Another important point is that the amount 
of water movement decreases rapidly with depth and the 
energy content falls off rapidly as a consequence. The 
water particles move in circles whose radii are propor-

-2,rd 
tional toe -r- as shown in Figure 2.4 (a). For example, 

at a depth of half a wavelength the radius is reduced to 
1/23 of the radius at the surface. 

The fraction f of the wave energy existing between 
the surface and a depth dis 

f = 1 - e ( 4 ,rd ) 
L 

.. eqn 2.9 

so that, for instance, over 95 per cent is present in the 
first quarter wavelength down. 

The pressure fluctuations in deen water 
due to a wave passing over obey a similar exponential 
law to the particle motion, and at a depth of half a wave
length the fluctuations are 1/23 of the pressure fluctuations 
near the surface. In shallow water the fluctuations do not 
decay with depth, and the particle motions become elliptical 
as shown in Figure 2.40b). 

Despite these relationships, it may be possible in principle 
for converters to extract significant energy at depths well 
below the surface, and a relevant design .which is being 
studied is noted in Chapter 3. 
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Wave momentum 

Converters which extract energy from a wave also destroy 
momentum, and this gives rise to a force on the body of the 
converter . If Fis the average force per unit length on a body 
when absorbing all the energy in a wave, then the force exerted 
when the body reflects all the energy is 2F, and the force when 
it transmits all the energy is zero . Wave energy devices are 
usually neither perfect absorbers nor perfect reflectors , and 
there is a net mooring force . In deep water -

F = .. eqn 2.10 

For example, a 3 m wave would, if perfectly absorbed, 
exert an average force of 5.6 tonnes per metre of wave
front on the body absorbing it. 

However, waves can also exert other forces than those 
due to the destruction of momentum . The force due to a 
head of water produced by a wave can be large and that 
produced by a breaking wave can be very large. The mooring 
forces on wave energy converters are likely to be many 
times larger than those experienced by ships . Ships 
moored in a storm turn into the prevailing wind (and wave) 
direction so that the area exposed to the waves is as small 
as possible. In addition , ships are designed to 
absorb as little wave energy as possible. The 
subject is treated in more detail in Chapter 5 . 

Real waves 

The waves described above are idealised models of those 
which exist in the sea . Reals waves are a mi x tu r e of heights, 
periods, wavelengths and direction and the proper analytical 
use of wave data requires a statistical approach . 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 . Figure 2 . 5 shows a typical record . From this the 
height and period can be obtained as fo l lows. 

If Yi is the water level at instant i relative to the 
mean water level then the root mean square elevation 

a rn
\ 

2 . 
= 

\ 

.. eqn 2 . 11 

where the average is over n samples of the water height , 
subject to the proviso that the samples are closer in time 
than half the highest period present in the record . 
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A traditional definition closer to the intuitive idea 
of wave height is that for the 'significant height'. This 
is the average height of the highest one third of the wav es. 
Similarly, the 'significant period' is the average period of 
these particular waves . (The "one third" referred to is the 
third of the total number, not one third of the height.) 

H t and T t defined in this way are, however, unsatis
factory in practice. Not only are they inconvenient to 
measure by modern methods, but the definition of "a wave" 
causes confusion , and they cannot be related exactly to any 
other wave parameters in a real sea. Thus, most workers now 
use a significant wave height parameter Hs defined by 

Hs = 4 er eqn 2.12 

and a wave period T
2 

called the "zero-crossing period" 
and defined by 

Tz = n 2 / D ean 

where n 2 is the number of times the water surface moves 
through its mean level in an upwards direction in a record 
of duration D seconds. 

2.13 

When there is only a narrow range of frequencies present, 
Hs = H-} and T 2 = T f , but this is only approximately true 
for a real sea. 

The power (in kW per metre of wave front) then approxi
mates to 

p ~ 0.55 H~. T 2 

(cf. equation 2.8). 

.. eqn 2.14 

Whilst this can be a useful rule of thumb, calculating 
the wave energy from Hs and T2 is not a very accurate 
procedure because the sea frequently contains waves of 
quite different heights and periods which obviously cannot 
be represented accurately by one pair of parameters. A 
record of water level versus time can be turned by the 
process of Fourier transformation into a spectrum, as in 
Figure 2.6, where they coordinate is a measure of energy 
density and the x coordinate is frequency. This shows that 
most of the waves have frequencies f of N 0.1 Hz , which 
corresponds to periods of rv 10 seconds. 

Theoretical spectra can be calculated and compared with 
real spectra. The Pierson-Moskowitz spectrum is widely used , 
and is applicable to a fully developed sea, that is, one 
where the wind has been blowing in a constant direction for 
a long enough time for the waves to have stopped growing. 
Figure 2.7 shows the shape. 

With this spectral form it is possible to de riv e a mode l 
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wave c limate fro m the wind sp ee d , and the analytic form of 
the spectrum is useful for predicting the performance of 
converters in more real istic seas. 

The shape of the spectrum is 

- ('4.20 ) 
S(f) = 5 10- 4 f-S e ~ 

where W is the wind speed in ms-l 

defined by the function 

2 -1 
m Hz eqn 2 .1 5 

There are many other statistical properties of waves 
which are useful. If the nth spectral moment M is defined 

n 
as 

f fn S(f)df 

the significant wave height H = 
s 

and o = 

the mean zero crossing period 

The energy period 

and for most seas 

T 

T 

T 

4/2C 
- 0 

/M 
0 

= /Mo/M2 z 
M 

- 1 = e M 
0 

:::::: 1.12 T 
e z 

eqn 2 . 16 

eqn 2. 1 7 
eqn 2.18 

eqn 2 . 19 

eqn 2.20 

egn 2.21 

The significance of the spectral moments is that they can 
readily be calculated by computer using digitised wave data. 

Wave data may be presented usefully in other forms . 
Figure 2 . 8 shows a scatter diagram for data from OWS India. 
The numbers on the graph represent the fractional occurrenc e 
of each significant wave height and period throughout the 
winter months (December -February) . The contours are lines 
of constant power level, and from the number of occurrences 
above and below a g i ven power exceedance d i agrams like those 
of Figure 2. 9 can be drawn . 

Although the spectra described above are much better 
approximations than the assumption that sea waves are 
monochromatic , even they do not de scribe the sea state 
accurately in many cases . Natural spectra with two peaks 
are found frequently (Figure 2 . 10) . 

Both 'sea ' and ' swell' can be pre sent at the same time. 
~ea' is generated by l ocal winds blowing over fetches up to, 
say, 100 km and is characterised by relatively short 
wavelengths, over a l arge ran g e of frequencies and 
directions . ' Swell ', on the other hand, is generated by more 
distant storms, where the waves have had a reasonable length 
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~~ time to dev~lop. Much of it can lie outside the idealised 
~ers~n-Moskow1tz spectrum. Its importance lies in the ~act 

ta~ it ea~ carry a substantial fraction of the wave ene;gy at 
athgt1venf ptoh1n; and may arrive from directions different from 

a o e sea'. 

· Directional properties of waves 

It is unfortunate for the development of wave energy 
converters that at the present. time instrumental measure
ments of wave d i r e ct ion - are scarce. Most of the studies 
so far use parametric formulae developed by Mitsuyasu, 
where a 'spreading function' is applied to a one dimensional 
spectrum ·of the type discussed above. The spreading 
function distributes the energy at each frequency over a 
range of directions, and a typical function is 

where 

f ( ) s (-1 ( 8 8 = cos 
2 

S = 15.85 

= 15.85 

5 
(_!_) 
fo 

f 2.5 
(_Q) 

f 

for f ~ f 
0 

for f > f 
0 

eqn 2. 2 2 

where 8 and f are the principal wave direction and the 
spectra~ peak ~requency. 

This relationship assumes a single peak spectrum. 
A useful way of visualising directional spectra with an 
arbitrary number of peaks is a diagram of 'k-space', as 
follows: vectors of length 

K =~are drawn at angles corresponding to the wave 
L 

directions, where L is the wavelength of that corres!_X)nding wave. 

Thus the spectrum with two narrow peaks from Figure 2.10 
corresponds to Figure 2 .. 11, where the waves come from 
directions eA and eB. A picture of the crests of the waves 
would appear as in Figure 2.12~ 

In reality, the spectral peaks will be broad and will 
correspond to a range of wave directions, so that points P 
and Q (Figure 2.11) will be spread into fuzzy areas. 

Figure 2.12 shows that there is a maximum distance D 
between two wave crests in a 'mixed' sea. If the directions 
of the waves are more nearly the sam~ this 'long-crested' 
distance gets longer, and this has a significant bearing 
on the design of some converters. For example, strings of 
Ducks may use a 'spine' to provide a reference for each Duc k 
motion to react against. This works onl y if the Duck string 
passes through both crests and troughs, so the net spine 
motion is small. Another problem arises in the extreme c a se 
of a spine with its ends on crests a nd its centre ove r a 
trough - there will then be a significant bending moment on 
the spine. Research into the measurement and predic t ion of 
long-crested wav es is an important part o f the p r ogra mme. 
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2.2 WAVE DATA 

Most of the historical accumulation of data on waves 
at sea is b ased on simple visual observation. The height 
observed is close to H8 , although perhaps about 20 per cent 
low, and the period corresponds roughly to T2 • A useful 
feature of visual observat ions is that the principal wave 
direction is usually given . Several million visual wave 
observations have been recorded. 

Shipborne wave r ecords are mounted on lightships and 
weather ships. They provide a record of wave height as a 
function of time , from which H8 and T may be measured . 
Although the data are of high quality~and obtained over a 
long period of time there are only a few such recorders 
operating . Many of the data used in the early stages of 
the v1aue energy programme h ad been collected previously at 
OWS Inaia , situated at 59°N l at itude, 19°w lo~gitude. -

Waverider buoys use electronic integrators to convert 
buoy acceleration into displacement, so that a waveheight/ 
time record is obtained . A 27 MHz transmitter sends data 
back to shore and 20 minutes of data are recorded every 
few hours . The limited range of the transmitter and the 
large amount of interference at this frequency limit the 
locations of buoys to less than about 30 km offshore , but 
the data obtained from them is very valuable . 

Directional measurements can be made with a buoy 
equipped with several sensors to respond to the different 
components of acce leration . All the methods so far 
described only give the state of the sea at a ~articu l ar 
location, however . Information about waves over a large 
area is very scarce . Some airborne photographic and radar 
observations have been made, but the observations were 
in tended to test the techniques rather than provide a 
regular data collection service . 

The detailed data , necessary both to assess the resource 
accurately and to design converters , h ave been collected so 
far from a relatively small number of sites as shown on 
Figure 2.13 . Wave data are required for many purposes and at 
the start of the wave energy programme reliance had t o be 
placed entirely on installations which were not ideal for 
its purpose . Apart from OWS India, data from a buoy off 
South Uist have become of particular i mnortance to the wave 
energy prograTTLme. 

The wave data programme 

Examination has shown that the 
extent of the available wave data is inadequate for detailed 
wave energy studies . A substantial amount of work has been 
done with the data from OWS India: although power levels 
are high there, sites nearer the shore are preferred for 

.wave energy converters . A prel i minary inspection of the 
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data from South Uist shows a lower power level based on 
two years observation, but it is not known how localised 
this may be. Obviously, more extensive data must be 
collected from sites closer inshore than OWS India in 
order to establish the overall size of the resource. 

Work in progress in mid-1978 includes the following: 

Analysis of data from South Uist, Fitzroy, Boyle 
and St Gowan to produce one dimensional spectra 

Synthesis of directional spectra from South Uist 
and St Gowan data 

Installation of the Scilly Isles buoy, and 
overflights using a radar altimeter to check 
the accuracy of synthesised directional spectra. 

Plans are being made also for work on: 

installation of new buoys in locations determined 
by the specific needs of the wave energy progranune 

deployment of a directional buoy (initially from 
the National Data Buoy located in the SW 
approaches) 

making wave predictions and testing them against 
observations 

investigations of directional wave probes 

breaking wave analysis and prediction 

crest length measurements 

investigation of the usefulness of satellite 
radar data. 
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Wave d a ta and the design of con verte r s 

The des i gn o f a conve r ter i s a ff ected strong l y b y t h e 
wave l e n g t h s exper i e n ced i n the sea an d t h e ir re l ative 
f r equ e n c i es of occur ren ce . The ef fici ency o f a converte r 
is u sua ll y a strong f unct i o n of t he s i ze o f the c o nverter 
r e lative t o a 'ty pi ca l' wa vel e ngth. Convert e r s with a 
broad e f f i c i e n cy peak can usua l ly captu re more ene r gy from 
the s ea than t hose which h ave a sha rp ef f ic i e n cy peak . 
Fig ure 2 .14 s hows the p owe r spectrum fro m OWS I nd i a compared 
wi th p r ed i cted eff i c i e n cy c urves for a partic ul a r des i g n of 
Du ck converter of 6 , 10 a n d 1 6 m d i a meter . 

Al though t he 6 m duc k captu res much l ess powe r per metre 
ove r t h e whole year than t he 1 6 m d uck , a v e ry ro u g h ca l c u
l a tio n shows t hat i t mi ght r equ i r e (6 / 1 6 ) 2 ~ 1/7 the vo l ume 
of mate r ial to const r u c t a n d therefo r e be cheaper . Thus da t a 
on the wav ele n gth or f re qu enc y ra nge t o be e xp e r i enc ed by a 
conve r te r a r e v ita l fo r the c ost o p timi s ation o f the desi gn . 
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FIG.2. 14- . DISTRIBUTION OF POWER BY FREQUENCY 
FOR THE WHO LE YEAR ( MIDDLE HISTOGRA M ), 
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TOGETHER WITH PREDICTED EFFICIENCY 
CURVES FOR A PARTICULAR DESIGN OF DUCK 
CONVERTER OF 6, 10 AN D 16 m DIAMETER 
(DASHED LINES INDIC ATE EXTR APOLATION 
OUTSIDE EXPERIMENTAL RANGE) 

Ma ny designs o f conver t e r work by re s onant a bsorption , which 
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implies that response to a particular range of wave pericxls is 
important. In this case the mass, stiffness and damping 
must be adjusted to maximise the capture of energy. 
Because the sea contains a complex mixture of wave periods, 

. the designer attempts to broaden the resonating peak in 
order to collect more energy. Although individual swell 
waves can carry very large amounts of energy, it does not 
appear practicable to match the converters to their appro
priate frequency range - the economic penalty is too great. 

There have been several proposals for designs which 
depend on sub-surface pressure variations . . As equation 2.9 
shows, in deep water the pressure fluctuations are very small 
even a short distance below the surface. Such 
converters have to work in relatively shallow water where 
the pressure fluctuations are transmitted downwards with
out a great deal of attentuation. There are fewer such 
sites, and the energy there is lower . 

Information on the direction of the waves is necessary 
for orientating the converters. Most linear designs extract 
energy most efficiently from w·aves parallel to their long 
dimension, and the spread of directions, in conjunction 
with the efficiency curves and the spread of wavelengths, 
will govern how much energy is lost from this effect. In 
some cases the nature of the available sites will govern 
the orientation of the converters and research is needed 
on directional spectra for these sites. The concept of 
'point absorbers' - converters small compared with a wave
length - which can accept energy from a wide range of 
directions - is important here. Research programmes on 
the characteristics of point absorbers are being carried 
out in collaboration with the CEGB and University depart
ments. One result of this research might be to determine 
whether linear devices need to be "fully filled" or whether, 
.for example, a gap of the order of a raft width can be left 
between Rafts in a chain whilst still absorbing energy from 
the gap. This could have important implications for the 
economics. 

An important area of wave physics with considerable 
implications for the design of converters is the question 
of vertical transport of energy. A subsurface or bottom
mounted converter might in principle extract a large 
fraction of the energy in a wave, implying that energy 
extracted at one depth is 'replenishedt by energy travel
ling vertically from another depth. Very little research 
has been done on this problem, largely because existing 
marine structures are not designed to absorb energy at 
selected depths. A sound theoretical understanding of 
this problem might lead to converters much smaller in the 
vertical dimension, although it is possible also that the 
theory may break down when applied to the real sea. 
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Wave height is important in the design of converters 
for two reasons. The first is that the power output is 
proportional to the square of the wave height, so that 
accurate data on wave heights are required to calculate 
power levels and forces in mechanical components. The 
second is a more subtle effect, and is due to non-linearity. 
Water waves, unlike for example radio waves, are not linear. 
Two wave groups that pass through each other will not 
continue undisturbed afterwards unless their amplitudes 
were very small to begin with. This effect is very 
difficult to treat theoretically, and acc~rate 
representations of real seas in wave tanks are needed to 
test model converters. Waves become non-linear when their 
steepness exceeds about 1/25. Although such steep waves 
are not common in the sea, they might occur, for example, 
because of reflections from the face of a wave energy device. 
One result of tests so far carried out is that some designs 
perform better in large waves than expected, but others 
perform worse. 

The incidence of breaking waves in the open seas is 
said to be low from visual observations, but data buoys record 
high, steep waves much more frequently than would be expected. 
The fact that even large ships can be damaged seriously by 
breaking waves implies that wave energy converters will have 
to be designed with large factors of safety. Research on 
breaking waves is included in the wave energy research 
programme. One way of reducing the problem might be to 
use submerged converters, where the conditions are less 
extreme, but as noted above this may simply imply exchanging 
one set of problems for a different set. 

Wave data and resource assessment 

Assessment of the energy available is a vital part of 
the research programme. However, existing measurements of 
the ~ave climate around the United Kingdom are not yet 
detailed enough to provide more than a first guess at the size 
of the resource. Due to the random and seasonal nature of 
winds and waves, measurements have to be taken over many years 
to produce an accurate base for prediction. Progress in 
resource assessment has been as follows: 

It was recognised early in the programme that the west 
coast of the British Isles received higher energy waves 
than the east, particularly in Scotland, where high wave 
energy densities occur reasonably close to shore. 

Preliminary studies of wave and wind records 
indicated possible annual average power levels of 
about 70 kW m- 1 within a reasonable distance of 
the Outer Hebrides. 
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To check power levels closer to shore , a waverider 
buoy was installed 11 miles southwest of Benbecula , off 
South Uist, early in 1976. 

Data from the first two years of operation have been 
analysed 1recent l y , and indicate power levels of about 
45 kW m- . However , extrapolation of this figure to 
the whole of the Hebrides area must be regarded with 
some caution . 

Date from weatherships are being analysed. 

Results so far confirm that the best locations for 
wave energy conve rt e rs are off the Heb r ides , whe r e several 
hundred kilometres of sea room are available at power levels 
of between 30 - ?0 kW m- 1 annual average . Other possible 
sites are off the southwestern peninsul a, and off t h e 
northweast coast of Scotland . Figure 2 .1 5 shows these 
sites, with an i ndication of the amount of energy 
which may be potentia ll y availab l e from them . 
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Revised second draft, October 1978 

3. THE ENGINEERING DEVELOPMENT OF CONVERTERS 

The analysis by the National Engineering Laboratory of 
a wide variety of engineering concepts of wave energy 
converter,which preceded the setting up of the two-year 
feasibility study as noted in Chapter 1, was hampered by a 
general lack of data. A firm choice of the best concept 
could not be made. Four concepts were adopted for the 
main thrust of the programme, therefore, each to be investi
g~ted__!:>y a separate team (the Device Teams). 

There are many ways of classifying converter designs for 
analytical and comparative purposes, of which the following 
basic sub-division by the mode of operation is useful for 
considering the UK programme: 

Rectifiers 
Tuned oscillators 
Untuned dampers. 

There is one example of a rectifier in the prograffill1e: 
the design under investigation at the Hydraulics Research 
Station. Wave energy is converted into the potential energy 
of a large mass of water in a reservoir. Since it is fixed 
to the seabed, the converter has to resist the total 
momentum of the oncoming waves, which ·inevitably leads to a 
relatively massive construction per unit of energy output. 
On the other hand, the seabed ·mounting eliminates all the 
mooring problems which can be serious in some of the free
floating designs. 

The other three major designs which have been investi
gated can all be classed as tuned oscillators, though they 
aim to solve the engineering problems in very different ways. 
They operate by providing a 'tuned' working component which 
is excited by a chosen part of the wave spectrum and damped 
by a power take-off system. The working component has to 
present an extensive working surface to , the incident sea, 
for instance a width up to 50 m for an individual Raft. 

Investigations have been made of a theory that a tuned 
oscillator could extract energy from many times its own width, 
but it does not appear possible to develop a practical system 
of this type: non-linear behaviour invalidates the theory for 
all but the smallest wave amplitudes and the bandwidth for 
energy absorption is too narrow. 

The body, or reference frame, against which the working 
component of a tuned oscillator has to react must be relativel y 
unmoving. Either this is accomplished by providing a heavy 
mass or, in the Duck, by a spine which is effective by 

3 . 1 



A 

C D 

FIG.eh : . ARTISTS IMPRESSION OF EARLY DESIGNS OF 
CONVERTER WITH HUMAN FIGURES ADDED · TO SHO W 
THE SCALE 

A= RECTIFIER 
B = NEL OSCILLATING WATER COLUMN 
C = RAFT 
D = DUCK 

I 
I 
I 
I 
I 
I : 
I 
I ; 

i 

I: 
I i 

! 

I' 
I 

I i 
I 
I i 
I: 
I 
I i 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

balancing forces over a wavelength or more. The mass approach 
leads by definition to heavy structures: the spine may in 
some circumstances be significantly more economic in the use 
of materials but has inherently more difficult structural 

· problems. 

An example of an untuned damper which has recently been 
introduced to the programme will be described in the section on 
alternative concepts. Like the oscillators, there is a need for 
a large working surface and a 'fixed' frame of reference, 
though in this case it is possible that the frame can be 
considerably lighter. 

In general, the development of wave energy converters 
will involve the design and construction of massive engineering 
structures. An indication of the size is given in Figure 3.1, 
where early designs have been illustrated incorporating human 
figures drawn to the same scale. The large size is really 
inherent in the nature of the resource: whilst there is 
potentially a large amount of energy available it is in a 
relatively dispersed, or dilute form compared with, say, coa.l 
or oil in which natural processes have concentrated the energy 
content over thousands of years. Whilst there is no prospect 
in sight of the development of a very small ingenious device 
which will do the same job as the current conceptual designs 
of large converters, it is by no means certain that the · 
minimum in specific size and cost per unit output has yet 
been realised: the fact that this is so is one of the under
lying reasons for an ongoing development programme. 

In April 1977 the Wave Energy Steering Committee recog
nised that expert advice on the problems of large scale 
engineering design and production was desirable even in the 
early, formative stages of the development - both to the 
Committee itself and to the individual Device Teams. 
~endel, Palmer & Tritton, in association with Kennedy & Donkin, 
were appointed as Consulting Engineers and submitted a 
preliminary report in August 1977. The introduction of the 
con.sul ting engineers was of great benefit to the prograrmne 
in evolving reference designs of each converter and in 
assessing their engineering and cost. 

A general point made in the 1977 report was that at 
that stage the testino of models and the theoretical under
standing of wave energy converters were ahead of design 
development.. The predicted costs of 
the 1977 reference designs were high but, in view of the 
very early stage of the whole project, not too high to 
discourage continuation of the work. The main civil 
engineering structure of the converters was identified as 
the key cost centre and four specific ways of reducing 
the overall costs were highlighted: 

reorganisation of the basic design lavouts on a 
more cost effective basis 

more accurate stressing and proportioning of 
the designs 
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some radical changes of comoonents within the 
design formats 

a more searching approach to the costing of 
components when designs are f i rmed up. 

In general, it was recommended that t h e c ont i nu i n g 
effort would be better directed towards reducing the 
converter costs than in seeking marginal improvements in 
overall efficiency . 

The Device Teams have begun to tackle these matters 
during the past year. However, progress throughout the 
programme is an iterative process and the criteria for 
optimising the converter designs are stiii somewhat speculative. 
As designs evolve so the goals set for them may change in line 
with what may be achievable. In particular, the value placed 
on the product for instance electricity 
may change with the predicted firmness (reliability). Cost 
targets will depend upon the role envisaged for wave-produced 
electricity, for instance whether it is seen as a supplementary 
or insurance source of power, as noted in Chapter 1. The 
size and even the type of converter will depend upon the goals 
which are set. 

The following sections of this chapter provide a brief 
description of the engineering development so far. An 
i mportant point is t ha t no on e of the or iginal f our de s ign s 
has ye t emerg ed a s ou t standi ng l y be tt er- t han t he others when 
all f actors (inclu din g c o s t ) ar e take n in t o account . H~wever, 
there is now a much more highly developed sense of realism in 
all the designs and a very much deeper appreciation of the 
engineering problems which still have to be overcome if wave 
energy is to become a reliable scurceof power. The designs have 
undergone considerable change during the cour~e 9f the programme. 
A f urt he r phase is ne c e ss ary to dete r min e whether cost -
e ff ective solutions c an be evolved to t he c r itical pr oblems 
which have now been highl i gh t ed ~nd whi c h di ff er f or ea c h 
design) . Those de s ign s f or which no credible so l ution c an 
be evolved will , of course , be eliminated from 
th e pr ogr amme . The optimum design may yet evolve from one of 
the original concepts but may also be a synthesis between them 
through a dynamic interaction of ideas, or develop from 
one of the new alternatives. 

3.1 THE FOUR MAIN CONVERTER DESIGNS 

The Rectifier 

As will be noted in more detail in Chapter 6, the 
Rectifier offers the possibility of a straightforward solution 
to the problems of primary power take-off, a water turbine of 
near-conventional design, and is consequently relatively simple 
to envisage. It is, therefore, conveniently described first 
and is illustrated in Figure 3 .2. - ' 
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A single converter is a large, rectangular, hollow 
caisson with a system of internal reservoirs and an integral 
module containing the power plant. The vertical seaward face 
is provided throughout with an array of panels of one-way 
flap valves, their hinges aligned vertically, and arranged 
alternately to allow water to flow in or out. 

The converter is divided internally into two reservoirs 
by a slab which extends horizontally for the full length. 
The reservoir above the slab has a free water surface onen 
to the sky. The outlet reservoir below the slab is provided 
with a free surface by chambers which project upwards at 
intervals through the dividing slab and which have a vented 
roof level with the top of the outer walls of the converter. 
Two large low-head Kaplan turbines are placed in the flow 
path between the reservoirs. The generators, driven 
directly through vertical shafts, are in a machine house 
above the turbines. 

A head difference is maintained between the water in 
the reservoirs by in 1 et flap valves to the upper 
reservoir collecting water during impinging wave crests 
and outlet flap valves to the lower reservoir discharging 
water during wave troughs. Flow between the reservoirs 
drives the turbines. 

The caissons would be constructed in special yards and 
then floated into position and sunk on to the seabed, which 
would have to be specially prepared beforehand. A line of 
caissons resting on the seabed in approximately 15 m depth 
of water would be aligned parallel to the general shore line. 
The caissons would project above the water level by some 5 m 
and be sited between 1-5 km from the shore depending on the 
gradient of the seabed. Discrete lines of converters would 
be separated by gaps of the order of 1-2 km, depending on 
contours and the requirements of navigation. 

If the width of a converter presented to the oncoming 
waves is 100 m, the peak generating plant capacity would be 
3 MW on the current reference design. Whilst the structure 
would be a fairly conventional caisson, capable of construc
tion without significant new technical problems, the large 
size would restrict the number of sites suitable for 
construction. As an indication of the size, the standard 
caisson currently envisaged would contain some 56,000 tonnes 
of concrete. 

Progress and outstanding problems. The experimental testing 
programme has been running at the,Hydraulics Research Station 
for about eighteen months and has been based upon 1/30 scale 
models in monochromatic w~ves. The concept is basicallv 
~imple but, as with the other concepts, there are still 
considerable ubsubstantiated features in the reference design. 
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The concept allows a wide freedom in the organisation of 
the system of valves, reservoirs and structures. Several sig
nificantly different options are available for the basic layout 
and the problem is to identify the one which is most cost
effective. The 1977 review highlighted the need to reduce the 
size per unit of output and some progress has been made in this 
respect, for instance by reducing the front to back dimension 
and by changing the configuration of the interlocking upper and 
lower reservoirs. However, this still remains one of the most 
substantial problems. 

Early in the programme is was thought possible that the 
high throughput at very low head demanded of the water 
turbines would lead to design reauirements to which feasible 
solutions might not exist. However, subseauent evaluation has 
indicated technical feasibility: indeed the slow speed Kaplan 
turbines should be relatively robust and reliable. 

The Device Team has developed a tapered rubber flap 
valve which operates well in the model conditions. Full 
scale flaps would require reinforcement with metal, and 
further work on their design is needed. However, there is 
considerable experience of the behaviour of rubber in sea water. 

Fouling by marine organisms may have a detrimental effect 
on the operation of the flaps and their hinges, and it is 
planned to place a trial hinge in the sea in order to determine 
the extent of this problem. As noted in Chapter 8, a survey 
by the Consulting Engineers of suitable locations off the 
Outer Hebrides has revealed that ther~ may be considerable 
problems of choking of the system by drifting kelp, and more 
detailed evaluation of this point is needed. 

In summary the testing and design work has reached a stage 
where the conce~t is considered to be technically feasible to 
build but success would be needed in solving problems in the 
following areas before the concept could be acceptable overall: 

fouling and clogging by marine organisms 

reduction in size per unit of output (to reduce cost) 

long term reliability of the rectifying valves. 

A relatively unattractive feature of the Rectifier which 
is emerging is that it is not likely to be able to capture as 
much of the wave energy resource as some of the free-floating 
designs. A preliminary survey has shown considerable restric
tions on the location of the converters off the Outer Hebrides 
due to misalignment of the seabed contours (which will deter
mine the orientation of the working face) with respect to the 
most frequent direction of the oncoming waves and to shadow 
effects from headlands. As noted in ·Chapter 2, the accumu
lation of detailed information on the directional properties 
of the wave spectrum can have an important influence on the 
design of the converters and indeed- on their overall 
viability. 
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The Oscillating Water Column 

The concept of a water column oscillating vertically 
· in tune with the oncoming waves has for many years been 
thought of as a promising wave energy converter, and has 
indeed been put to use in Japan on a very small scale of 
output for powering navigation buoys. 

The trapped oscillating column of water can be made 
to do work in a number of ways, of which the favoured method 
is to allow it to operate as a piston to pump air through a 
turbine. Even when this choice has been made there remain 
a wide variety of configurations and the combination of 
parameters which will determine the efficiency of the 
converter is particularly complex. A more detailed 
discussion of the primary power take-off is given in 
Chapter 6. 

A Device Team at the National Engineering Laboratory has 
been developing this concept. Their version uses the inertia 
of the mass of the converter to react the air column and to 
·reflect part of the incident waves. The converter is 
envisaged as a massive floating structure approximately e q ual 
in depth and width and with a length about three times the 
width, see Figure 3.3. 

The front face (that facing the oncoming waves) has 
openings to the sea and contains the oscillating water 
columns which pump air to drive low pressure turbines 
and which in turn drive electrical generators which are 
all housed behind the front chambers in the main body of 
the converter. The operating principle is illustrated in 
Figure 3.4. 

The overall shape of .the converter has been derived from 
?J. combination of computer and physical modelling work, the 
latter at the 1/ 50 scale. The interaction of the converter 
with the waves can induce vertical, horizontal and rotational 
motion of the structure: development through the models 
has led to a structure in which these motions tend to 

_ _ ____ _ c_ancel. The oscillation of the water column itself 
generates waves which are re-radiated. The lower part of 
the structure is designed to act as a reflector of this 
radiated energy thereby improving the efficiency. 

Progress arid outstanding problems. An interim reference design 
has been developed to the stage where construction in reinforced 
concrete or structural steelwork is practicable. Progress has 
been made on the internal layout, valves and plant, and a com
prehensive testing programme in wave tanks has been completed. 
The primary power take-off via the air turbine is a positive 
asset in that it is ~easonable within present technology. Atte ntion 
has been given in the detail of the design of that part of 
the structure which encases the water columns to ensure that 
water cannot enter the air turbines under abnormal conditions. 
Whilst there are still some problems in this area they are 
! egard ed _as solY-able. - -
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FIG.3,S" .OUTLINE SHAPES FOR AN OSCILLATING WATER 
COLUMN CONVERTER ,USED IN JAPANESE MODEL TESTS 



Despite the technical progress which has given confidence 
in the engineering feasibility, however, the cost-effective
ness of the particular design solutions so far adopted needs 
to be improved for three main reasons : 

like the Rectifier, the system is inherently 
massive (partly for the reasons outlined above 
and partly to ensure survival in the extreme 
cond i tions of breaking waves) 

the geometry and mass determine that construction 
could take place only on a limited number of sites 
of the type used for constructing gravity platforms 
for the North Sea 

the shape, alignment and motion of the converter 
combin e to make a particularly severe mooring 
problem in terms of force and excursion . 

It should now be possible to build on the much improved 
technical understanding of this converter to investigate the 
many other types of layout in order to move towards the one 
which is most cost - effective . 

International collaboration. A different layout based on the 
principle of the oscillating water column is being developed 
by the Japan Marine Science Technology Centre as noted in 
Chanter 1 . 2. Several overall shapes of the converter were 
tested as small models in wave tanks , Figure 3.5 , and the 
ship- type (a) was chosen for further development for two 
basic reasons : 

it should have the lowest mooring forces 
the ease of construction, based upon shipbuilding 

techniques . 

On the other hand this shape is likely to collect energy from 
a narrower wave front than the other shapes . It will be noted 
that outline shape (b) is the one which has formed the basis 
of the work at the National Engineering laboratory in the UK 
programme : it will collect energy along a broader front at 
the expense of higher mooring forces . 

The Japanese programme has moved forward to the point of 
testing during 1978 a vessel about 3 km off Yura in the Sea 
of Japan . The vessel, named Kaimei , has provision for 22 
separate air pump rooms operating from oscillating water 
columns which are open to the sea at the bottom (the vessel 
is kept afloat by buoyancy compartments) . Up to ten electric 
generators connected to air turbines can be instal l ed 
eventually , with a possible combined peak output of 2 MW, 
although not all of the positions will be in use initially . 
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Testing of models in wave tanks showed that the best 
efficiency would be obtained when the length of the converter 
is 1.2-1.7 times the anticipated average wave length. Anal y sis 
of the wave data from the Japan Sea then indicated that the 
overall length of the converter should be about 80 m. The 
design wave for the Kaimei has a wave length of 75 m (period, 
7 sec.) and significant height of 4 m, thus the vessel is 
somewhat smaller than, but approaching, that which would be 
the design optimum for operation in the North Atlantic. 

The United Kingdom, together with Canada and the USA, 
has accepted an offer by the Japanese to enter into a joint 
programme of further work with the Kaimei under the auspices 
of the International Energy Agency. Amongst other clauses, 
the agreement presents an opportunity to test a UK-built air 
turbine system on the Kaimei during 1979. 

The possibility of gaining experience of operation in 
the sea simultaneously with the testing of some of the UK 
designs in a more highly instrumented manner at the 1/10 scale 
in more sheltered waters will be an instructive addition to 
the overall UK programme, and there should be considerable 
benefits arising from mutual detailed evaluation of the 
highly complex problems of the design of wave energy converters. 

The Ra·ft 

The concept of the wave-contouring raft, as invented · 
by Sir Christopher Cockerell, is being developed by 
Wavepower Ltd. The--mid-1978 reference design }s illustrated 
in outline in Figure 3.6. 

A Raft converter consists of a string of relatively 
shallow pontoons connected by hinges and moored in line with 
_the prevailing wave direction. Power is extracted from the 
relative angular movements of the adjoining pontoons with the 
passage of waves underneath them. The first model tests in 
wave tanks were conducted with up to five pontoons in the 
overall Raft. It is likely, however, that the optimum 
configuration will be a string of three pontoons: the first 
two of equal length and the third (rear) pontoon twice the 
length. Such a configuration give approximately equal sharing 
of power between the two lines of hinges which join the pontoons 
together. 

Experimental work has shown that optimising against energy 
extraction efficiency can lead to a design which is capable of 
extracting energy from waves of periods from about 4-15 seconds 
with efficiency greater than 60 per cent. Thus the system can 
be made to operate effectively as an oscillator over a wide 
band - a desirable feature - the fact that the efficiency falls 
rapidly for the very large waves with periods .over 15 seconds 
can be regarded as an advantage from the yower take-off point 
of view. At present a complete full size Raft 
(annual mean power rating, 1 MW of electricity) 
is envisaged as having dimensions 100 m x 50 m 
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(the latter dimension is the one presented to the oncoming 
wave fronts) and 7-9m deep. The size has yet to be 
optimised against overall costs in the light of more 
detailed information: smaller Rafts would have a lower 
power output but this could well be offset by lower 
manufacturing costs of some of the main components. 

For the primary power take-off the relative angular 
motions of the pontoons about the hinges would be used to 
pressurise water in a hydraulic main which would lead to a 
turbine driving a generator. Several different mechanical 
systems for producing the pressurised water have been 
studied and sea water is preferred as the working fluid. 
In the 1978 reference design a system of toothed racks 
and gears drives a set of ram pumps, but the operating 
conditions of the pump are unusual. A ram normally 
operates over a constant stroke which is specified in the 
design. In this application, however, the ram would be 
required to operate with a stroke of several feet in the 
more extreme sea conditions which occur during a small 
fraction of its life, and with a stroke an order of 
magnitude less for the larger part of its life. These 
conditions create difficulties in the design of seals 
and bearings. Other alternatives to the tooth racks and 
gears may be possible which would be simpler and probably 
less massive but would require a more extensive develop
ment programme. Some further general discussion of the 
power takeoff is given in Chapter 6. 

The choice of constructional material would be in 
principle between reinforced concrete and steel. A 
complete Raft of the size noted above in which most of 
the structure consisted of reinforced concrete would 
contain about 20,000 tonnes of the latter. Optimisation 
of the design could lead to a mixture, with the front and 
rear pontoons being of concrete and the middle one (which 
houses the power plant and is therefore more complex) of 
steel. The moorings of both an individual Raft and of 
adjacent Rafts in relatively close proximity presents 
significant problems to which attention is being given. 

The design of converter is 
particularly suscept1ble to the problems of slamming: 
wave slam is the impact phenomenon which occurs when the 
leading pontoon re-enters the water after having been thrown 
clear of the sea by an especially severe wave. The loading 
incurred on the structure is localised and short-lived, 
but can be very high. A specially undesirable condition 
would arise if the power take-off fails in a heavy sea. 
Ways around this problem are being considered in the design. 

Progress and otitstanding problems. Considerable progress 
has been made in understanding the theory and practice of 
the Raft concept, in which the work of Wavepower Ltd. has 
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been complemented by analytical work at the CEGB's Marchwood 
Laboratory. Model test results have been applied to 
mechanical and structural design: hulls have been 
designed in both steel and concrete and outline considera
tion ha~ been given to factory assembly lines for quantity 
production. Several power take-off systems have been 
evaluated. The general design work has been supplemented 
during 1978 by open water trials of 1/10-scale models in 
the Solent. The main objectives of this were to gain sea 
experience and to obtain data, especially on mooring, in 
real sea conditions. A high degree of instrumentation was 
incorporated in the models. 

From a strategic viewpoint, the Raft has a 
substantial advantage over the _Rectifier and the 
Oscillating Water· Column discussed above in that construction 
of the pontoons could take place at a wide range of sites and 
towing them on to location would be straightforward. These 
factors must help to reduce the costs. However, there 
remains a considerable design complexity in extracting power 
by means of large forces passing through oscillating 
mechanical linkages, which may prove difficult to overcome 
with cost-effective solutions. Further effort in the immediate 
future will be needed on two especially important cost centres 
in the design: the hinges and associated power take-off and the 
problems of mooring. 

The Duck 

The Duck, invented by S H Salter and currently being 
studied by Sea Energy Associates and at Edinburgh University, 
is generally regarded as an elegant engineering concept, 
compact and economical in the use of constructional materials, 
but relatively complex. The complexity on the one hand can 
.raise problems of system behaviour and reliability, but on 
the other hand can provide opportunities for a rari9e of 
potential solutions to the design problems. 

The essential features of the Duck are a very long floating 
cylindrical spine and a series of cams, or ducks, which are 
located on and rotate around the spine, see Figure 3.7. Power 
is generated from the relative motion of the ducks relative to 
the spine. The profile of the front face of a duck is chosen 
so that for relatively small rotations the displacements match 
those of the water particles in a wave. The rear face of a 
duck is circular and therefore does not displace any water. 
Theoretically, if the restraining force applied to the ducks 
is chosen correctly, an incident wave is unable to distinguish 
between a duck and adjacent water, and can transfer all of its 
energy to the duck: in this case the duck can be a perfect 
absorber. 

The original concept of the spine was that of a continuous 
backbone which would obtain its stability from the self-
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cancelling of wave effects over several wave crest lengths. 
It provides also an advantage of allowing the power from many 
individual ducks to be collected together in a relatively 
straightforward manner up to a convenient level for generating 
electricity , thereby avoiding the problems of close mooring 
associated with, say, a multiple array of smaller Rafts . 

However, the analytical work which has been completed 
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shows that the spine presents one of the most difficult design 
problem areas. Long spines , designed to remain rigid , would require I 
impractically large diameters in order to accommodate the operational 
stresses. Several possible approaches to the problem are beinq 
considered , including articulated and curved spines. The 
articulation involved the design of discrete joints or hinges 
which, for maximum efficiency , will remain stiff in moderate 
seas but flex in heavy seas . 

The main design option s for the primary power take-off 
are discussed in Chapter 6. Wh il st a number of systems has 
been i nvestigated, many problems still remain to be tackled. 
In particular, there are practical difficulties associated 
with reversing high pressure hydraulic pumps and l arge strains 
in the high pressure mains, and achieving a layout of all 
components which will provide the right level of accessibility 
for maintenance will reauire a high degree of engineering 
ingenuity. 

Careful tho ught has been given to the details of the 
shape of the ducks , and recent work has indicated that a 
profile of the top surface is possible which can help to 
ensure the survival of the system under the impact of very 
large waves. 

Progress and outstanding problems . Considerable knowledge 
has been gained on the principl es and behaviour of a number 
of duck and spine designs by several routes : 

the const ruction of a new wave tank at Edinburgh 
which can mode l any required wave conditions 

experimentai work in the wave tank on a model 
duck subjected to all the weather conditions of 
the North Atlantic , including breaking waves . The 
single duck was mounted in a rig which simulated 
the behaviour of adjacent d ucks, and the develop
ment of this rig was an important step forward in 
providing the abil i ty to simulate a string of 
ducks under controlled conditioned in the laboratory 

testing models in the tank under conditions of very 
steep waves , which i ndicated that slamming behaviour 
is likely to be acceptable 

the testing of a 1/15-scale model duck in the NMI 
wave tank at Feltham , which showed good correlation 
with the 1/ 100-scale work at Edinburgh , thus giving 
confidence in the validity of further work at the 
small scale 

the construction and testing of a 1/1 0- scale model 
of one design of duck and spine in Loch Ness . 
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However, engineering solutions which are accepted as 
credible are not yet available to the design problems of 
the spine and the power take-off. They require much 
further effort with special emphasis on: 

survival under the worst conditions 
the problems of maintenance 
engineering cost optimisation. 

3. 2 ALTERNATIVE CONCEPTS 

Over many decades the possibility of tapping the power 
of ocean waves seems to have exerted a peculiar fascination 
over inventors. Hundreds of ideas have been put forward. 
After a detailed analysis by the National Engineering 
Laboratory, four concepts were adopted for initial study 
under the Department of Energy programme. However, a steady 
flow of new proposals is received by . the Energy Technology 
Support Unit which acts as the primary point of contact with 
the proposers: over 40 were considered during 1977. 

The Wave Energy Steering Committee set up a Technical 
Advisory Group (TAG 1, see Appendix 3) to assernand advise 
upon new concepts, and to initiate work on those which show 
promise or can fill a gap in the wide spectrum of technological 
types which should be studie~. Preliminary assessments are 
made for the Group by the Consulting Engineers. It is by no 
means certain that the most acceptable concept lies amongst 
those which are in the programme at this stage. The Committee 
is keeping an open mind until the analytic and experimental 
work enable a clear choice to be made. 

The important criteria in assessing the merits of new 
ideas are the likely engineering feasibility and cost
effectiveness. However, the appropriate data on costs 
are usually at best very approximate and often absent. Other 
factors are therefore taken into account as clues to the main 
criteria: 

hydrodynamic efficiency in 'mixed' seas 

feasibility of the proposed power take-off 
(including mechanical efficiency, component life 
under the arduous conditions, access for 
maintenance, etc.) 

provision of a suitable inertial frame of reference 
against which moving parts can react 

survival in extreme wave conditions 

compactness (which has a direct bearing on 
both cost-effectiveness and environmental impact) 

mechanical and structural simplicity. 
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Most concepts which have been assessed failed on several 
of these factors, but two have been recommended for 
initial financial support from the Department of Energy. 

One possible very simple way of classifying the wide 
variety of potential concepts, so that efforts can be made 
to ensure that no major avenue remains unexplored, is based 
upon three essentiallygeometrical properties: 

width (wide or narrow in relation to the average 
wave crest length) 

length (long or short with respect to wave length) 

non-directional or directional (able, or not, to 
absorb energy from several or all directions 
simultaneously and with approximately equal 
efficiency) . 

There has, for instance, been considerable theoretical interest in 
the idea of a 'point absorber' - a converter which would be 
narrow, short and non-directional - as a possible important 
gap in the original programme. 

Long converters would be easier to moor than short, wide 
converters and ease the problems of power collection 
(important considerations in the overall cost) but these 
features can be counterbalanced by short converters tending 
to be more effective in capturing energy on the basis of unit 
length of working face. The final choice of the best system 
overall will involve engineering judgement, compromise and 
optimisation over a considerable range of parameters, some of 
which will be in conflict. 

A· 2 x 2 x 2 classification of concepts based on the three 
properties noted above is shown in Figure 3.8. Two of the 
eight categories are void, since a wide or long converter 
cannot be non-directional. It is of interest that all four 
designs chosen for the mainstream of the original programme 
fall into one particular category. The two new concepts on 
which the exploratory work is now included in the programme, 
described below, are in alternative categories. 

The Vickers Duct 

A funding contribution towards a proof of concept study 
has been allocated to Vickers Ltd. who put forward a design 
concept which is based essentially on a resonant oscillating 
water column but which is novel in the nature of the damping 
applied to the column and in the fact that it may have some of the 
characteristics of a point absorber. The concept is 
illustrated in Figure 3.9. 
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The philosophy which led to the creation of the concept 
included the following important points: 

survival in heavy seas is more easily assured if 
the converter is submerged (it sits on or near the 
seabed) 

economy and reliability will be more readily 
attained by adopting the simplest possible power 
take - off machinery (a water turbine working in 
un i directional flow) 

apart from the turbine/generator, a minimum of 
moving parts . 

The mode of operation can be described in relation to 
Figure 3.10 . A submerged tube is attached to a closed air 
reservoir at one end with the other end open to the sea . The 
water in the tube can oscillate in response to changes in water 
pressure caused by surface waves passing over it. The water 
column ' s length is chosen to relate its natural period to that 
of the waves , so that resonance occurs and the oscillation is 
amplified; the restoring force is provided by the pressure in 
the closed air reservoir . 

When the water column oscillates , the amplitude is 
sufficient for water to overspill into the reservoir for a 
number of cycles. This raises the reservoir water level, 
increasing the pressure in the reservoir and thus depressing 
the mean level o f the water column ' s o~cillation; over 
spilling stops, although the water continues to oscillate . 
If an outlet valve on the reservoir is opened , water is 
discharged, the pressure is reduced, the mean level of oscil
lation rises and overspilling starts again . By balancing 
inflow and outflow, a steady state can be maintained, with 
water being discharged continuously. Power , represented by 
the product of the water discharge rate and the pressure 
differential , can be extracted by placing a turbine within 
the discharge flow. 

The scale of the converter will be determined by the 
requirements that the air store (basically acting as a spring) 
and the water collecting trouoh will need to be large . In 
addition, to attain a ratio of scale to power output comparable 
to other concepts the water column will need to capture power 
over several times its own width. These problems may, on 
further investigation, prove to be insuperable, but in the 
meantime the basic simplicity and ruggedness of the concept 
are attractive. 
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The Flexible Bag 

This concept was invented by Professor French, Lancaster 
University, and the early work on it was funded by the Science 
Research Council. The Department of Energy has recently 
accepted responsibility for further funding. 

The design, illustrated in principle in Figure 3.11, 
comprises a number of air-filled bags attached along the top 
of a submerged hull lying head-on to the sea. The bags are 
formed by dividing a long tube made from flexible material 
about 8 mm thick, by partition membranes of the same flexible 
material. 

The hull is a narrow prestressed concrete structure, 
typically about 190 m overall length, 6 m beam, and 8 m deep for 
an output of several MW, containing high and low pressure air 
ducts connected to the bags by non-return valves. 

The ducts are connected together throuqh a pair of air 
turbines located in a machine housing midships. Together the 
bags, ducts and turbine comprise a closed circuit air system. 
The main part of the hull lies submerged with its base some 
13 m below mean wave level. Raised tank structures at each 
end of the hull provide trim and res~rve buoyancy. 

In operation the converters would be moored in line with 
the direction of the incident waves and side by side, spaced 
sufficiently apart to swing clear of one another under the 
most adverse weather conditions. 

As in the Japanese Kaimei vessel described earlier under 
the Oscillating Water Column, the vertical planesconverting the 
wave energy lie normal to the wave motion, the waves being. 
attenuated as they travel through channels formed by adjacent 
converters. As the wave trains run along a converter the rise 
and fall of the water on each side of the bags causes the 
latter to act as bellows pumping air from the low to the high 
pressure ducts. The differential pressure between the high 
and low pressure sides is ~overned by the power take-off, and 
is of the order of 15 kN/m above the datum pressure. 

The concept is unusual in that it was not conceived as 
a resonant device. The surface from which the wave energy is 
extracted is a light flexible membrane. The motion of this 
membrane is such that the hydrodynamic added mass is . also very 
small. This means that the bag does not have a resonant period 
within the wave spectrum. However, the added damping (the 
ability to radiate waves, or conversely absorb waves) is high 
and the device could in theory have a high efficiency over a 
very wide bandwidth, that is covering most of the wave spectrum. 
The converter will not therefore exhibit the same characteristics 
as the other floating converters. 

The present form of the concept has been evolved following 
a range of static single- and seven - ·cell model tests up to 
Y/ 12-scale which allowed optimisation of some of the parameters 
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for a 1/40-scale model to be tested in wave tanks at 
Lancaster, Salford and Glasgow Universities. The work 
is still in its early stages: small scale experiments 
backed by analytical studies to determine the parameters 
which will govern the engineering requirements, coupled 
with preliminary engineering design work. Whilst the 
concept has several inherent attractions, such as relative 
ease of construction and mooring, (and hence, coupled with 
the use of air turbines, relative cost-effectiveness) 
ensuring the integrity of the air bags in relation to the 
overall capability to survive in adverse sea conditions 
will be one of the most important design challenges. 
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Revised second draft, October 1978 

4 • GENERAL ASPECTS OF STRUCTURAL D'ESIGN 

The successful design of a wave energy converter 
will involve the prediction of wave-induced motions and 
·1oads and structural response, based on experimental 
data and theoretical analysis. Structural 
design will require application of established design procedures 
and data for steel and concrete structures, contained to some 
extent in existing codes for ships and offshore structures but 
probably requiring adaptation for wave-energy converters. 
Problems influencing the choice and deployment of materials, 
in particular problems of corrosion and fouling, will also 
require careful consideration. This chapter is concerned with 
the development of analysis methods and procurement of experi
mental data relating to fluid loading and structural response 
of devices, together with assessment of some major materials 
problems and structural design procedures. These problem 
areas have been the responsibility of Technical Advisory 
Group No. 3 of the Wave Energy Steering Committee (see 
Appendix 3), on which the device development teams are 
represented. 

The design of any marine structure exposed to wave 
action requires the prediction of: 

extreme wave-induced loads 

histograms of cyclic loads which may cause 
fatigue damage. 

Ideally both these items of information should be defined 
statistically, corresponding to a statistical description 
of the wave conditions (significant heights, mean periods 
and directional spreads) which the structure will experience 
during its life. Impulsive forces caused by 
breaking waves and by slamming of the structure may also 
contribute substantially to extreme wave-induced loads. 

For structural analysis purposes loads can be classified 
usefully into three major categories: 

primary bending and twisting moments and direct 
and shear forces acting on a major structural 
component (for instance a Salter spine or a Cockerell 
pontoon), causing deformations and stresses 
throughout the component 

secondary loads, for· instance local hydrodynamic 
or intertial forces, which contribute to the primary 
loads but also cause localised deformations and 
stresses 

forces and moments transmitted at mooring points or 
at connections between the elements of a multi
component array. 

In each case the wave-induced loads will be superimposed on 
still-water loads which are caused by an imbalance in the 
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distribution of the weight and buoyancy forces. There is a 
very extensive literature on the topic of wave loads on 
marine structures, including both ships and off-shore 
structures, but unfortunately many wave energy converter 
designs have features which present special problems not 
accommodated by the established methods. A key difference 
is that in many cases they involve a number of major moving 
components and must be treated as multi-element bodies in 
the analysis, responding to wave forces with more than 6 degrees 
of freedom. 

4.1 EVALUATION OF WAVE-INDUCED MOTIONS AND LOADS 

For analysis purposes the response of a floating struc
ture to wave energy action is usually assumed to be linear, 
i.e. coefficients in the equations of motion are constant 
and motions, loads, deformations and stresses are propor
tional to wave height. In some cases hydrodynamic coefficients 
may be obtained from established theoretical or empirical data 
for simple cylindrical, spherical, ellipsoidal or box-shaped 
bodies . For more general geometries , hydrodynamic pressures 
on elements of a submerged surface may be computed using 
diffraction theory: integration of pressures over the 
complete submerged surface then yields hydrodynamic forces 
acting on the floating body as a whole. 

A large number of computer programs and analytical 
solutions is available. Such programs , especially those 
based on 3-dimensional theory, are unfortunately very expensive 
to run and,although they will have an important role to play 
in the further development of wave energy converters, for 
many practical purposes simpler approximate methods are needed. 

It is likely that such linear analysis methods will be 
of particular value in the following problem areas: 

evaluation of the performance of alternative 
converter configurations in moderate wave 
conditions 

evaluation of cyclic load histograms in relation 
to fatigue failure 

as a starting point and a basis for semi-empirical 
prediction of motions and loads in designing against 
extreme operating conditions. 

However there are the following limitations: 

the response of most of the converters , particularly 
in extreme ooerating conditions, will be at least 
partly dependent upon non-linear effects, (in the 
relationship of the coefficients in the equations of 
motion to wave height) 
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no account is taken of the effects of impulse 
forces caused by breaking waves and by slamming 

the statistics and spectral form of extreme wave 
conditions are not known reliably. 

Whilst the theoretical methods, including possibly those of non-linear analysis based on hybrid computers, 
will be valuable in the further development 
work , the evaluation of response under extreme 
conditions is likely to have to rely heavily upon experimental ·-d ata from sma11=scale tank tests and larger scale sea trials . Because many of the problems involved are similar to those relating to mooring the description of the latter in 
Chapter 5 arrives at a similar conclusion. 

Under the guidance of the 
Technical Advisory Group, progress has been made on a number 
of problems in this area during the two year feasibility 
study in a number of laboratories. Work carried out by the British Ship Research Association and the National Maritime Institute on the theoretical analysis of wave-induced motions and loads has included: 

an assessment of existing linear analysis methods 
and computer programs for ships and off-shore 
structures 

an extension of the existing methods and programs 
to deal with 2- and 3-dimensional representation 
of wave energy devices 

a comparison of the computed responses with 
experimental data for the wave energy converter 
modelling work. 

Comparison of the theoretical and experimental results has been encouraging and, while the limitations of linear 
analysis are recognised, it is believed that the BSRA and NMI programs now provide a valuable means of assessing the performance of converters and of developing the designs further. 

Significant theoretical studies in this area, with particular application to Ducks and Rafts, 
have also been carried out by the CEGB; Information on the wave induced loads in the spines of the duck design, pointing to a need for the articulation of the spine as a means of avoiding large bending moments, has been obtained from a 
theoretical study carried out under contract by the National Eng~neering Laboratory. 

Some limited progress has been made in experimental 
evaluation of wave-induced loads and stresses in ducks and 
spines, and at hinges and mooring points for Rafts. 

4. 3 



Experimental trials in Loch Ness and the Solent were subject 
to delays by unfavourable wave conditions. However , realisation 
of the· continuing usefulness of small scale work has l~d to 
the construction of an advanced wave tank at Edinburgh 
University in which models can be subjected under realistic 
conditions to all forms of wave regime appropriate to the 
North Atlantic . As a result of the successful commissioning 
of this tank , it is likely that much further small scale 
work can be done which is not subject to the lack of control 
over the weather and the difficulties of making measurements 
in real open water . 

Theoretical studies of certain aspects of the impulsive 
loads caused by breaking waves and slamming effects have been 
carried out at Cambridge University , the National Maritime 
Institute and the Hydraulics Research Station. Comparison 
with the data for ships (Lloyds Register) and offshore 
structures has demonstrated the potential importance of 
these impulsive loads. Severe breaking wave conditions have 
been produced in controlled model experiments in the wave 
tank at Edinburgh University . 

Many of these theoretical approaches to the analysis 
of the wave-induced motions and loads are capable of 
considerable further development , which will be needed to 
enable them to be applied with greater confidence and 
precision in the continuing design work . The Technical 
Advisory Group is planning a programme of these further 
studies . In addition the experimental evaluation of wave 
induced motions and loads and of the structural response 
should proceed further along two main routes: 

systematic experiments on small scale models of 
each design in wave tanks under controlled 
conditions , including regular and irregular 
long - crested and short-crested waves and 
including extreme and breaking waves ; this 
is a priority item which will require additional 
wave tank facilities 

further tests of the Loch Ness and Solent type 
at intermediate scale to provide a check on the 
scaling effects and experience of "going to sea" 
prior to subsequent larger or full - scale trials: 
the modelling of structural response is 
like l y to be more effective at intermediate 
than at small scale. 

4 . 2 THE EVALUTATION OF STRUCTURAL RESPONSE 

For the purpose of evaluating structural response (that 
is , deformations and stresses) fixed or floating converters 
may be divided into two basic categories: 
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"flexible" systems, such as a set of Oucks 
mounted on a long spine, in which the structural 
d~formations are likely to be coupled strongly 
with the overall wave-induced motions: 

"rigid" systems (including possibly a chain of 
rigidly constructed Raft ~ontoons) in which the 
struct~r~l deformations are effectively uncoupled 
from rigid body movements: in such cases 
struct~r~l response.can be analysed separately 
from r1g1d body motions, using loads derived from 
the latteranalysis. 

A wide variety of methods, varying from simple formulae 
to complex finite element analysis embodied in computer 
programs such as NASTRAN, SESAM and ASAS, is available for 
performing this type of analysis. However, reliable and 
economic evaluation of structural response does require 
considerable judgement in the choice and application of 
the particular analysis methods. An evaluation has been 
commissioned at Lloyds Register of the dynamic structural 
response of wave energy converters using NASTRAN. 

Other studies on structural design which have been 
initiated include: 

preliminary work by Lloyds Register in collaboration 
with the engineering consultants and the device 
teams, of a provisional set of Quidan~e Notes 
on structural design which might serve as a basis 
for an eventual Code of practice and which would 
in the meantime provide practical guidance on 
structural design 

work by British Shipbuilders to develop and prepare 
cost estimates for reference designs in welded 
steel of the Raft and the Oscillating 
water Column for comparison with alternative 
reference designs by Rendel, Palmer & Tritton 
based upon construction in concrete 

Rendel, Palmer & Tritton have been commissioned 
to evaluate the possible structural applications 
of glass reinforced plastics in wave energy 
devices. 

Further work in the near future will also need to c ove r 
the identification and detailed analysis of critical 
structural components. In due course for those design s which 
are firmed up the proof testing of critical components, 
for instance hinges in the Rafts a nd the joints 
in possible articulated Duck spines, under static cyclic 
loads,will need to be carried out to ensure the long term 
durability at sea: this is likely to be an expensive item 
in the forward programme. 
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4 .3 STRUCTURAL MATERIALS 

On~ of.the most significant decisions to be made in 
the design is the choice of the main structural material -

~oncrete or steel - a problem which parallels the situation 
in the offshore.oil and gas rig industry, where production 
platfo~ms have.i~ fact been built in both materials . The 
operatin~ conditions are sufficiently dissimilar between 
the requirements of wave energy and offshore structures 
however , that by no means all of the information from the 
offsh~re research programmes and the resulting operating 
e~perience will be directly relevant in the w~ve energy 
field . 
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Sea water is a very corrosive medium, the most serious I 
effects probably occurring in the so-called splash zone 
where the surfaces of materials are exposed intermittently 
to water and air . Corrosion effects will be an important 
consideration in the design of wave energy converters, especially I 
since one of the criteria must be to achieve long operating 
life with the minimum of maintenance. 

Concrete 

Some valuab l e experience already exists wh ich illustrates 

that concrete structures can survive for long periods in the 
marine environment . For instance the Tongue Sands Fort, 
built of reinforced concrete with an upper steel deck some 
1 3 km off Margate, is yielding information on the effects 
which can occur over an exposure of some 35 years. 

Considered as a structural material , concrete has the 
advantages of being readily formed in complicated sections 
and of maintaining consistent quality in the process. Its 
negligible tensile strength is overcome by the use of 
reinforcement or by prestressing , whilst its compressive 
strength (although not of the same order as that of steel) 
is high enough to result in very economical compression 
sections. Over recent years , engineers have sought contin
uously to employ concrete in new situations and to increase 
its durability and economy in more familiar applications. 
It is being exploited in a range of structures (dams, bridges, 
nuclear containment vesse ls, tall chimneys, concrete ships, 
offshore gravity p l atforms , etc . ) which subject it collectively 

to most of the conditions which will apply in wave energy 
converters. One notable new condition , however, will be the 

fatigue loading due to the wave action. 

Much valuable design information will become available 
through the Department of Energy's programme 'Concrete .in 
the Oceans ' which was started in 1976 in collaboration with 
about 20 companies. This is aimed at providing knowledge 
to improve the design, construction and long-term perfor
mance of concrete oil production platforms . Many aspects 
of the behaviour of 'standard' reinforced concrete will be 
determined adequately in this programme. 
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However, concrete in modern offshore structures has 
proved to be an expensive material, and wave energy con
verters can almost certainly not sustain the costs that 
are incurred in meeting oil company specifications. 
Nevertheless, there will be important differences in the 
manufacturing conditions: wave energy converters would 
be produced in large numbers using production line techniques 
leading to lower costs. Success in the wave energy programme 
will depend on achieving a relatively cheap concrete struc
ture which still retains adequate mechanical properti~s and 
corrosion resistance. The 'Concrete in the Oceans' project 
is currently under review and may well be extended to cover 
additional requirements from the wave energy programme. 

A specific aspect of wave energy converters will be the 
associated large electrical currents and voltages arising 
from the electricity generation and transmission processes, 
which may give rise to stray current problems in 
reinforced concrete. A preliminary study of possible 
effects and solutions is under way. 

In summary, concrete is a promising structural 
material and most of the further work necessary to advance 
the state of the art in the direction of lower costs whilst 
maintaining durability is likely to take place outside the 
wave energy programme. The situation is kept under review 
for the Device Teams and the Wave Energy Steering Committee 
by the consulting engineers and materials specialists. 

Steel 

Steel is a possible alternative to concrete as the 
main structural material but even if it were not chosen 
for this purpose many individual components would 
incorporate it. Steel structures have been used success
fully for many years in marine conditions, and there is a 
vast fund of knowledge and experience of using corrosion
resistant coatings and/or cathodic protection. Some 
commercial shipping experience does not look promising, 
but poor performance of anti-corrosion systems can often 
be attributed to a choice of inferior materials, insufficient 
care over the conditions of application, or misuse. Ships 
with good coating systems can now anticipate a life of some 
four years between dry deckings and much longer between 
major repairs to anti-corrosion coatings. Since the wave 
energy converters may have to be taken off station for other 
maintenance or refit reasons over such intervals, it 
would appear that the corrosion aspects need not be the 
limiting factor. 

Mechanical damage to coatings will occur due, for 
instance, to impact with flotsam or with service boats. 
The wave energy programme should be able to benefit from 
the development of new paints for application to wet 
surfaces, which is being stimulated by the need of offshore 
platforms. 
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An area of some ignorance, should steel be chosen 
is fatigue failure . The wave loading on structures ' 
predicted as in the earlier part of this chapter, b~th in 
magnitude and frequency , can be severe in terms of the possi
bility of inducing failure due to cyclic stresses. Since 
complex welded joints are of crucial importance in steel 
offshore oil/gas platforms, the subject is receiving 
increasing attention in that field. The Department of 
Energy supports a major research programme to provide 
quantitative data for the assessment of the safety and 
reliability of steel structures in the marine environment 
(the UK Offshore Steels Research Project) . Whilst, unlike 
the situation on concrete, much of the work is desiqned for 
direct data gathering under conditions specific to offshore 
platforms and not relevant to the geometry, loading and 
other conditions of wave energy converters, some results 
of general significance are beginning to emerge, supple
mented by other programmes such as Admiralty work on the 
fatigue behaviour of gas turbine alloys and work at the 
British Non-Ferrous Metals Research Centre on other non
ferrous alloys. 

The progress in all these programmes is being 
monitored for the relevance of their results to wave 
energy devices. 

Other materials 

Early work towards reference designs for the converters 
has contemplated the use of rubbers, in some cases as vital 
components in addition to their use as sealing materials 
against the ingress of water . 

Whilst, in general, the use of various forms of 
vulcanised rubber as sealant will present no major new 
problems, some designs may need to incorporate large 
circumferential seals which are beyond present experience 
and would require extensive testing work. 

Rubber may be incorporated as an essential structural 
material - for instance as hinges for the flap gates of 
the Rectifier , or in the form of tyres as the power 
take-off for the Duck . However, from the materials point of 
view it would be necessary to extend the present range 
of knowledge of the behaviour over long periods under 
seawater, in particular there is a lack of information 
for the prediction of failure rates from fatigue under 
cyclic stressing. The strain analysis of large rubber 
components may not be calculable to a sufficient degree 
of certainty and full-scale trials would be needed. These 
are being considered in the current extension to the 
programme. 

4-. 8 

I 
I 
I 
I 
I 
I~ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
-1 
1 .. 
I 
I 
. I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

------------ - . -- ~-------- -~-

There has been some interest in the possible use of 
glass-reinforced plastics as structural material, based 
upon the growing experience of their successful application 
in small boats. One of the main attractions would be their 
very good resistance to corrosion, but there may be disadvan
tages due to a loss of strength over long time periods due 

__ t~ ___ attack by moisture and _ to dynamic fatigue ~ For existing 
applications this is not critical since iow working 
stresses can be employed, producing structu.res which 
are durable and resistant to creep. To render the 
use of such materials cost-effective in the wave 
energy progranune would probably require better design 
techniques and more adequate data . 

Marine fouling 

Fouling is the settlement and growth of marine plants 
and animals on any part of a marine struct~re. Other 
floating debris which comes into contact with a_wave 
energy converter could also be included as fouling. 
Extensive fouling of the wave energy converters may well 
be unavoidable and the functioning and durability of the 
mechanical com~onents could be affected serio~sly without 
proper attention to design details. The possible effects 
of marine fouling are shown in Table 4.1. 

TABLE 4 .1 POSSIBLE EFFECTS OF MARINE FOULING 

Increased weight of structure 
Increased volume of structure 
Increased surface roughness and drag 
Masking of surface to obviate routine inspection and maintenance 
Removal of fouling often removes protective layers as well 
Changes in corrosion fatigue behaviour 
Enhanced probability of brittle fracture 
Tribology effects on moving part~ eg. reduction in gear and 

bearing lifetimes 
Blockage of pipes, valves and gates 
Prevention of proper _sealing of moving seals and valves 
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The phenomenon has been investigated for many years, 

mainly in connection with the effects on the fuel consumption 

of ships due to the increased drag and friction, but also 

mooring ropes and chains and navigation buoys hav e been 

examined . More recently there has been a much increased 

interest in the effects of fouling on platforms in the North 

Sea, where large diameter increases hav e occurred on c y lin

drical components. A Department of Energy Working Party has 

been formed recently to advise on the need for action with 

respect to platforms . The Wave Energy prograrnme will be 

able to benefit from the experiences and work reported to 

the Working Party. 

A particular item in Table4.1which is of concern to 

the _offshore platform operators is the possible influence 

of fouling on corrosion and corrosion fatigue , and t hfs 

is receiving attention . 

Few data exist on the types of fouling t o be expected 

in the possible locations for wave energy devices off the 

Hebrides, and an experimental programme has been initiated . 

Experience of the Harwell Laboratory and the Scottish Marine 

Biological Association has been combined to design and build 

an experimental test riq which is now in position about 10 

miles west of South Uist . The experiment will monito r 

fouling on standard test panels from the first settlement 

perio d (Spring) through a t least two summer growth seasons 

at three depths and at the seabed. 

That serious problems may be encountered is illustrated 

from the fact that general data on fquling by_barnacles and 

m~ssels indicate a possible buildup of some 40-50 kg/ m2 / year. 

The increased downthrust on fullscale wave energy devices 

could be in the range 1-2 tonnes / year/ m of wave front . Whilst 

the significance of this will differ for individual designs, 

it is too large to be ignored . A choice of remedies may be 

possible in principle. 

Preliminary considerat i on is now being given to the 

possibility of large scale fouling tests in an area suitable 

for wave energy development, in the form of a large moored 

floating structure which may well be valuable for other 

test purposes such as mooring systems. The main reason 

for such a large scale test for fouling would be to deter

mine whether the particular types of organism responsible 

for fouling would behave in the same way on a full scale 

wave energy device as the way they behave on small test 

panels . There may be some reasons why the behaviour could 

be different . 

Finally it should be noted that siltation can be 

regarded as a form of fouling, and this is of particular 

relevance to the possibility of a 9onverter such as the 

Rectifier mounted directly on the seabed. The importance 

of the transportation of sand and kelp by the waves into 

the Rectifier can only be determined after a detailed 

design is a vailable and a specific location has been chosen. 

For many l ocations off the Outer Hebrides, fouling by kelp 

might be serious: see Chapter 8 . 1. 
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5. MOORING 

The ultimate safety and ability to survive of a 
floating wave energy converter will depend upon the 
provision of a mooring which can withstand the most severe 
storms likely to be encountered in the sea area in which 
it is situated. It would not be tolerable that a signifi
cant proportion of the country's energy supply could be 
destroyed, or even disabled, in one extreme storm. 

Until comparatively recent times, almost all the 
development and practice of mooring have been associated 
with ships in relatively sheltered waters. Exploration and 
production for oil and gas in offshore locations created new 
requirements for mooring in more exposed conditions. Whilst 
the design of wave energy converters will be able to lean on 
the experience and skills developed for the offshore industries , 
the conditions of operation will differ sufficiently to intro
duce additional requirements which are beyond the present state 
of the art if the desired degree of reliability is to be 
achieved at acceptable cost. 

Preliminary work in 1978 by the engineering consultants 
to the Wave Energy Steering Committee indicated tha t mooring 
costs could become a substantial proportion of the total cost 
of a wave power station in some designs. Thus both relia
bility and costs are vitally important considerations in the 
design of the mooring system. The fact that a large number 
of moorings would be required ultimately should bring 
economies of scale both in first cost and in maintenance using 
dedicated service vessels and equipment. 

Whilst the detail of the design will depend upon the 
particular wave energy converter to be moored, it is possible 
to pursue many of the problems in a more general way. A 
Technical Advisory Group has been set up to provide expert 
knowledge to WESC and the engineering teams developing the 
converters, and to initiate an appropriate research and 
development programme (see Appendix 3). 

The first approach taken by the Technical Advisory 
Group was to examine how the present state of mooring knowledge 
and component availability could be app~ied to the tentative 
reference designs of converters so far available. There is 
no doubt, however, that as development proceeds on both 
converters and moorings close integration will be necessary 
in order to arrive at the optimum solution. For instance, 
designing the converters for lower mooring forces may not 
ipso facto produce lower costs overall: higher conversion 
efficiencies along with higher forces might well be more 
economic. The current philosophy and the development of 
the initial general programme on mooring by the Technical 
Advisory Group are described below in Section 5.3 after a 
brief description of the mooring systems from which a choice 
may be made. 
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5.1 MOORING SYSTEMS 

In considering all the possible types of system by 
which wave energy converters could be positioned it is 
advisable to include not only conventional mooring but 
also forms of dynamic positioning which are in use or 
under development by the offshore oil industry. The 
main systems which have been rev iewed are: 

Dynamic positioning 

Mooring 

Dynamic positioning by propulsion 

propulsion 

active moor~ng 

by tethered buoyant 
platform 

by catenary 

by taut elastic systems 

This technique consists of an array of carefully 
positioned propellers or thrusters, each controlled from 
a central computer system to maintain position over a 
predetermined fixed location on the seabed: an array of 
sonic transducers on the seabed is usually required as 
fixed reference points. 

The present development appears to be limited to sea 
conditions which could be considered as the worst a nnual 
storm rather than the SO-year or longer term categories 
which are important for the survival of wave power 
converters. 

In severe storm conditions, more power is likely to 
be needed for positioning than may be available from the 
converter itself, and costs would be very high. There
fore the further development of this s y stem for wavepower 
generators has not been recommended. 

Dynamic positioning by active mooring 

This system is used f o r positioning and moving pipelay
ing barges during the laying operations. It comprises up to 
12 wire hawsers, each with an anchor, spread in an array 
around the barge. The inboard end of each mooring line is 
held on a winch which is servo-controlled, usually b y a 
computer. 

The basic design requirements differ significantly 
from those of a wave energy converter. Whilst there could 
be some advantages for the latter in terms of reduced cable 
and anchor specifications, expensive machinery and control 
equipment would be necessary , requiring freauent maintenance. 

5. 2 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

~1oreover, substantial guaranteed power would be needed to 
ensure the safety of the wave energy converters in storm 
conditions. 

Tethered buoyant platform mooring 

This is another recent development - mooring lines under 
continual tension (and usually near vertical) react against 
the buoyancy of the moored structure. It is under serious 
consideration for a future generation of offshore oil/gas 
production platforms, although full-scale experience is not 
yet available. The system is being developed to eliminate 
the heave motions, normally assoc i ated with catenary 
moorings, to avoid damage to the oil production risers. 
In practice, for large structures, a relatively expensive 
arrangement involving a number of 'tethers' is likely to 
be required. 

A substantial R&D progranune has been initiated by several 
large oil companies and their contractors. At present the 
results are confidential to them, but it is expected that the 
technology would be made available for other uses when the 
system has been confirmed on an offshore oil field. However, 
since the moorings for wave energy converters will need very 
high compliance it is unlikely that this type of system will 
be applicable. 

Catenary mooring 

Undoubtedly this is the system on which most experience 
exists, and which is being used increasingly in more exposed 
conditions for relatively large structures (larger than wave 
energy converters) though rarely designed for extreme 
conditions. It provides the near horizontal pull necessary 
to ensure good performance from tdrag' anchors and provides 
'spring' in the system. Both characteristics tend to require 
a mooring line with high weight to unit length. 

Catenary moorings are currently being used on the semi
submersible platforms on the Argyll field, and the Buchan 
field is about to be developed with a similar system. 

Design requirements will differ in the case of wave energy 
converters - for example, station keeping may be less critical 
- but ultimate survival may be required in more severe 
conditions and over longer periods without maintenance and 
inspection. 

Taut elastic mooring 

This type of mooring relies on the very high elasticity 
of man-made fibre ropes, rather than the catenary shape of a 
heavy line, to provide the necessary 'spring'. The ropes are 
neutrally bouyant, or nearly so, and would be essentially 
straight. This type of mooring has not previously been 
adopted in its pure form for exposed moorings, but is widely 
used in berthing situations. 
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Choice of system 

Whilst the catenary system was chosen initially for more 
detailed consideration on the assumpt i on that simplicity of 
concept together with known experience would be most likely 
to lead to an acceptable system , attention is beinq given 
also to other systems which are under development for 
different applications . For rig i dly held converters , the 
cyclic forces at wave frequency would be large and would 
totally dominate all other forces . The forces in the catenary 
could be reduced to an acceptable level by allowin g the 
converter to move in each wave : a compliant mooring would 
have many advantages, combining the desired degree of compliance 
with compactness (the latter feature having the important 
effect of allowing the converters to be moored relatively 
close together) . Such moorings will need development . In 
the event , a combination may be needed for an array of 
converters, depending in detail upon the converter design 
and the location . 

5 . 2 MOORING COMPONENTS 

There are three main components to a mooring system: 

anchors 
mooring lines 
shackles or joining components. 

Anchors 

There is currently a range of drag, deadweight and 
piled equipment and techniques available for anchoring, the 
largest sizes and the forces they have to resist being 
determined by the present market requirement . In addition 
experiments have been carried out on various embedment 
anchors, but presently at small scale. 

The dominating parameters which govern the performance 
of any anchor lie undoubtedly in the soil composition of the 
seabed. If rock is at or n ear the surface then the choice 
becomes very limited to either rock piles or deadweight 
anchors . The efficiency of all other current means of 
anchoring is totally dependent on so i l conditions and before 
any assessment of anchor holding capacity, hence size, can 
be made, accurate and extensive core sampling or tests must 
be made for each particular site . It is therefore the case 
that there is no single anchor which will be suitable for 
all locations . In considering a large wave power installa
tion made up of many modules extending for possibly hundreds 
of kilometres, it is likely that a lara e 'wardrobe ' 
of anchors will be necessary to be cost effective and to meet 
the load requirements on each particu lar anchor site. 

The largest size of individual anchor which currently 
exists is at present considerably smaller than that which 
it has been assumed would be reauired . The alternative of 
using several smaller anchors in place of a single unit may 
be possible, but may have economic penalties . The largest 
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fluke anchors are around 70 tonnes weight with a predicted 
holding capacity in the region of 6.0 MN. At present there 
is no known reason to expect that adverse effects of 
increasing size and scale of fluke anchors exist, however 
this is a totally unexplored area and it may be found that 

. increased scale would introduce problems in handling outside 
current experience. Most manufacturers contacted believe 
that there are no particular problems in manufacturing anchors 
of the sizes and scale envisaged. 

Difficulties of laying and maintaining anchors during 
restricted weather windows off exposed coasts are liable to 
incur a heavy cost burden and it may well be that special 
self-burying anchor techniques (i.e. without surface support) 
will have to be developed if the ultimate potential of wave 
energy is to be exploited~ 

Mooring lines 

There are three categories of mooring line currently 
available although strictly speaking only two are widely 
used for mooring to anchors. These are chain and wire rope. 

.The third, man-made fibre rope, is used extensively for 
above-water moorings of ships to quays and to single buoy 
moorings but few applications to the seabed exist. The proper
ties that man-made fibre ropes have to offer make them worthy 
of serious consideration. Since the introduction of nylon 
fibre in 1940 and later polyester, polypropylene and poly
ethylene to the rope industry, the use of these fibres has 
grown dramatically to the extent that they are now used almost 
exclusively in place of the natural fibres coir, hemp, manilla 
and sisal. They are not susceptible to bio-degradation and 
the quality of the raw material can be carefully controlled. 
The increased strength offered by man-made fibres makes 
possible smaller more handleable sizes and their capacity for 
storing strain energy is high. 

Chain is the traditional mooring line to anchors and is 
the most widely used throughout the marine industry. However, 
the offshore industry is tending to use wire ropes in 
increasing quantities to replace chain: the major advantage 
being ease of handling and weight saving, the equivalent 
strength chain is five times heavier. Chain is relatively 
expensive and although it can have a life of 20 years or more 
the life can be reduced to only a few months under adverse 
conditions. Its past development has been constrained by 
handling and storage considerations. With long maintenance
free life of increased importance there is scope for a new 
approach to design. 

Table 5.1 gives a simplistic appraisal of the relative 
merits of each type of mooring line for comparison. No line 
is ideal in all respects, and the final choice will depend upon 
the accumulation of more detailed knowledge - especially of 
the load extension characteristics and the fatigue properties. 
An initial programme of fatigue testing of man-made fibre 
ropes under wet conditions is under way at the National Engineering 
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TABLE 5.1 

PROPERTIES OF MOORING FOR WAVE ENERGY CONVERTERS 
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Laboratory. Other problems presently being as·s-e~s€d inclucte: 
corrosion fatigue of steel wire ropes, the validity of 
accelerated testing, failure at terminations and compliant 
moorings with taut elastic properties. 

·Shackles 

Whilst there may be some difficulty in ensuring 
survival of shackles and swivels over long periods, no new 
basic problems are presented by wave energy converters. 
Shackles have been developed already up to the working load 
specifications likely to be required. 

S.3 AN APPROACH TO THE MOORING PROBLEMS 

The total force on the moorings will have components due 
to the waves, currents and winds. For the most likely loca
tions, the wave-induced forces will probably be much larger 
than those from currents and winds, although in the final 
designs the latter cannot be neglected. 

In evolving the design and specification of a mooring 
for an array of wave energy converters the following points 
must necessarily be considered: 

the design of the converter 

the environmental forces expected at a particular 
location (in particular the maximum predicted wave 
height and tidal range) 

the depth of water and the composition of the 
seabed 

the degree of excursion of the converter, possible 
or desirable 

• minimising the mooring forces requires 
consideration of the coupling between the 
motion of the converter and the mooring system: 
introducing a considerable degree of compliance. 
In practice there will be restraints on the 
amount of excursion possible, principally from 
the electric cable connections but also due 
to the practical limits of compliance of which 
a mooring system is capable 

the proximity of other converters 

the likely incidence of marine fouling 

• this can vary considerably with location and 
can affect the forces and the performance of 
the mooring system itself (see also Chapter 4) 

the logistics of deployment and proving the 
system 
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the degree of difficulty and frequency of 
inspecting, testing and maintaining the system 

• a complete guarantee of integrity cannot be 
possible . There must be a balance between 
appropriate safety factors and the economics 
of the system. Prototype and early instal 
lations are likely to be over - designed until 
experience has been gained . 

Until the final designs of large converters have been 
developed, some of these factors cannot be taken fully into 
account . However , to meet the present requirements of the 
wave energy programme several different but related approaches 
are being pursued . 

The immediate prcgramme 

Three designs of floating converter either have been 
or are planned to be tested at approximately 1/ lOth scale in 
a sea environment . Conventional catenary mooring technology 
has been or is likely to be used for these tests. High 
safety factors or redundancy are incorporated to ensure that 
the experiments do not fail at this information gathering 
stage . 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I To provide a sound basis for prediction of full scale 

mooring rea.uirements, it will be necessary to carry out accurate 
simulations during tank tests and to confirm these with more 
accurate modelling at the 1/ 10-scale stage. The in~ormation. . I 
so obtained will be important in correlating analytical predictions 

Mathematical modelling 

Mathematical modelling for the design and assessment of 
mooring systems is seen as a necessary part of the overall 
programme , which must be dovetailed into tank and sea tests 
of models . Much of the recent work in this field has its 
or i gins in the offshore oi l industry ' s requirements , and it 
is anticipated that the work needed for wave energy purposes 
wi l l be integrated wherever possible with the future 
Government sponsored offshore programmes . 

Existing methods . 

Mooring loads due to waves, currents and winds are 
usually treated as independent variables . This approach may 
be adequate in some situations but will require detailed 
consideration of the interaction between waves and currents 
where the latter are significant. However , some special 
difficulties need to be evaluated further : 

low frequency drift forces due to wave action can 
cause large amplitude motions of the converters at 
resonance . Such dynamic effects may amplify the 
mooring forces considerably . There are both 
theoret ical and experimental difficulties in 
estimating these low frequency forces 
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the estimation of drift forces is unreliable in 
random seas, and approximate methods have been 
developed to extrapolate regular wave data to 
random sea conditions. There is doubt about such 
a procedure, however, and work is in progress at 
the National Maritime Institute to clarify the 
situation (as part of an OETB programme) . 

the calculation of the surge response of ships 
in seas of irregular head is unlikely to be 
adequate when applied to wave energy converters. 

Meth ods needin g f urther de v elopment . 

Whilst existing theoretical models, assuming linear 
waves and response, will probably be satisfactory for 
moderate operational conditions, they are unlikely to be 
applicable to extreme survival conditions. Continuing 
development is needed to increase the understanding and 
quantification of the phenomena involved. 

The relationship between peak and rms drift force 
(also low-frequency response and mooring loads) is different 
from that for wave heights. Analytical work is needed, to 
enable designers to make more reliable estimates of long
term statistics of mooring loads. 

Instabilities due to non-linear terms in the equations of 
motion of the converters indicate that large mooring loads in 
certain sea states ' can occur. An investigation is needed into 
possible ways in which these effects may arise and whether the 
proposed mooring arrangements will be affected. 

Non-linear analysis in the time domain needs to be 
studied to determine its importance relative to linear analysis 
when examining large amplitude responses associated with 
instability or extreme sea states. 

A programme at NMI on the drift forces on ships in 
re9ular waves could be extended to multi-body systems and 
used in conjunction with existing approximate formulae for 
random sea forces to provide designers with some conception 
of the magnitude of the dynamic problem. 

A tentative conclusion on mathematical modelling is 
that moderate sea conditions can be modelled effectively, 
and the analysis will be particularly useful in determining 
long-term fatigue effects on components. However, until 
sucih time as the mathematical models are capable of dealing with 
extreme and survival conditions model tank tests are likely to 
be the most satisfactory method of providing design data. 
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Tank model testing 

Tank testing has been a vital component in the develop
ment carried out by the device teams. Until recentl y most 
of this work has concentrated on the hydrodynamic performance 
of the converter models and the moorings hav e been artificial 
in the sense that the models have been either fixed rigidly 
or restrained by moorings of arbitrary stiffness. 

Testing which is designed to determine the mooring 
forces is n ow under way, although the emphasis differs in 
each of the device teams. The Cockerell raft system has 
special problems which arise from the proposal to use 
mooring lines t o separate and control adjacent raft units: 
there will be therefore a dynamic interaction between these 
units in addition to the interaction with the seabed mooring s. 
One unresolved question on all floating converters is whether 
each unit sho uld 'weather vane' the seas or whether it should 
be moored with a minimum alignment capability. The latter 
would reduce the problem of orienting the power cables between 
the converters and the sea floor, but many interrelated factors 
will have to be considered before final decisions are made on 
this point. 

Preliminary predictions of full-scale, mean mooring 
forces from model tests have ranged from 1 to 2 tonf/ metre 
in the case of the Salter duck string to up to 10 tonf/metre 
for the Oscillating Water Column and the Cockerell raft. 

Ideally the force on the converter should n o t increase 
in proportion to an increasing sea state . There is evidence 
to suggest that this situation may be achieved by a Duck 
if it is allowed to flip on its back in response to the 
largest waves. The other teams have also recognised 
this ideal and will be working on methods to keep mooring 
forces to a minimum in extreme conditions . 

It is regarded as of the utmost importance that tank 
testing methods used are representative of real sea states -
a definition that has yet to be finalised - and that known 
non-linearities in the behaviour of bodies in wave systems 
and in response to mooring dynamics are modelled correctly. 

Component integrity 

To ensure both the initial and long - term integrity of 
large-scale wave energy c onverters at sea, it is visualised 
that extensiv e land- b a sed component testing under simulated 
loading wo uld need to be carried out. This could range from 
relatively straightforward fatigue testing of man-ma de fibre 
ropes for example (already under way at small scale) to 
complex multi-directional fatig ue loading of a structure 
connecting the c a ble t o the c o nverter. 
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Accurate and extensive surveying of the sea floor at 
the chosen locations will be necessary to ensure the correct 
choice of anchor. Whilst it is not thought that there will 
be insurmountable technical problems in providing anchorages, 

. research and development may be needed to prove anchors 
at the large sizes envisaged. 

To ensure their ultimate integrity, the first large-scale 
converters ~o go into real sea conditions are likely to be 
moored, conventionally - or unconventionally - by over-designed 
mooring systems making use of second or even third stage 
fall-back systems wherever possible. The limit to this approach 
of course is the need to allow the converter to behave in a 
'normal' manner during all modes of operation. 

Based upon the present procedures laid down by the 
certifying authorities, annual and quinquennial 
inspections would involve the considerable use of techniques 
such as underwater television and the deployment of divers. 
samples of the mooring system would have to be 
recovered for inspection on shore every five years . or so. Much 
further work will be necessary to determine the extent to 
which inspection and maintenance can be reduced - especially 
the extensive use of divers. However, in the early stages of 
the programme, including prototype testing, inspection will 
need to be at frequent intervals until information on typical 
wear and degradation is built up and hence an optimisation of 
capital and maintenance costs achieved. Full monitoring of 
mooring loads, device involvement and environmental forces 
with mooring designs evolved during the R&D period should 
permit the design of safe and economic moorings. 

5. 4 SUMMARY 

In summary, the development of wave energy converters 
can proceed unhindered for several years using over-designed 
mooring systems based on existing knowledge to ensure 
adequate reliability of the models or pro~otypes under test 
in the open sea. However, the ultimate feasibility, 
technical and economic, of all designs of floating 
converter will depend upon extensive further work of which 
a first outline is given . above: the present state of 
mooring technology is inadecruate. Obviously any design of 
converter which involves building upon the seabed, such as 
the Rectifier, can eliminate the mooring problems completely, 
but may pose other problems of similar or even greater 
magnitude. 
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6. ENERGY CONVERSION AND TRANSMISSION 

The engineering development of the various designs of 
converter by the Device Teams has been supported by general 

· work in the area of energy conversion and transmission 
sponsored and coordinated by Technical Advisory Group 6 of 
the Wave Energy Steering Committee 
(see Appendix 3)~ Before discussing that work 
it will be illuminating by way of introduction to consider.. 
the characteristics of waves as the energy source, building 
upon the basic material in Chapter 2. 

The waves of principal interest are characterised by 
random heights distributed over a range of frequencies of 
the order of 0.1 Hz: a typical spectrum is shown in 
Figure 6.l(a). Wave energy converters will respond to these 
waves with an efficiency which varies with frequency, as 
illustrated in Figure 6.2, and which is determined largely 
by the characteristics of the applied load. An ideal load 
for most designs of converter would be one which generates 
forces proportional to the velocity of the converter motion 
(a 'linear' system) ; a typical converter response with such 
a load is shown in Figure 6.l(b) and the power associated 
with this response is detailed in Figure 6.l(c). 

It becomes immediately obvious that: 

the energy conversion system must be able to 
handle large short-term variations in the 
instantaneous power level 

the peak power level can be many times 
greater than the average power level 

the primary power output is not in a form that 
can be handled conveniently. 

Superimposed upon the short-term variation of the available 
power are longer term effects resulting from day-to-date 
variations in the sea state and seasonal variations in 
weather patterns. The seasonal cycle at OWS India, for 
example, varies between an average power available of z 180 kW/m 
in the winter and ~ 30 kW/m in the summer. The implications 
of these variations for the ele-ctrici ty supply system are 
discussed in Chapter 7. 

The randomness of the wave energy availability 
prevents the establishment of simple physical models for 
use in wave power studies and it is usually more convenient 
to work in spectral and statistical terms. In the insets 
to Figures 6.la and 6,lb are representative spectral density 
functions for both the incoming waves and the resulting 
converter motion. In each case the distribution of elevation 
for the wave or the response velocity p(e) of the active 
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converter element is approximately Gaussian with a mean 
of zero. The power output is proportional to the velocity 
squared in a linear system and the instantaneous power 
is approximately as shown in the inset to Figure 6 .l(c). 

Thus there are a significant number of occurrences where 
the power output is much greater than the mean and if the 
power take-off equipment is not to be rated for excessive 
power levels, some proportion of the available power has to 
be shed in a controlled fashion. 

The manner in which this shedding is achieved depends 
upon the particular design of converter and the method of 
control. Where it is possible to continue to generate at 
the design peak even when it is exceeded, the overall 
conversion is as shown in Figure 6.3, curve a. Some 
protection methods, a slipping clutch for example, may 
cause the output to fall to zero in overload conditions 
with a consequent lower overall efficiency. 
In practice a converter will exhibit variations in 
conversion efficiency over the whole range of applied 
velocity/power levels. This is illustrated in Figure 6 .4 
for a system with an efficiency curve which peaks at some 
intermediate power rating and is low at relatively low power 
levels. The overall conversion efficiency of this system as 
a function of peak rating of the conversion equipment is as 
curve bin Figure 6.3. 

From the foregoing it is clear that the precise 
characteristics of the power conversion equipment , and the 
associated control and protection arrangement, have a marked 
effect on the power conversion capability. 
Furthermore, such considerations are an important contribution 
to controlling the range of power levels which the bulk trans
mission system has to handle. In this respect it is desirable 
both from a transmission and utilisation point of view for the 
short and medium time scale variations in the output power of 
·the converters to be kept to a minimum. 

This, to some extent 
may be achieved by the interconnection of several converters 
into large integral units, which in any case is essential for 
bulk ( > 100 MW) transmission of the energy. Here the diversity 
of the individual converter outputs, resulting from the direc
tional properties of the waves, leads to a smoothing effect 
when they are combined. The degree of smoothing is a function of 
the overall dimensions of the integrated unit when compared with 
the wave - and crest-lengths of the wave spectra. Where any 
envisaged arrangement of converters does not provide an ade
quately smoothed output, it becomes necessary to include some 
form of short term storage within the energy conversion system 
(see also Chapter 7). Since smoothing through diversity, or 
storage, results in equipment ratings significantly less 
than the peak it is important that it should be achieved as 
early in the conversion chain as possible. 
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6.1 THE CONVERSION AND TRANSMISSION SYSTEMS 

The basic flow diagram detailing the essential elements 
of the energy conversion and transmission s y stem is shown in 
Figure 6.5 and a more detailed display of the wide range of 
systems to be analysed and choices to be made is given in 

. Figure 6. 6. 

The primary output of each converter is quite different 
but can be characterised in one of three basic categories. 
Designs such as the Duck or the Raft, in which power is 
derived from the relative motion of large solid structures, 
are characterised by a low velocity-high torque primary power 
take-off system. Such a system normally has to be interfaced 
with a secondary energy conversion system before the energy 
can be utilised. 

Oscillating Water Column designs operate basically in a 
similar manner but one of the structures is replaced by a 
water column which acts as a large reciprocating piston 
delivering air to an air turbine. In this case, direct 
conversion is relatively straightforward although the 
characteristics of the fluctuating air flow are somewhat 
unusual. 

A third primary power take-off option forms an integral 
part of the Rectifier. This utilises two reservoirs and a 
system of gates by means of which waves charge a high level 
reservoir and empty a low level reservoir on alternate half 
cycles. Power is generated by a low-head .water turbine 
positioned between the two reservoirs. 

Although the primary power outputs are seen to be 
device-specific, there are several possibilities for the 
later stages of conversion and transmission which are common 
to each. Here the energy carrier can be: 

electricity 
pressurised fluid 
chemicals 
heat. 

These energy carriers could be transmitted to shore either 
by a cable, in the case of electricity, or by pipeline (and/or 
possibly tanker ships) for the other options. 

Since the primary take-off is device-specific whereas 
the subsequent transmission is of a more general nature, it 
is convenient to treat these as separate sub-systems. 

6. 2 PRIMARY POWER TAKE-OFF 

The Duck and Raft designs 

A mechanical connection between the device and the first 
stage converter is thought to be essential. Such a connection 
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needs to be able to transmit the peak torques of a device 
over long periods with reversing loads in a marine environ
ment. For example, a Raft transferring 100 kW/ mat one 
hinge has a torque loading of l MNm per metre width of 
device. Wide variations in device velocity have also to 
be accommodated. 

The main options for this type of duty are chains, belts, 
friction drives including tyres, gears and crank and connecting 
rod assemblies. "Order of magnitude" capabilities of these 
options are listed below: 

Cranks/connecting rod 
Gears (per pinion) 
Cams 

3 MNm 
0.7 MNm 
0. 7 MNm 
0.1 MNm 
0.01 MNm 
Small 

perm width of device 

Roller chains 
Belts 
Friction drives 

" 
" 
" 
" 
II 

II 

II 

II 

II 

II 

Cranks and connecting rods are seen to be capable of trans
ferring the torque but require most of the available width 

" 
" 
II 

II 

II 

of the device. Pressure lubricated journal bearings are 
suitable for the crank pin with rolling element bearings 
being a possible alternative. Gear drives are also capable 
of transmitting the required torque · in both the Duck and the 
Raft, although there must be an emphasis on good design which 
includes not only the gear form but also close tolerances on 
gear spacing and the need for a good lubrication system . 
In this context, sea-water lubricated gears with a significant 
working life are not thought to be an economical proposition. 

Probably the simplest conceptual conversion scheme for 
use on wave energy devices is a directly-coupled electrical 
generator. Generation at the device speed is not possible, 
however, and some form of speed-increasing system becomes 
necessary. Such an arrangement requires the electrical 
machine to be capable of meeting an onerous overspeed require
ment, thus restricting the size of the machines to ~ 100 kW/ 
_pinion. Although large numbers of small machines offer the 
prospect of greater plant availability, their outputs are 

rrore difficult to combine for bulk transmission. Direct 
coupling of electrical machines is also likely to impose 
large inertial loads on the mechanism and backlash becomes 
a major consideration. For these reasons direct generation 
is not considered a feasible proposition. 

Alternative options for use as the primary load for the 
Duck and Raft are low speed hydraulic systems. The mechanical 
coupling of hydraulic rams to each of these devices is feasible 
with both cam or crank arrangements provided a sufficient 
number of rams is installed to share the load. Hydraulic 
rams are particularly suited to a marine environment because 
of their simplicity and ability to handle a low speed recipro
cating input. Further advantages arise ·because of their known 
reliability and the ease with which several ram outputs can be 
combined at a central storage/ conversion point removed from 
the sea environment. Hydraulic storage allows some smoothing 
of the power input to the second stage conversion arrangement 
and the hydraulic interface can be used for control purposes 
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I 
to nrovide an optimised load characteristic. to the device. In 
this instance control can be exercised by varying the number of I 
rams in circuit as a function of the state of the sea. Several 
small rams properl y matched in number to the immediate sea state I 
can give a substantial improvement in overall conversion efficienc 
compared with a single large ram. 

As with the mechanical option, hydraulic speed
increasing s y stems are possible. A pump/ motor combination 
is capable of speed variation over a wide range limited only 
by the a vailability of suitable motors and pumps. The hydraulic 
approach is less efficient than would be tolerable in a gear 
designed for a long low-maintenance life, but the difference 
may not be significant. Importantly, both gearing and directly 
coupled hydraulic speed-changing will give rise to a motion 
at the output which ranges from full speed to zero in each 
wave period and will transmit the final generator load 
characteristics back to the device without modification. 
The hydraulic approach would in general give rise to a uni
directional motor drive and be more amenable to large speed 

I 
I 
I 
I 

increases, both of which could prove to be advantageous. 

::orms I It is therefore not surprising that hydraulic equipment 
some part of the primary conversion function of the favoured 
s y stems which have evolved for the Duck and the Raft. One of the I 
primary power take-off system currently under consideration for 
the Raft in mid-1978 was a gear drive with some speed increase 
to a cranked ram arrangement. The working fluid would be filtered I 
seawater ~umped through a low pressure, high volumetric flow 
hydraulic main, incorporating some accumulator storage, to a 
reaction turbine in the base of the centre raft. In general, 
such a system would be expected to avoid the cavitation 
problems associated with higher flow velocities but further 
study of cavitation and corrosion effects will be necessary 
for wave power devices utilising sea water. 

Current thinking in the Device Team on the primary power 

I 
I 

take-off for the Duck involves either a geared or belt drive 
arrangeme nt connected to hydraulic pumps feeding a closed circuit, I 
high pressure oil main. Several second stage conversion options 
canoe incorporated in such an arrangement and the favoured 
options are directly driven hydraulic turbines or a pressure I 
exchange unit converting the oil flow to sea-water flow to 
drive a turbine. 

The Oscillating Water Column design 

The overall conversion concept, involving a fluctuating 
air flow through an air turbine is simpler and is closer to 
fin a l definition than those for the Duck and the Raft. The 
major area for quantification lies in the interaction between 
the fluctuating air flow and the turbine/ generator character
istics. 

The efficiency of the total power conversion, sea-wave 
to electrical energy, depends on the device efficiency, 
turbine efficiency and generator efficiency . The device 
efficiency is determined essentially by the loading 
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characteristic reflected into the device, while the turbine 
efficiency is determined by the specific turbine character
istic, the efficiency of the air flow rectification arrange
ment, energy storage and generator control philosophy adopted 
£or the defined sea-state. For example, the behaviour of 
conversion systems with two different turbine characteristics 
as detailed in Figure 6.7 can be simulated for particular sea 
conditions, to assess the effect of various generator inertia 
constants. Inertial energy storage is essential for smooth
ing the large fluctuations in available power, and for any 
given set of conditions there exists an optimum inertia such 
that it is large enough to avoid repeated instances where the 
turbine/generator unit might overspeed and yet not so large 
that the inability to accelerate results in an exces-
sive loss of turbine efficiency. 

The simulation for the two different inerti·as is shown 
in Figures 6.8 and 6.9 for an idealised monochromatic sea 
with a wave gust. The large increase in air flow rate 
produced by the wave gust (Figure 6.8c) is seen to increase 
the speed of the turbine with the wide bandwidth (Figure 6.8al 
so that it is able to maintain full output power, whilst the 
speed of the turbine with the narrow bandwidth characteristic 
falls away rapidly. 

During the subsequent low wave period, energy is 
extracted at similar efficiencies for both inertia · cases 
but with H = Ss (the inertial time constant) the electrical 
power at times drops to zero as there is neither enough 
stored energy nor converted energy to feed the demand. 
With H = 15s, although there is a substantial drop in electrical 
output power, the energy stored in the inertia from the previous 
monochromatic period is sufficient to supply a reduced electrical 
output. In the ensuing monochromatic period the turbine again 
g~adually settles into its 'steady' operating regime in a time 
dependent on inertia, with the smaller inertia machine exhibiting 
the most rapid response. 

Thus, in cases where the turbine characteristic exhibits 
a narrow bandwidth, in order to maintain acceptable turbine 
conversion efficiency over a large range of flows lohl inertia 
and a large speed variation is required which may itself invoke 
the overspeed criterion (or create mechanical design problems 
in the turbine) and/or produce power outputs with large varia
tions depending on the generating characteristic selected. For 
operation in low waves during the gusting period it is advan
tageous to have substantial stored energy capacity to prevent 
large dips in output power. In this respect the higher opera
tional inertias allowed by a wide bandwidth characteristic are 
preferred. 

Obviously studies of this nature have to be extended to 
real sea conditions but the above simulation does provide an 
i~sight into the factors which influence this conversion option. 
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~ further consideration involves the choice between a 
conventional uni-flow air turbine and a self-rectifying 
turbine which does not require air flow rectifying arrange
ments. At least two self-rectifying air turbine concepts 
·exist and appear promising but significant research and 
development will be necessary before the attraction of 
increased reliability, and possibly efficiency, as a result 
of dispensing with air flow rectification equipment outweighs 
the known efficiency and almost linear head-flow load 
characteristic of a radial inflow turbine. 

The Rectifier design 

One device w~ich does contain substantial inbuilt 
storage is the Re8tifier. The primary power take-off 
system is a low-head turbine. The expected head is l-3m 
and this is somewhat lower than normally encountered 
during water turbine usage but is not so far 
removed as to present insuperable problems. The Rectifier 
can also be a seabed-mounted device and as such will probably 
be located closer in to shore than the other devices. This 
factor, together with the inbuilt storage of the Rectifier 
offers the prospect of synchronously coupling the output of 
the unit with the National Grid. 

6.3 CONVERSION AND TRANSMISSION 

The electrical option 

The basic philosophy of any electrical conversion and 
transmission system would be to group progressively the out
puts from the wave energy converters into a main high voltage 
transmission cable. Since the cost of transmission reduces 
as the voltage is increased, it is economically advantageous 
to achieve the maximum grouping as early as possible in the 
transmission chiin. This also has the advantage that a 
minimum of the transmission system need be rated for peaks. 

In most c _ases, however, the wave energy converter is not a 
stable structure at a fixed position in space, and any power 
take-off must be via a flexible cable. At the present time 
th~ upper limit based on insulation for flexible cabling is 
22 kV, and the maximum rating of the order of 10 MW is too 
small to take the average power from an array of sufficient dimen 
sion to give a smooth output: except when substantial 
hydraulic smoothing or averaging is provided the cable rating 
must take peaks into account. In the extreme, 10 MW would 
perhaps serve only 100 m of device were it not for the fact 
that transmission cable is more tolerant than other equipment 
of short duration overloads. Without significant development 
work on cables it would not be possible to arrange for all 
the equipment up to main transmission voltages to be mounted 
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on the converter because the power could not subsequently 
be taken off . There must, therefore , be a large number of 
low power flexible feeders to substations on offshore plat
forms or the sea bed . 

For generation on board each converter unit there is a 
choice of either AC alternators or DC generators. DC machines 
can in principle be grouped either in series or in parallel . 
Apart from other difficulties parallel grouping restricts the 
total voltage to about 1 kV because of commutation considera 
tions . If connected in series , DC machines with individual 
quick - response excitation control could provide whatever 
speed-torque characteristic may be required. However , to 
maintain the insulation levels between armature and frame 
which would be necessary at the ends of the series string 
could be difficult if machines with brushes were used. 
Electronically commutated machines might well be .feasible for 
this purpose . These machines shade into true AC machines . 
Synchronous transmission using AC generators is impractical 
due to the wide variations in speed of the converter units in 
the constantly changing wave conditions . (The Rectifier is a 
possible exception to this . ) 

The favoured system is shown schematically in Figure 6.10 . 
Conventional synchronous generators operate into individual 
diode rectifiers, whcih are series connected , in order to 
minimise interaction problems . A shore based inverter station 
connects the DC to the national grid and operates in a constant 
current mode. Overall transmission voltage is set by the 
summation of individual rectifier outputs with the constant 
current control at the inverter determining power transfers. 
Consequently each generator will operate at constant armature 
current , varying voltage; with voltage and power variations 
at individual generators being determined by the generator 
operating philosophy and energy storage capability. 

The scheme relies on the assumption that a line of devices 
of reasonable length , up to say a combined output of 200 MW, 

· provides a substantially smooth output, and a negligible amount 
of smoothing between the alternator and wave energy converter 
would be required. If smoothing is found to be necessary it 
should be possible to achieve this by the use of flywheels 
on the alternator rotor shafts. Without field control, the 
natural torque / speed curve for the alternator is not the ideal 
linear relationship, but it would be possible to achieve a very 
close approximation to the ideal charac t eristic by controlling 
the excitation of the machine. 

Figure 6.11 shows the current state of the British grid 
network and an indication of the preferred general locations 
for siting wave energy stations . Wave power systems located 
off the SW and the NE coasts would be sufficiently close to 
the present grid network to avoid significant grid reinforce
ment. This is not the case for a wave power system located 
off the Outer Hebrides and , although the first 2 GW of 
installed capacity would be absorbed to meet the increasing 
Scottish electricity demand , a major grid reinforcement would 
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be required to accommodate the wave power system i .f it 
·reached its full potential. Even so, electrical conversion 
and transmission is recognised as probably the cheapest option 
under consideration, with the major costs centred on the 
rectifier/inverter equipment and its associated housing. 
The electrical costs are not particularly sensitive to the 
cost of the h.v.d.c. bulk transmission cable, which for a 
system located 20 km off-shore represent 2-3 per cent of 
the total cost per kW of installed capacity - .although the 
need to protect the cables with trenching would substantially 
affect this. Thus the cost of the electrical option may not 
be affected significantly by the exact siting of the units or 
the depth of water in which they operate (unless sub-sea 
transformer/rectifier units are employed). 

The hydraulic opt~on 

The hydraulic option is a modified version of the 
electrical option with the generation equipment sited on shore 
and connected to the wave energy converter complex by an under
sea hydraulic main. The removal of the electrical equipment 
from a potentially hostile environment offers the benefit of 
greater reliability, and the electrical interconnection of 
large shore units ( :~ 80 MW) with the grid is much simpler 
than in the 'electrical' scheme. 

Two transmission fluids are possible:

- filtered sea water 
- conventional hydraulic oils. 

Sea water has many attractions over oil as a means of trans
mitting power, most notably it requires only one pipe circuit. 
Thus the combination of a shorter pumping distance and lower 
viscosity makes high pressure water transmission more efficient 
than the oil alternative. An analysis of transmission effi
ciencies, based on a converter to shore transmission distance 
of 24 km using 1.2 m diameter pipes at a pressure of 15 MN/m2 
is shown in Figure 6.12. 

The 1.2 m diameter pipes, a size2which will soon be 
available for pressures up to 15 MN/m, would need to be 
concreted over for protection and ballast but even so some 
problems may be encountered in shallow water ( < 50m) due to 
cross currents and shipping. Trenching would be essential to 
give the pipe continuous support and this could prove difficult 
and expensive in regions where the sea bed is mainly rock. 

Connection of the converters to a seabed hydraulic main 
would be by rigid pipework with a "trombone" or articulated 
riser to compensate for heave. Limited lateral motion could 
be accommodated by ball-jointed connectors. If converter 
movements prove to be excessive, a semi-submersible structure 
could be used for termination of the hydraulic main with 

-flexible pipework, which is now developed to an advanced 
stage, to the surface. Furthermore, the hydraulic main could 
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be designed to act as a hydraulic accumulator of very large 
capacity, thus providing a relatively smooth delivery of 
power to the shore-based conversion equipment. The major 
disadvantage of such a system is the cost of manufacture 
and installation of the seabed pipeline equipment. Initial 
estimates suggest that hydraulic transmission is at least 
2-3 as costly as electrical transmission whilst it only, in 
effect, replaces the electrical inverter/rectifier equipment 
and d.c. cable link of the electrical option. 

Chemical energy carriers 

The utilisation of wave power to produce chemical 
products, which can be transmitted to shore by pipeline or 
tanker, offers the advantage of freedom in the siting of the 
converters and the energy landing sites. Most chemicals can 
also be stored cheaply and easily for long periods and may 
therefore eliminate the problem of mismatch between the wave 
energy supply and the generating system demand which arises 
when the desired output is electricity. 

To date, all of the chemical products which have been 
considered for wave power systems are based on the production 
of hydrogen by the electrolysis of water. These are: 

hydrogen 
ammonia 
methanol 
methane 
gasoline. 

Ammonia is produced by the catalytic combination of hydrogen 
and nitrogen using technology which is well established on a 
commercial scale. Apart from water, nitrogen is the most 
abundant material available to the wavepower-chemical complex, 
constituting some 79 per cent by volume of the atmosphere. 
Ammonia is a basic feedstock for several large scale chemical 
production processes, especially in the fertiliser industry . 
Ammonia-based fertilisers comprise a vital commodity in our 
economy, for which the demand is expected to almost double 
by the year 2000. That future level of demand translated 
into wave energy terms would require a continuous power out
put approaching 3 GW. It is conceivable, therefore, 
that the available wave energy could supply part or all 
of the basic energy input in the United Kingdom for 
ammonia-based fertilisers (which at present is supplied 
by natural gas). 

Methanol, methane and gasoline are produced by various 
catalytic combinations of hydrogen and carbon oxides although 
here it should be recognised that it may be impossible to 
deliver carbon oxides to the chemical complex at an economic 
cost. 

The electrolysis of water requires the first stage 
(medium voltage) of the electrical conversion option but 
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eliminates the problems involved in the electrical series 
connection of many converter outputs for bulk transmission. 
A possible production route would be to use the rectified 
output of directly- coupled AC machines to electrolyse water 
and produce hydrogen at 30 bar. Although an electrolyser is 
not a purely resistive load, it is possible to design a 
close approximation to velocity-proportional damping with 
a synchronous alternator/ electrolyser combination, which is 
closer to the believed ideal load characteristic than most 
of the o ther systems considered. 

The direct electrolysis of sea water is not a practical 
proposition for wave power systems and desalination on board 
the converter would be an essential first step. A schematic 
flow diagram for hydrogen production using current technology 
is shown in Figure 6.13a. 

Advanced electrolysers of greatly improved efficiency 
and reduced capital cost are being developed in energy 
programmes promoted by the EEC and the International Energy 
Agency. The schematic flow diagram for such a system is 
shown in Figure 6 . 13b, based on an electrolyser efficiency 
of 85 per cent, representing operation of the system to 
minimise the capital cost of installation . Operation of the 
advanced electrolysers with almost 100 per cent efficiencies 
should also be possible, but at an increased capital cost. 

Several basic configurations are ~ossible for siting 
electroly sis and chemical plant and the transmission of 
chemicals or energy between them. Schematic block diagrams 
of these are shown in Figure 8 . 14 . They involve: 

(a) siting the whole electrolysis/chemical complex at 
sea and transmitting the chemical product to shore; 

(b) siting electrolysers at sea and transmitting 
hydrogen to shore-based chemical plant; 

(c) siting the whole electrolysis/chemical complex 
ashore and transmitting energy to it. 

With the whole chemical complex at sea, mounted on a stable 
platform serving several converter arrays, the chemical 
products could be transmitted to shore either by undersea 
pipeline or tanker ships. 

The technology for laying and operating undersea pipe
lines exists and is developing continuously. It is being 
extended to deeper waters and more hostile conditions as the 
need arises, as for e xample in the North Sea. The main 
elements of cost for a pipeline transmission s y stem are: 

Materials for the pipeline. As the depth of 
water increases thicker-walled pipes must be 
used to withstand greater hydrostatic pressure 
and the larg e stresses occurring during the 
laying operation. 
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Pipe laying. 

Marine riser in the case of a surface installation. 

Pipeline compressor(s), both capital and power costs. 

The total pipeline transmission costs are therefore dependent 
upon distance and water depth. 

Transportation of liquid chemical products by ship is 
again known technology, even for those such as methane which 
must be transported in cryogenic vessels. The main costs are : 

Capital cost of ships, including on-board storage 
tanks. 

Facilities for product storage at the chemical plant . 
This method of transport is essentially a batch t y pe 
of operation. 

Ship operating costs, i.e. labour, fuel, maintenance. 

Total costs for this form of transmission will obviously depend 
on the distances involved, but will be independent of the water 
depth. 

If electrolysis only is performed on the converter 
(Figure 6.14b), hydrogen is the energy vector transmitted to 
shore. Hydrogen transmitted by under s e a pipeline can be 
utilised either by a local chemical plant or be transmitted 
overland by pipeline to a more central location. For 
tankered hydrogen, liquefaction would take place at sea 
using a large tonnage central li~uefaction plant, and the 
product could be landed at any port. 

When all of the chemical plant is located on shore, the 
~onversion and transmission s y stem is identical to the 
electrical option with simply the large overland electrical 
transmission lines replaced by underground pipelines or ships. 

A first estimate of the overall cost of producing ammonia 
using wave energy indicates that it would be more e x pensive t han 
using the other alternative to natural gas - coal. However, the 
possibility is being kept under review as an insurance 
technology . 

The thermal transmission option 

The conversion of wave power to thermal energy in the form 
of heated fluid is a feasible system which has some c lear 
advantages. The energy conversion can be either a friction 
brake arrangement or resistance heaters fed from a DC machine, 
the latter having the disadvantage of requiring an initial 
conversion to electricity . 
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If a friction brake were used, it could be controlled to 
optimise the load characteristic seen by the device and supply 
heated oil or water to an insulated storage vessel . Several 
such vessels would be towed to and from the converter array 
transporting pressurised water or high temperature oil with 
each vessel sized for, say, five day s charge/ discharge at 
the maximum continuous rating. The whole installation has 
the advantage of simplicity and reliability although the 
operation of such a system is liable to be manpower intensive 
and subject to weather-window difficulties in the winter months. 

The over-riding disadvantage of this option is that 
the energy is not available in a convenient form. Heated 
fluid could be utilised in three ways: 

conversion to electricity 

to provide power station pre-heat 

district heating schemes. 

Even at an annual load factor of 70 per cent the thermal energy 
could not be converted economically to electricity by vapour 
turbines and the overall conversion efficiency would ~robably 
be no more than 3 oer cent. Similarly, the provision of power 
station pre-heat i~ also difficult to justify economically and, 
as in the case of district heating schemes, the preferred sites 
for wave energy arrays offer a very limited application in any 
case. 

Summary 

Of the energy carriers detailed above, the thermal and 
hydraulic options appear too costly and inefficient to be 
given further consideration at the present time. Of the two 
remaining options, the electrical route is attractive 

-because it is thought likely to be the cheapest of all the 
conversion and transmission routes although it does not 
provide the flexibility, with respect to location and energy 
landing sites, of the chemical option. Both these alterna
tives therefore remain candidates for use in wave energy 
schemes and, although further studies may define more 
closely the likely costs and benefits of each scheme, the 
final selection of energy carrier might be determined simply 
by the desired location. 

6.4 FUTURE STUDIES 

There is a need for more basic work on the problems of 
primary power take-off. Consideration will also be given 
to the design of bearings for use in a marine environment 
and to the design of , and materials for use as , seals. 
Studies will continue in the general area of hydraulic 
components and on the modelling of proposed hydraulic schemes 
for converters. 
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Future work on the electrical option involves defining 
more closely the design and operating characteristics of 
the various technical stages within the scheme. At the 
generation end of the transmission chain the feasibility 
of operating small groups of alternators, or possibly 
induction generators, on a common local busbar needs to 
be considered. Transmission of the AC power from the 
converter to the transformer/rectifier arrangement requires 
a cable capable of withstanding continual flexing with a 
realistic fatigue life, both mechanical and electrical. Work 
to assess the suitability of current cable designs and materials 
for this duty is to be undertaken. 

The identification of the control oroblems of the electrical 
components within the conversion/transiission chain is another 
important field of on-going activity and this will be coupled 
closely with simulation studies of the behaviour of the various 
systems, including air and water turbine options, under 'real 
sea' conditions. Work in the immediate future on the chemica l 
carrier option will be confined to monitoring the progress of 
electrolyser technology and the development of pipeline 
technology within the North Sea industry. 

Finally, analytical work by the consulting engineers has 
pointed out that for several designs of converter an undesirable 
feature of the complete power chain from the waves to the user 
of electricity is the large number of conversion stages 
involved - energy is lost at each stage and the effects are 
cumulative down the chain. This can affect adversely both the 
economics and the usable fraction of the total resource. 
Whilst some aspects will be associated with the basic design 
and in particular with the ability of the converters to absorb 
energy from a spread of wave directions, a major objective of 
future work in this area must be to reduce the number of stages 
and to improve the efficiency of those which remain. For 
designs which involve an air turbine, there is scope for 
considerable work to optimise the matching of the turbine 
operation to the variable input. 
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7. ELECTRICITY SUPPLY SYSTEM ASPECTS OF WAVE ENERGY 

From the start of the wave ·energy research programme -
it has been evident that large structures, sometimes with 
complex energy conversion and transmission systems, are 
needed to capture and supply wave energy in a useful form. 
consequently equipment capital costs will be appre~iable and 
paying for this capital, quite apart from a~y r~nn~n~ and 
maintenance charges, is expected to result in significant 
overall costs for the delivery of wave energy to consumers 
(as foreshadowed in the 1974 report of the Central Policy 
Review Staff). 

In the previous chapter the generation of electricity 
supplies for the national grid system and the production 
of chemicals were identified as the most likely routes for 
exploiting wave energy. The present chapter discusses some 
of the questions that are raised if wave energy is to be 
exploited within the context of the electricity supply system. 
The more fundamental of these questions are: 

what is the nature of the energy output from a 
wave energy scheme and how might it be modified 
so that the best possible economic return is 
achieved? 

what are the essential attributes of a wave energy 
scheme, as seen from the electricity supply 
viewpoint, and in what ways would it influence 
decisions to install other plant,and once 
·constructed how would a wave energy system 
affect the operation of conventional plant? 

after due allowance for the benefits offered by 
wave energy, what are the capital cost targets 
that will have to be met if wave power is to 
make an economic contribution to possible future 
generating systems? 

given that the future is highly uncertain, how 
might the role of wave energy alter between 
different views of the future? 

Unfortunately, there can be no firm or final answers to 
these questions at present for a number of reasons: there 
is a paucity of basic wave data for quantifying the 
characteristics of the resource; the costs and conversion 
characteristics of the desiqns currently under investigation 
are not well established; the desiqns chosen for a future 
wave energy scheme may not be one of those currently under 
investigation; and the future itself is uncertain. Therefore, 
the approach to the questions posed has been essentially one 
of clarification, and in order to clarify it has been 
necessary to make some assumptions, based on such evidence 
as is available, as to the possible characteristics of a 
future wave energy scheme and the future electricity supply 
system. Even with a successful research and development 
programme it is unlikely that wave energy could be exploited 
commercially on a substantial scale much before the turn of the 
century. Thus the assurri.ptions for the system studies are chosen 
to be relevant to situations that could arise in the early part 
of the next century. 
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Figure 7.1 Mean Monthly Wave Energy Supply 
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The value of the system studies lies not so much in the 
strategic planning of a future electricity supply system - an 
exercise that would be premature at the present time - but 
as an aid to R&D planning. The studies are important for 
defining cost targets, indicating how designs can be 
modified towards an optimum, helping to choose between 
desig_ns and indicating where R&D effort needs to be 
concentrated. 

7.1 SYSTEM CHARACTERISTICS OF WAVE ENERGY 

Before any detailed studies were undertaken it was 
clear that wave energy would differ from plant currently 
used in generating systems. The output from fossil, hydro and 
nuclear generating plant, which make up the present generating 
systems, are largely under the control of the operators and 
more or less energy can be supplied in response to changes 
in consumer demand. By contrast, wave enerc,ry 
output will be largely a function of sea-state and weather. 
New units of conventional and nuclear plant are installed 
by the electricity supply authorities in order to provide, 
at a certain supply security standard, sufficient capacity 
to meet forecast increases in peak demand or to replace plant 
due for retirement. It is uncertain whether any installed 
wave energy capacity would contribute towards peak demand. 
In addition to contributing towards peak demand,new units 
of plant which have relatively low running costs, such as 
nuclear power, can reduce the need to operate other plant 
with higher running costs, such as fossil plant, and can thus 
make a financial saving to the system. -It is envisaged that 
wave energy could contribute to a generating system in this 
way. 

In the following paragraphs the likely characteristics 
of wave energy schemes are examined first and then used to 
indicate the influence of wave energy on the installation 
and operation of other plant in the system. 

Using data for H (significant wave height) and T (mean 
zero crossing period)~ as defined in Chapter 2, togeth~r with 
assumed characteristics for wave energy device efficiency, 
conversion and transmission efficiency and plant availability, 
the electrical output that might be obtained from a wave 
energy station in a real sea can be estimated. Figures 7.1 
and 7.2 indicate typical calculated monthly mean power levels 
and three-hourly mean power levels at a Hebridean coast 
location. 

Figure 7.1 shows the expected result that there is more 
wave energy during the winter months than in summer. On a 
mean monthly basis, the pattern of wave energy supply 
broadly follows the pattern of electricity demand. 

There are some advantages from having more energy available 
curing the winter than the SUI!'.mer. In particular, in 
winter when average demand levels are higher, a greater 
proportion of the older and less efficient generating plant 
is operated. Therefore on average, small or modest quantities 
of wave energy could displace more of this higher operating 
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Figure 7.2 : Calculated Output from a Wave Energy Device 
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Fi~ure 7,4 The Effect on Var±abi.li ty · of·,Averagin~ the Coincident 
Outputs from Two Devices about 250kri .. 1\part in t~id-Winter 
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Note The wave energy output is assumed to be that from a typical 
device with an appropriate limit to its output. 



cost plant. However, although the difference in efficiency 
between the smaller fossil plant and new, larger plants is 
significant at present, in the future it is anticipated that 
as the smaller plants are retired the difference will fall 
and this benefit will become less important. Large quantities 
of energy from renewable energy sources might start to displace 
other lowrunning cost plant such as nuclear and this would 
occur most frequently when electricity demand levels are at 
their lowest in swruner. Since displacing nuclear energy 
would bring less economic benefit to the system than 
displacing fossil fuels the greater availability of energy 
in winter has an advantage. 

However, considerations of monthly mean energy levels 
is only a part of the story. Figures 7.2 and 7.3 indicate 
that there is a more serious problem in matching wave energy 
into electricity supply systems over periods of hours or 
days . Figure 7.2(a) shows that in the winter period, wave 
energy output at a given location typically would fall from the 
full device output to lower levels atnregular intervals 
lasting from a few hours to a number of days. It is not 
unusual, even in winter, for the wave energy at any location 
to fall to negligibly low levels from time to time. In the 
summer period full output is sustained for relatively short 
periods and low and zero outputs lasting for a week or more, 
as shown in Figure 7. 2 (b),, are common. Figure 7. 3 attempts 
to place wave energy output in the perspective of a total 
generating system and illustrates how other plant, in this 
case fossil plant, has to be available to provide energy 
when the output from a wave energy scheme falls. 

The variability in wave energy supply could probably be 
reduced to some extent by combining the outputs from 
geographically well dispersed wave power locations: this is 
illustrated in Figure 7.4 which shows the averaged outputs 
from two locations about 250km apart at the same instants 
in time. There appears to be some statistical independence 
in· the times where periods of calmer seas arise between 
geographically displaced locations, and analysis of a limited 
amount of data for pairs of locations in the winter period 
from December to February suggests that the averaged output 
falls to very low levels relatively infrequently and the 
probability of a zero average output appears to be small. 
It is possible therefore, that some modest proportion of a 
wave energy system's output capacity could be relied upon 
to be available in winter. If further analysis proves this 
to be correct, wave energy might be considered to have some 
winter f i r m powe r. However, from such data as are available 
it seems unlikely that wave energy will have any meaningful 
firm power in summer. 
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Sununarising these findings it is evident that wave power 
is very different from conventional plant. Its output is 
not controllable, other than by shedding energy which would 
otherwise be available. The energy generated has no 
particular relationship with daily or weekly electricity 
demand patterns. There is little certainty that full 
output would be availa.J::>le at times of high electricity demand. 

Optimising a wave energy system 

The variability in the output of wave energy can be 
reduced to some extent by lowering the rating of the 
conversion equipment on the device. Figure 7.5 shows the 
cumulative output from a wave power station as a proportion 
of the year. From this diagram it can be seen that the 
penalty of lowering the rating is loss of energy, but full 
output is sustained for a greater proportion of the time 
and the mean energy output level increases as a proportion 
of the rated capacity,ie the "load factor" of the wave 
energy output is increased. Also to be taken into account 
in balancing the value of the lost energy against the 
improvements in variability are the facts that: 

the on-board equipment costs fall as the equipment 
rating is reduced; 

lower ratings require a lower transmission 
capacity - ie a lower transmission cost; 

if there is any firm power, to a first approximation 
it will be independent of the equipment rating and 
therefore if the rating falls the proportion of 
the rated capacity that can be considered firm 
will rise. 

Similar arguments can be applied to the choice of 
converter size since in most cases the laraer the converter the 
greater the energy capture but the greater.the capital cost. 

By making assumptions about wave climate, the value of 
wave energy, the costs and performance of the converter and its 
on-board equipment, transmission costs and the value of firm 
power, it is possible to estimate the optimum size 
and rating and hence annual load factor for a wave energy 
scheme to achieve the best economic return. The optimum 
absolute size of the converter and its rating tends to be 
dependent on the wave climate that is assumed, but 
calculations indicate that the load factor is relatively 
independent of it~ On the assumption that the ·. 
costs of a wave energy scheme would be low enough for it to 
be economic in a future electricity supply system,it is 
probable that an annual load factor of about 45 % would be 
optimum (making due allowance for equipment non-availability 
due to breakdown and maintenance). As - indicated earlier a 
well dispersed array of wave energy converters might have 
some winter firm power. There is little certainty as to how 
much firm power could be credited, but for a 
system operating at the optimum load factor _ upto 25 % of the 
rated capacity might be counted as firm on the basis of the 
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FIGURE 7.5: THE EFFECT ON LOAD FACTOR OF REDUCING EQUIPMENT 
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limited amount of data available where the benefit of the 
uncertainty is given to wave energy. It will require the 
analysis of more data, particularly from locations closer 
to likely future wave energy station positions, before this 
or any other estimate can be considered reliable. 

7. 2 SYSTEM IMPLICP..TIONS OF THE .CHARP.CTERISTICS 

In the preceeding sections the lack of firm power and 
the variability of wave energy were noted as its 
distinguishing features. In this section the influence 
that these characteristics might have on the installation 
and operation of other . plant in the system is briefly 
examined. 

Firm power 

A typical system which is made up of many units of 
conventional generating plant whose individual availabilities 
are relatively high but largely independent, has an 
expected overall availability of 85 per cent of the total 
ouput capacity at times of peak demand. It is reasonable 
therefore to assume that the firm power of each unit is about 
85 per cent of its output capacity. As noted earlier, units of 
conventional and nuclear plant are generally installed to 
meet peak electricity demand at some accepted security of 
supply standard. However, the firm power that wave power can 
contribute is at best limited. Therefore installing wave 
power plant is not an alternative to installing conventional 
or nuclear plant for meeting peak demand - other plant will 
be required to compensate for the deficit in wave power's 
firmness. 

In a system with a substantial wave energy capacity, 
the fact that wave energy is likely to have zero summer firm 
power, even if there is some winter firm power, could create 
so~e problems for the electricity supply industry in taking 
plant out of service for planned maintenance in the spring 
to autumn period. At present, after allowing for planned 
plant outages, the spare capacity available in the non-peak 
demand seasons is not much greater than in :the peak demand 
period. Therefore a falling wave power firm capacity in the 
non-peak demand season could reduce the spare capacity 
available at that time sufficiently to require some 
re-scheduling of planned maintenance. 

For these reasons the firm power benefits of a wave energy 
scheme are expected to be a relatively small nart of its 
total value. Of far greater significance is the financial 
saving that can be made by using wave energy to displace 
the fuel that would otherwise be consumed in conventional 
power stations. 

In a system with a large wave energy contribution one 
technical possibility for providing firm power in an 
electricity supply system might be storaqe. Storaae nlant brings 
firm power to a s y stem whether or not there is any ~wave 
energy, and might be used where it could provide for a more 
economic match between generation and electricity demand. 
The test of whether a system with wave energy can benefit 
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economically from storage is to determine the possible cost 
advantage from adding successive units of storage to a 
generating system in which wave energy is itself economic, 
and compare the outcome with the cost advantage of installing 
alternative types of plant. 

The most usual form of storage is pumped hydro-power 
where the charge and discharge cycle covers a 24-hour 
period. Given the lengthy periods when there may be little 
or no wave energy it is uncertain at present how much value 
daily cycle storage would have . Under circumstances where the 
combination of wave energy and energy from other low running 
cost plant, such as nuclear, exceeds demand (a situation 
which is most likely to occur during the night trough in 
demand) then the main options would be to: 

shed excess wave energy; 

reduce the output from nuclear plant; 

store the excess energy for release during periods 
of higher demand . 

Storage might be the most attractive of these options, but 
only provided the circumstances occurred sufficiently 
frequently to justify the investment in storage plant. 
Storage plant with longer charge / discharge cycles covering 
several days would match better with the characteristics of 
wave energy supply and might therefore yield somewhat higher 
benefits to a system with wave power, but the cost of this 
storage is likely to be substantially greater than for 
daily cycle storage and whether or not there could be a net 
benefit is less certain. Therefore, although storage might be 
used to compensate for some part of the lack of firmness 
exhibited by wave energy schemes, it seems likely that unless 
some form of low cost storage can be developed most of the 
firm power deficit will be derived more economically from other 
conventional types of plant. · 

Vaiiability of wave energy 

From the viewpoint of the generating system the important 
timescales for considering energy variability are (i) seconds 
to minutes, (ii) minutes to hours and (iii) longer periods . 
Variability _over periods longer than about a day can be 
accommodated with little additional economic penalty to the 
generating system. Allowing for this variability is essentially 
a matter of ensuring that adequate firm power is available to 
meet demands , and the .penalties involved in this , as far as 
wave energy is concerned, have been covered in the preceeding 
discussions . 

Variability over seconds to minutes . Fluctuations on the 
seconds to minutes timescale occur within the system at 
present as the result of unpredictable changes in demand and 
failures in generating plant. These fluctuations would cause 
the supply frequency to change significantly (outside accepted 
limits) if they were uncorrected. The necessary correction is 
usually provided by thermal plant operating below full output 
which can respond rapidly to changes in the system frequency. 
When completed the pumped hydro plant at Dinorwic, with its 
fast response time, will also make a valuable contribution 
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to the regulation of system frequency . Wave energy rr.ioht increase 
these seconds to minutes fluctuations and would tnerefore 
increase the requirement for frequency regulation capacity , 
with some modest consequential economic penalty. However, 
it is also possible that output smoothing in the form of 
on-board hydraulic systems (see Chapter 6) could reduce the 
fluctuations creat~d by the wave energy sch eme .to a neg ligible 
level. Some des;Lgns, such as the Rectifier, have substantial 
in-built storage whi,ch would afford a high level of protection 
against short-term output fluctuations. 

variability over minutes to hours. Any significant 
variability on the minutes to hours timescale from a wave 
energy scheme would increase the need for flexibility in 
the operation of the remaining plant if a match between 
generation and electricity demand is to, be maintained. It 
is not practical to start-up and shut down large thermal 
plants for periods less than about 6-10 hours and even this 
involves a substantial reduction in thermal efficiency . 
Therefore, accommodatinq fluctuationswithin this timescale 
will involve operating plant on part-load, and this is again 
relatively inefficient. To the extent that 
the output from wave energy can be forecast accurately 
a number of hours ahead, the amount of plant that would have 
to be on part-load at any time could be kept to a minimum. 
Making some very broad assumptions about wave energy s y stem 
characteristics over minutes to hours, it is possible that 
where wave energy represents only a few percentage points of 
installed system capacity it would have no more than a small 
effect on system control requirements and consequently the 
economic penalty would be small. As the installed capacity 
increases above about 5%,the economic penalty associated with 
the greater demands for flexibility in other plant would 
increase significantly. Above about 20 % of capacity, wave 
power variability could be more of a problem, requiring 
compensating plant which is highly flexible and has a fast 
response. It is possible that this capability might be 
best met from pumped hydro or other storage plant of similar 
characteristics. 

7.3 ECONOMIC ASSESSMENT OF WAVE ENERGY 

In assessing the economics of wave energy schemes the 
basic approach taken has been to quantify the benefits which 
wave plant can contribute to a generating system by way of 
fuel savings and possibly some firm power, and then to 
calculate a target capital cost (measured in terms of £ / kW of 
rated output) at which a wave energy plant becomes an economic 
investment. 

Preliminary calculations to determine the target capital 
cost for wave power have been made using the assumptions 
presented in Appendix 4. Because of a lack of data and 
information, particularly on certain aspects of wave energy, 
some of the assumptions had to be "best guesses". 

From some of the earlier discussion it is evident that 
the interactions and interdependencies between g enera ting 
plants means that the decision on whether a particular plant 
will be economic has to be made by examining the effects that 
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it would have on the system as a whole. Making economic 
assessnents in this manner is a complex subject : it would 
be inappropriate to attempt a full coverage of the subject 
in this paper but a simplified view .is . presented for clarity. 

The basic costs of any power generation schemes are usually 
divided as follows: 

(1) The capital costs which includes construction, interest 
charged on the capital expenditure incurred before 
generation commences and other incidental capital costs . 
It is also usual to include the cost of strengthening 
the grid transmission system. 

(2) Operating costs such as maintenance and repair charges 
and fuel costs (in the case of wave power fuel costs 
are zero) . Current estimates suggest that 
maintenance and repair charges for wave power systems 
could be significant, ranging from 2%-5 % pa of initial 
plant capital costs. There is, however, very little 
evidence to support any one particular estimate at 
this stage. 

The benefits offered by a power generation scheme are 
again divided into two parts : 

(1) First, a scheme may contribute firm power to the system. 
The firm power saves capital which would otherwise have 
to be spent on some other plant in order to maintain 
the required level of security of supply. 

(2) Second , the operation of a new plant in the system 
enables the output from some other plants which have 
higher operating costs to be reduced. This gives a 
saving to the overall operation of the generating 
system which can be identified mainly as a saving of 
fuel. The savings are usually assessed over the life 
of the plant as it operates in merit order. The merit 
order of plant is determined by maximising the value 
of the savings less operating costs within the 
constraint of ensuring that demands are met. 

Future qenerating s y ste~s 

Since the economics of wave energy are to be assessed in 
the context of other plant in the system it is essential to 
make some assumption about the balance between the different 
types of plant in th~ system at a time in the future when wave 
power schemes of a significant capacity might be ·commissioned. 
Given a successful research, development and demonstration 
(R,D&D) programme the installation of wave power schemes could 
be underway around the turn of the century, or early next 
century . The analy ses have therefore been carried out with 
respect to systems that might exist at that time. In particular, 
two important situations which differ in the availability of 
nuclear power are considered: 

7 . 8 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1· 

I 
.I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

in the first case it is assumed that nuclear oower 
is limited and, although there would be some nuclear 
plant on the system, at the time when wave energy 
is an option it is not possible to construct as 
much nuclear plant as is economic. 

in the second case nuclear is not limited and there 
is no restriction on its selection. 

In both cases it is assumed that any nuclear plant in 
the system operates at base load and therefore any increment 
of wave power plant would not reduce the load factor in any 
nuclear station, but would make savings by reducing fossil 
fuel consumption. Constraining future investments in nuclear 
plant so that is is always on base-load could result in 
nuclear plant supplying less electricity than is economically 
optimum in the long term,but has the advantage of giving wave 
energy the best chance of being competitive, whilst providing 
a reasonable estimate for the capital cost targets of interest. 

Since savings of fossil fuel will be the principal benefit 
from wave energy, and a major benefit from nuclear power, 
estimates of future fossil fuel prices will be important in 
determining the breakeven capital costs. Therefore, the analyses 
have been carried out for a range of possible fossil fuel 
prices that might occur around the turn of the century. It has 
further been assumed that fossil fuel prices continue to rise 
in real terms, doubling between the turn of the century and 
2050. 

A limited-nuclear future. In the first situation,where 
nuclear power is a limited choice,wave energy will become 
economic when its capital charges are less than the net 
system operating savings, discounted over the life of the 
plant, plus any credit for firm power. For the purpose of 
these calculations a discount rate of 5% has been used but 
this should not be interpreted in having any special 
significance. Figure 7.6 shows that the target capital cost 
rises with increasing fossil fuel prices but for a range of 
more probable fossil costs around the turn of the century it 
would lie between £1000-1500/kW' of output rating. ~-s a · 
sensitivity it is useful to note that increasing the discount 
rate to 10% would reduce the target capital costs by about 
one third. 

A future where nuclear is not limited. In the second 
situation nuclear is an allowable choice of plant and for 
most future fossil prices of interest it will be a competitive 
investment option. For wave power to be competitive under 
these circumstances it would have to be as good an investment 
as nuclear plant. As might be expected the target costs are 
more onerous in this case for most future fossil orices. 
Figure 7.6 suggests that capital costs might have~ to lie 
within the range £400-£500/k1:I of .output rating. This result 
is re).atively insensitive to the .choice of discount rate. 
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Figure 7 . 6: Target Capital Costs For Wave Energy to be Economic 
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The value of firm oower 

As a central assumption the value of firm power has been 
related to the cost of installing coal-fired plant. Taking a 
zero value for firm power indicates how, in the limit, the 
breakeven costs might change if very cheap bulk storage were 
to become available or if security of supply were to become 
considerably less important. It is noticeable that even in the 
limiting case of zero valued firm power the general conclusions 
for the wave energy cost targets are not substantially altered. 

7.4 THE FUTURE ROLE OF WAVE ENERGY 

The future role of wave energy is linked inextricably 
with its competitive position in relation to other generating 
plant and with the development of the markets for electricity. 
From the previous section it is evident that the competitive 
position could be influenced by whether 
nuclear power is a limited choice or not. In addition, the 
availability of nuclear power (or a competitive renewable 
energy source) is expected to have a significant effect on 
electricity's market. Thus, in a future where fossil prices 
rise substantially in real terms, the relative stability that 
nuclear power could bring to the cost of generating electricity 
is expected to improve the latter's competitive uostion, 
leading to faster rates of growth in demand for electricity 
than other fuels. If a restriction on nuclear plant resulted 
in more fossil fuels being burned to generate electricity, 
then electricity could be less competitive and therefore some 
lower rate of growth of electricity markets might be anticipated. 
The effect of these two general cases on electricity's future 
growth are illustrated in Figure 7.7. This idea can be linked 
with the analysis summarised in Figure 7.6 to derive some 
qualitative implications for the future role of wave power . 

If the capital costs were to · lie in ranqe 'A' of 
Figure 7.6, so that wave power were competitive with nuclear, 
the arguments pertinent to the growth in nuclear electricity 
ar~ largely relevant to wave energy. In these circumstances 
a successful R,D&D programme and adequate and timely 
investments could provide an alternative to nuclear power or 
an insurance against a future nuclear disappointment to the 
extent that the potential for wave energy is adequate. Because 
the electricity generated by wave energy would be a hi ghly 
competitive fuel there might be opportunities for sales into 
markets such as space and water heating where user storage 
could be installed to match the characteristics of the supply. 
These sales would be analagous to the off-peak electricity that 
is expected to be available from nuclear plant in the future. 

-
If capital costs lie in range 'B' of -

Figure 7.6,then wave power would be confined to replacing the 
electricity that would otherwise have been generated from 
fossil fuels, as illustrated in Figure 7.7. Therefore the role 
of wave power would be more limited and would be particularly 
dependent on how competitive fossil-generated electricity 
could be in energy markets on the future. The potenti a l for 
selling wave power into the discounted price off-peak or 
interruptible markets, such as space and water heatin~ might 
be more limited in this case because of its higher cost. 
It could be more economic to ensure that the variability 
introduced by wave energy is fully compensated by 
alternative plant so that the output can be sold into the 
more valuable undiscounted markets. 
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Figure 7.7 An Illustration of the Possible Roles for Wave 
Energy 
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Finally, wave energy capital costs might lie in r a nge 'C' 
of Figure 7.6. In this region there is no cost argument for 
exploiting wave energy , provided only that sufficient fossil 
fuels are available to meet the postulated demand. I f they 
were not, fossil fuel prices would rise even further and 
region 'B' would be expanded. 

Preliminary cost estimates for wave energy power stations 

As noted in earlier chapters the consulting engineers, 
in collaboration with the Device Teams, have prepared 
preliminary reference designs of those converter concepts for 
which appropriate data exist and have arrived at tentative 
costs. The reference designs have been sized at wave power 
stations with an installed generating capacity of 2000MW. 
The results show that in the light of present knowledge and 
the early stage of engineering development, the predicted 
capital costs lie in region 'C' of figure 7.6: wa~e energy, on 
these desiqns, would be uncomoetitive with eiiher n uc l e ar or 
fossil generating stations in-the future. 

Preliminary attempts at costing can serve three 
valuable purposes: 

to give guidance in the formulation of energy 
policy 

wave power cannot yet be included as a firm 
element ~n policy 

to assist the choice between the various design 
concepts 

the costing c a lculations are not yet 
sufficiently well founded to permit a 
clear choice 

to highlight areas of R&D to which priority 
attention should be given in order to establish 
beyond doubt whether or not wave energy can ever 
be competitive with the other means of 
producing electricity. 

In this third respect considerable progress has been 
made. A breakdown of the predicted costs in terms of 
percentage of the total is shown in Table 7.1. It is a~parent 
that the critical cost centres are different for each design. 

Whilst it is disappointing that a t present the predicted c os ts 
suggest that wave power would not be econoF.ic, it nust be pointed ou t 
that the figures are still preliminary and based upon a range 
of assumptions that have yet to be substantiated through the 
accumulation of appropriate design data. In addition, there are 
a number of uncertainties within the assumptions used t o 
establish the various target capital costs in Figure 7. 6 , 
although in many cases reducing these uncertainties is more 
likely to increase the stringency of the cost targets rather 
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than relax them. There are a number of potentially optimistic 
avenues to be explored, which may well improve the competitive 
outlook for wave power, and the main value of the preliminary 
costing exercise has been to point the way into the 
immediate future of the R&D programme. 

The size of the potential contribution of wave power 
is sufficiently large that at this stage it is worth 
developing as an insurance against the consequences of failure 
of one of our existing supplies, at least until the major 
technical and economic uncertainties have been removed . 

Finally it should be noted that although wave energy 
converters would be massive structures and a substantial 
installation programme would create a large demand for the 
main constructional materials of cement and steel (greater 
than.the rate required to build the largest North Sea oil 
platforms, and over a more prolonged period) the demands 
for these materials would be within the present capacity 
of industry and major new investments in them would not be 
required for wave power purposes. 
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TABLE 7.1 

DISTRIBUTION OF CAPITAL COSTS 
FOR VARIOUS CONVERTER DESIGNS 

(all figures are percentages for each converter) 

(2000 . MW installed capacity) 

Oscillatin51 
Rectifier Water Column Raft Duck 

(NEL) 

Construct concrete 4-7 units 41 35 16 29 

Structural steel I I 5 1 25 12 

Mechanical 
2. 9 2 16 34 components to 

power take-off 

Turbines and 2. lf 22 11 12 3 electrical 

Tow to site 10 3 3 2 

Moorings 31 11 4 

Power collection 
and transmission 3 7 7 6 

Sundries and 
contingencies 10 10 10 10 

100 100 100 100 

, 

Flexibl e 
Bag 

25 

1 

18 

11 

3 

7 

23 

12 

100 
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8 ·. ENVIRONMENTAL AND SOCIAL ASPECTS 

Any human activity causes some disturbance to the 
environment and this may spread beyond the site directly 
affected. Im~acts vary from very trivial or localised events, 
which may be scarcely detected, to major ecological change 
resulting in the replacement of one type of ecosystem by 
another. W~ether the effects are considered to be 
beneficial or deleterious, and whether the latter are 

· tolerable (taking all factors into account) is a matter for 
careful debate and judgement in each individual case. 
Moreover, there can often be competition between various 
forms of commercial activity which depend upon different 
features of the same environment. The technology of wave 
power has not yet reached such a state of detailed knowledge 
to allow firm conclusions to be drawn. However, the possible 
environmental interactions have been analysed in general terms 
during the two-year programme so as to provide guidance on more 
specific areas of knowledge which will need to be investigated 
before the installation of wave power stations on a large scale 
is commissioned. Because we are concerned with natural 
phenomena, some of these investigations may take many years to 
complete. However, in the meantime, no environmental effect 
has emerged which would raise major doubts about the ultimate 
acceptability of floating wave generating stations. 

In addition to the environmental effects, some attention 
has been paid also to some possible social consequences. 
Because some of the most favourable wave sites in the UK are 
situated adjacent to sparsely populated areas, the social 
impact of the local availability of large amounts of 
competitively-priced power could be profound. 

A Technical Advisory Group of the Wave Energy Steering 
Committee has been carrying out a preliminary examination of 
these matters (Appendix 3 ) . A full environmental impact 
analysis will be possible only when a specific design of wave 
power generating station and specific installation sites have 
been chosen. On the other hand, it is not very helpful to deal 
·entirely in generalities. The Technical Advisorv Group decided, 
therefore, to devote most of its attention initially to the area 
of potential locations off the Outer Hebrides (Fig 8.1). If wave 
power is to make a substantial contribution to UK energy supplies, 
many generating stations must be located in this area since . 
it has the highest wave energy availability. Therefore a 
detailed study of the area will be needed eventually, but in 
the meantime a general survey can show up the principles 
involved which could then be applied elsewhere if it were 
decided that a prototype or commercial demonstration plant 
should be built in one of the other possible areas shown in 
Figure 2 .15 . 

Table 8.1 illustrates in matrix form the major inter
actions which will require analysis in due course. So far, 
attention has been directed in most detail at the effects 
of the wave energy converters themselves. The associated 
shore installations and power transmission lines, and shore
based activities concerned with construction and maintenance, 
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TABLE 8 .1 

INTERACTIONS OF WAVE POWER INSTALLATIONS WITH 

OTHER NATURAL AND HUMAN ACTIVITIES 

Wave power 
converter 

Power 
transmission 

to shore 

~~arine ecosystems • • 

Coastal ecological, • • 
geological and physio -
graphic features 

Navigation of 
ships 

Fisheries 

Scenic beauty 
.and tourism 

Other local 
industries 

Other national 
activities 
(e.g. defence) 

• • 

• • 

• • 

• • 

The dots indicate the major 
interactions which reauire 
analysis 

Shore 
installation 

• 

• 

• 

• 
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will also be important but raise no new matters of principle 
which have not been faced in dealing with other types of 
power station. 

The conclusions from the work done so far are presented 
below in four main sections: 

the possible effects of the converters on the 
local shore-line, through changes in the wave 
climate 

the possible effects on fisheries, some of which 
may arise through changes in the tidal regime 

the navigation of shipping 

the social/economic development of the local 
communities. 

Some important reverse effects - the influence of the marine 
environment on the wave energy converters - were discussed 
in Chapter 4. 

8 • 1 THE WAVE CLIMATE AND THE SHORE LINE 

The very nature of wave energy converters is to extract 
some of the energy from the waves over a part of the total 
wave spectrum: exactly how much and the band width over 
which they will operate will depend upon the particular design 
adopted. The designer of the converter is concerned primarily 
with the amount of energy which it will extract, the environ
mentalist will be concerned with the amount which continues 
to be transmitted by the waves because it is that which may 
influence the physiography and ecology of the peighouring shore-line. 

A first analysis of the effect of converters on the 
wave climate has been made at the Hydraulics Research Station. 
The analysis has to compound a number of separate effects 
(see, for instance, Figure 8 .2): 

the height, direction and frequency of waves 
transmitted beyond the converters towards the 
shore 

diffraction effects for waves filtering 
through the gaps between converters 

re-injection of energy into the wave spectrum 
from the wind blowing between the converters and 
the shore 

the bathymetry of the area. 

Mathematical models do not exist which can combine all 
these effects. For instance, the present theories used in 
the prediction of waves from wind data refer to an initial 
state where the sea surface is either calm or has a natural 
spectrum created by wind action - and not to an artificial 
spectrum such as would exist in the lee of the converters. 
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However, simplified models were used at HRS in order 
to determine the nature and size of the overall problem. 
As an example one model predicted that, for converters 
assumed to be 20 metres in depth operating in a storm 
characterised by a wind of 15 m/s (Force 7) blowing over 
a distance of 400 km or for 24 hours, the waves would be 
changed from a significant height of 5.9 m and a mean down
crossing period of 8.4 seconds to 4.6 m and 9.0 seconds 
respectively. The mean period is lengthened because the 
short-period waves would be reflected by the converters 
rather than being partially absorbed and partially 
transmitted. 

In summary, it seems that the most noticeable effects 
of the converters on the wave climate at the shoreline will 
occur during periods of medium wave activity where the 
combination of high reflection and high conversion in the con
verters gives significantly lower energy transmitted waves 
and wind action can only partly restore the energy in the 
distance between the converters and the shore. For major 
storms generated over longer distances or times the 
converters will have less effect since they are less 
efficient at absorbing waves of long period. 

In the context of this chapter, the influence of the 
converters on the wave climate is important because of the 
effect of the latter on the beaches along the neighbouring 
shoreline. 

Most attention so far has been given to the western 
coasts of South Uist, Benbecula and North Uist, since they 
are characterised by beaches of sand or shingle, which are 
the types mo.st likely to be influenced by changes in the 
wave climate if such changes occur at all. Those in the 
area concerned appear to be in a state near to dynamic 
equilibrium, the changes from year to year in beach 
position, orientation, and slope being small. But the 

· equilibrium over yearly cycles involves movement of 
sand in summer up the beach towards high water line, where 
it then dries and is blown by winds on to the dunes or 
'machair' hinterland, and movement in the opposite direction 
in winter. 

The small but significant effects of the wave energy 
converters on the wave climate may reduce somewhat the 
difference between the summer and winter beach profiles. 
In addition, since the steepness of the waves could be 
reduced if. the converters are located less than 30 km off
shore, there might be a net tendency for the beaches to 
accrete: the winter storms may well tend to cause less 
erosion than at present. 

The limited amount of accretion which might take place 
is likely to be a benefit because it could increase some
what the supply of wind-blown shell sand to the machair land, 
thereby tending to increase its extent and usefulness. 
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In summary, therefore, the effects of converters 
located off the particular coasts considered are more likely 
to be beneficial than detrimental to the beaches. The same 
conclusion would not necessarily be true for the effects of 
numbers of converters located off, say, the coasts of Cornwall 

· or the Moray Firth. Each location will need to be considered 
in detail at a later stage if a serious intention emerges to 
locate the converters at a particular geographical site, but 
in the meantime this first examination of the problems has 
highlighted the basic principles involved and has forecast 
no detrimental effects in the Outer Hebrides area. 

One final point must be mentioned , however. In the 
wave energy development programme the concept has emerged 
of mounting some types of converter, such as the Rectifier, 
fixed to the seabed and relatively close inshore . The environ
mental consequences could then become much more substantial but 
would be very dependent on local conditions and geography. This 
could become a major factor in deciding whether sea-bed mounted 
devices are in fact feasible. A preliminary survey by the 
Consulting Engineers to the Wave Energy Steering Committee 
has indicated that the coasts of Benbecula and North and 
South Uist are more suitable than those of Lewis and Harris 
for fixed converters, from the viewpoint of the state and 
orientation of the seabed. This survey also revealed that 
a point of vital significance to the feasibility of fixed 
converters in these locations could be the fact that out to 
about 25 m depth there are dense forests of the seaweed 
Laminaria hyperborea . This grows to a height of two metres, 
or more, and the stipes, which are tough and fibrous, can 
achieve a diameter in excess of 8 cm. The fronds grow to a 
similar height and are cast annually. Fouling of seabed
mounted converters by such material could be serious, and 
substantial additional costs may be incurred by the need to 
introduce special anti-fouling devices or to construct the 
converters beyond the 25 m depth contour. 

8.2 POSSIBLE INTERACTIONS WITH FISHERY ACTTVITIES 

The importance and size of the fishing industry in the 
UK render it inevitable that one of the major considerations 
in the deployment of wave energy converters must be the 
possible effect on fisheries . An initial survey has shown 

that the two fish to which most attention should be directed 
in the area west of the Outer Hebrides are herring and salmon . 

Herring 

In general, the areas of the UK coastal waters which 
are the most promising for wave power tend to overlap the 
areas which produce the largest catches of pelagic fish 
(that is, those which spend the major part of their lives 
in the surface or mid-water layers) . Of the latter, the 
herring is the most important around the Outer Hebrides. 
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These waters are believed from plankton and other surveys to contain 
some of the major UK spawning grounds of the herring at the 
present time. -

The spawning takes place on areas of clean gravel, whic~ have 
not. been 1-ocatect precisely and -may indeed change from season 
to season. Soon after the spawn hatches, the larvae (a few 
mm long) rise off the sea bottom and, having virtually no 
propulsive power, are carried along by currents. These 
currents can carry the larvae around the north of Scotland 
into the North Sea, where they may be caught as juveniles. 
Finally, ·as the fish approach maturity they migrate back to 
the spawning grounds where they form the basis of an important 
international fishery. 

It is necessary to consider the interactions of a line 
of wave energy converters with a number of different stages 
in this life cycle. Because the converters would most 
probably be aligned roughly parallel to the sea bed contours 
and would be of relatively shallow draft, and the main tidal 
propagation will also lie generally along the contours, it 
is unlikely that floating units beyond, say, 10 km from the 
shore will have any significant effect on the length or 
duration of the migration journey of the herring to the 
spawning ground. However, it might be possible for the 
converters to produce a small effect on the strength of the 
residual drift current. 

Since the larvae are spread throughout most of the water 
column, their transport will be unpredictable in detail and 
will be affected significantly by wind and weather-generated 
currents. Whether the presence of wave energy converters 
could impose a noticeable overall effect on the interplay 
of all these natural forces is not known, but if they did 
then the implication would be that the· larvae after a given 
elapsed time might find themselves a few tens of km away from 
the area in which they would otherwise have been, on average. 
Whether this matters, in terms of continuing food supply to 
the larvae, is also unknown - it may be either beneficial or 
deleterious or might indeed vary with locality. 

On balance, in the very limited current state of know
ledge, it is believed that the effects of wave energy 
converters on the drift of the herring larvae will be unlikely 
to have a significant influence on overall survival (natural 
seasonal variations in the survival of herring larvae are 
quite large in any case, and their causes are unknown). 
However, further information will need to be sought before 
the installation of converters on a large scale on: 

the drift currents 
the behaviour of herring larvae. 

More detailed knowledge of the drift currents will also be 
required in connection with the problems of mooring (see 
Chapter 5). 
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Perhaps the most important factor to emerge so far is 
that, since the herring spawn on the gravel areas of the 
seabed in this locality, major disturbance or removal of 
the gravel for construction purposes would appear to be 
inadvisable. 

Salmon 

Salmon migrate over long distances in moving between 
their feeding grounds in the ocean and their native rivers 
where they spawn. Salmon stocks are an important commercial 
and recreational resource: the value of the Scottish salmon 
fishery was estimated at over £20M in 1976. The migration 
routes are not known in detail, but it is possible to infer 
that the area immediately to the west of the Outer Hebrides 
may intersect some of the routes. 

The pattern of movement is not simple. Fish tagged at 
Scottish sites have been found subsequently to the north, 
south, east and west of the point of release. However, 
there is a general impression that considerable numbers of 
salmon may move from the feeding grounds, for instance off 
Greenland and the Faeroes, towards the ·Nw coast and thence 
disperse to the major Scottish rivers (including those on the 
East coast) as well as those of Ireland and Wales. 

In the locations concerned, the salmon probably swim 
near the surface, and the problem arises as to whether a 
line of wave energy devices could deflect them off course 

or whether the fish would simply swim through the gaps. We 
do not know enough about the salmon to be certain that they 
will be unaffected by a line of moving artificial objects. 
Moreover, the converters might create an environment favourable 
to large colonies of predatory birds, which would feed on the 
smolts, and of seals which might feed on the adult fish. The 
rapidly expanding colony of seals on the Monach Isles might 
recognise the converters as an advantageous additional habitat. 

As for the herring, whilst these possible interactions must 
be considered further investigation may well show that a serious 
problem does not exist. In addition, a major installation of 
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wave energy converters several hundred kilometres long could not take I 
place in a short time but would be spread over many years. 
Experience gained with the early modules would be available in 
good time to take corrective action if that proved to be necessary. 

1 
and shellfish 

Floating converters well offshore are considered unlikely 
to have a significant effect on demersal (bottom-feeding) fish 
such as cod, haddock. saithe and Norway pout. Similarly, no 
direct effect can be foreseen on the lobster population which 
has increasing commercial importance off the Outer Hebrides. 
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Converters r1xed to the seabed and constructed close 
inshore may have much more significant effects, which might 
be both direct and indirect, and might be either advantageous 
or disadvantageous. The direct effect could be simply 
through the changed availability of the lobster habitats 
on the sea bottom, whereas the indirect effects could include 
increased hazards to the lobster fishing boats and pots (a 
benefit to the lobster but a disadvantage to the associated 
human commercial activities!). 

8.3 THE NAVIGATION OF SHIPS 

The deployment of wave energy converters will present 
a hazard to shipping, exacerbated by their form - probably 
a very low free board which will render them relatively 
invisible to ships either by sight or by radar under most 
sea states. 

Except for the English Channel, detailed information on 
the pattern of shipping movements around the UK coasts is 
sparse. However, off the Outer Hebrides the present ship
ping movements are mainly concerned with the fisheries. 
Apart from the necessity to consider the influence of the 
deployment of arrays of converters on fishing operations 
generally, the hazards to fishing vessels can be of two kinds: 

collision, as noted above for all vessels 

the formation of rougher seas, of particular 
importance to smaller boats. 

It will be necessary to mark the positions of the 
converters with warning lights and radar reflectors. This 
will not be a trivial problem, since the markers may need 
to be sited at a greater distance above sea-level than the 

.structure of the converters and will need to be relatively 
stable in the horizontal plane. Gaps in the line of 
converters, perhaps 2 km wide, would probably have 
to be left as navigation channels for fishing vessels and 
could well have to be marked to a higher standard than the 
converters themselves (e.g. there might need to be a light 
vessel or LANBY at each side of each navigational opening). 

The requirements may turn out to be quite complex, but 
no new matters of principle appear to be involved and the 
matter will be considered by the appropriate responsible 
Authorities as the occasion demands. 

The hazards to small boats of rougher seas arises from 
the fact that part of the wave spectrum will be reflected 
by the converters. The reflected waves will combine in 
front of the converters with the incident waves to produce 
a complex patternin which there will be increased wave 

. heights, standing waves and an increased incidence of 
breaking waves. This pattern could be quite hazardous to 
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FIG. g,'3.FISHING ACTIVITIES IN THE VICINITY OF THE 
MORAY FIRTH 

(a) Pelagic fish (herring.sprat) 
( b) Demers al fish (cod , haddock, whiting, plaice, lemon 

sole) 
(c) Shellf ish ( lobster.crab , Norway lobster) 
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small boats. However, it is possible that thi effect Will 
be confined to a distance close to the converters and the 
declaration for other purposes of an exclusion area around 
the converters may be sufficient to cover this point. More
over, there would be a counterbalancing advantage from the 
fisheries point of view of calmer water behind the conver
ters, though the exclusion area may have to cover this too. 

Past experience has shown that an exclusion area would 
not entirely eliminate the consequences of the ~azard or the 
chance of a collision, since human nature ensures that commer
cial attractions (prospects of higher fish catches) sometimes 
override prudence. The treatment as a statistical problem 
of the incidence of collisions between ships and fi x ed instal
lations is receiving attention in the context of the North Sea, 
and no new work appears to be needed specifically for wave 
energy converters at present. However, the converters do 
introduce an aspect which will be very important to all naviga
tional considerations: present concepts of mooring and mode 
of operation indicate that the converters cannot necessarily 
be regarded as fixed objects. Exclusion areas may have to be 
qu~te extensive to accommodate both the movement of the 
converters about a fixed point, if that is allowed in the 
design, and the positions of the moorings. 

A new feature of the Outer Hebrides area which may emerge 
is the possible designation of clearways for the passage of 
deep draught oil tankers to and from the Sullom Voe terminal 
in the Shetland Isles. One of the clearways could pass between 
the Flannan Isles and the Isle of Lewis (see Figure 8.1), and 
the possible interactions with the precise location of some of 
the converters (especially off Lewis) would have to be resolved. 

As noted at the beginning of this chapter, initial 
attention has been focussed on the area off the Outer Hebrides. 
Preliminary information from other potential wave energy 
locations (see Figure 2.15) has not revealed any additional 

. matters of principle but has indicated that problems concerning 
the navigation of shipping would .be more comp lex than 
those in the Hebrides area. For instance, 
some possible locations off the Scilly Isles may intersect 
international waterways which could not be altered without 
international agreement, and if the converters were within 
20 km of the southern Cornish coast careful analysis of the 
interaction with the important mackerel fisheries interests 
would be required. 

A possible line for converters across the Moray Firth is 
indicated in Figure 2.15. The complex nature of the potential 
interactions with fisheries operations is illustrated b y 
Figure 8.3. These may be compounded with future exploration 
and production activities associated with offshore oil and 
gas. 
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8. 4 ECONOMIC AND SOCIAL DEVELOPMENT OF LOCAL COMMUNITIES 

As with the environmental issues, first attention in 
the preliminary review has been given to the Outer Hebrides 
area. The latter has no large scale industries and is 
characterised by a declining population and relatively 
high unemployment. The Western Isles Island Council has 
stated that its primary objective is the reversal of the 
trend of population decline due to the persistent selective 
out-migration from the area, and the improvement in the 
situation of the population in terms of employment. Instal
lation on a large scale of wave energy converters could 
assist the attainment of this objective in two ways: 

the labour force needed to operate and maintain 
the system 

the possibility of utilising some of the power 
to establish new industries in the area. 

A first survey of these issues has been carried out by 
the Highland & Islands Development Board. Whilst the pros
pects for setting up major industrial developments in a 
remote and difficult area with a sparse population may 
appear daunting, there are a number of examples where this 
has been achieved successfully, for example the Dounreay 
Nuclear Establishment, the Uist Rocket Range, the Kishorn 
construction site, Sullom Voe oil terminal, and oil-related 
developments on Flotta. Whiist introducing 
the industrial infrastructure associated with wave energy 
would be a formidable task, the evidence from these earlier 
activities indicates that the difficulties would be by no 
means insuperable. The HIDB study also indicated that the 
availability of land suitable for such development should 
not be a constraint. 

Construction of the converters may well take place 
elsewhere because of the very high tonnage involved, the 
converters then being towed on to station. However, a 
small fleet of tugs and supply boats would be required which 
could be based locally. Whilst the main ports in the Outer 
Hebrides have developed historically on the eastern coast 
(i.e. looking away from the Atlantic), and the passages 
between the Isles virtually all present difficulties, there 
are some suitable locations on the western coasts. 

The inspection and maintenance of moorings for the 
converters will be vital - the converters cannot be allowed 
to break adrift - and a small workforce of skilled divers 
would be needed, although probably less than for the off
shore oil industry in the North Sea. 

A much larger requirement than the supply bases for 
equipment and skilled manpower could arise from the need for 
one or more maintenance bases. There is likely to be a 
variety of maintenance and repair work which cannot be 
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carried out at sea, and will require the converters to be 
towed to deep well-sheltered water with possible dry
docking. Criteria for such sites would include: 

shelter from sea and swell 
, 

adequate depth of water 

entrances and configurations suitable for manoeu
vring the unusual shapes of the converters 
land at the shore physically suitable for develop
ment 

road access or the capability of road access 
minimum practicable towing distance from the sea 
stations. 

The survey showed that it would be difficult to identify 
any particular sea loch which would meet all these criteria. 
It was pointed out that the labour force required to operate 
a maintenance base for a large array of converter stations 
might run into thousands of men rather than hundreds, much 
of it highly skilled. Until both the design of the conver
ters and the logistics of the whole system have been 
developed much further, it is not possible to be more 
precise about the requirements for such shore-based 
facilities and manpower. 

It is recognised that one of the most important aspects 
from the visual amenity point of view will be the method and route by which the energy from the converters is- carried 
to the mainland (it is unlikely that the converters themselves 
will introduce on visibility from the nearest shore 1 unless 
they are of the type fixed to the seabed and located close 
inshore). However, the problem cannot be analysed in 
detail until several related decisions have been clarified. 
In particular, decisions between electricity and energy
intensive chemicals as the desired output from the system, 
and between local use of electricity for new industries or 
feeding to the national grid, see Figure 8.4. The most 
difficult of the visual amenity problems is likely to 
arise from the fact that a system consisting of a large 
array of converters feeding electricity into the national 
grid is unlikely to be able to avoid transmission across 
Skye. Very detailed and careful transmission route plan-
ning will be needed. 

A similar preliminary review of other potential wave 
energy areas has not yet been carried out since, based on 
the data on the availability of the wave energy, they would 
be less likely to attract the first very large arrays of 
converters which will be needed if wave energy is to make 
a substantial contribution to the UK's long-term supply. 
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FIGURE 8 . .4 Systems decisions needed in order 
to carry out a detailed examination 
of the amenity consequences of wave 
energy for the Outer Hebrides 
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8.5 CONCLUDING REMARKS 

A first broad examination has been made of the environ
mental and local economic development consequences of the 
installation of large arrays of wave energy converters off 
the Outer Hebrides - the most suitable location from the 
viewpoint of the availability of the wave energy. No major 
deleterious environmental effects of the converters them
selves could be identified, provided that~ the - converters 
are well offshore, but more detailed information should be 
sought on aspects relating to herring and salmon fisheries 
so as to confirm that they will not be affected signifi
cantly. It would be inadvisable to base construction 
techniques on the extraction of gravel on a large scale 
from the seabed in this locality because of the importance 
of the gravel deposits as herring spa~ming grounds. 
Further studies are planned to examine the nature conserva
tion implications of the proposed schemes. 

The advent of economic wave-derived energy would 
present many new opportunities for the development of both 
the traditional seafaring and new industries as a substan
tial contribution to local economic well-being. Schemes 
for feeding wave-energy as electricity into the national 
grid will probably involve transmission across Skye and 
this would give rise to considerable visual amenity 
problems. 

Converters fixed to the seabed and located close inshore 
w o u 1 d involve more significant environmental conse
quences than floating converters further out to sea, and 
these will require much more detailed examination when the 
designs and locations have been decided. In addition, arrays 
of such converters could represent a permanent and possibly 

· undesirable change to the environment unless· some technically 
and economically acceptable method for their removal at the 
end of their service life can be devised. In a reverse 
sense, the environment itself could have a much more profound 
influence on seabed mounted converters than on floating 
converters: particular attention will be needed to fouling 
by seaweed for locations off the Outer Hebrides. 

Preliminary information on other areas of interest for 
wave energy, such as the Moray Firth and the SW coastal 
waters, indicates that the possible interactions w~th the 
navigation of shipping and with fishery activities will 
reauire detailed assessment in advance of the installation 
of large numbers of converters. 
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APPENDIX 1 

LIST OF PRINCIPAL CONTRACTORS IN THE 
DEPARTMENT OF ENERGY PROGRAM_TvlE 

(at September 1978) 

Development of converters 

Hydraulics Research Station, 
National Engineering Laboratory, 
Sea Energy Associates Ltd., 
University of Edinburgh 
Vickers Ltd. , 
Wavepower Ltd., 

Wallingford 
East Kilbride 
Cheltenham 

Eastleigh · 
Southampton 

Technical Advisory Groups - Generic Work 

TAG 1 

TAG 2 

TAG 3 

TAG 6 

TAG 7 

University of Lancaster 

Flight Refuelling Ltd 
Institute of Oceanographic Sciences 
Marine Exploration Ltd 
National Engineering Laboratory 
National Maritime Institute 

British Shipbuilders 
Harwell - Materials Development Division 
Lloyds Register of Shipping 
National Engineering Laboratory 
National Maritime Institute 
Scottish Marine Biological Association 
The British Ship Research Association 

Dunlop Ltd 
General Electric Company Ltd 
International Research & Develooment Co. Ltd 
Lucas Group Research Centre 
Pirelli General Cable Works Ltd 
University of Edinburgh 

Hydraulics Research Station 
Nature Conservancy Council 

Consultants: Rendel, Palmer & Tritton, in association 
with Kennedy & Donkin 
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APPENDIX 2 

THE WAVE ENERGY STEERING COMMITTEE 

Terms of Reference 

1. 

2. 

3. 

4. 

The 

To draw up and agree a national programme of work 
for the study of wave energy. 

To advise on the implementation and management of 
that programme. 

To advise on the technical briefing of UK delegates 
to international meetings on wave energy. 

To report to the Chief Scientist, Department of 
Energy on matters relating to wave energy. 

:eresent membership is 

Dr F J P Clarke Harwell - Chairman 
Dr A M Adye Science Research Council 
Dr J K Dawson ETSU 
Mr G A Goodwin Department of Energy 
Mr D C Gore Department of Energy 
Mr R Hancock Department of Industry 
Mr R C H Russell Department of Environment 
Dr C s Smith Admiralty Marine Technology 

Establishment 
Mr D s Townend British Petroleum Ltd 
Dr J K Wright Central Electricity Generating 

Board 
Mr p R Wyman General Electric Company Ltd 
Mr C 0 J Grove-Palmer ETSU - Secretary 
Mr L A W Bedford ETSU - Minutes Secretary 

Mr p Clark Rendel, Palmer & Tritten -
Consultants to WESC 
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APPENDIX 3 

THE TECHNICAL ADVISORY GROUPS 

TAG 1 - NEW DESIGNS 

Terms of Reference 

1. 

2. 

3. 

To review the fundamentals of wave motion in relation 
to the principles of wave energy extraction and, where 
thought appropriate, either to encourage and/or support 
current fundamental research work or promote such work 
particularly on basic principles not covered by the 
current WESC or SRC programmes. 

To review on behalf of WESC all ideas and applications 
for financial support for new designs of wave energy 
converters submitted to the Department of Energy, and 
to make recommendations for action. 

To recommend and initiate work on generic concepts 
associated with the fundamental principles of wave 
energy converters including aspects of current designs, 
drawing on resources of expertise available from the 
wave power programme as a whole. 

4. To liaise with SRC in respect of research at Universities 
on wave energy devices. 

5. To keep informed on new international developments and 
to assess their relevance to and implications for the 
UK programme. 

~he present membership is drawn from: 

British Petroleum 

Central Electricity Generating Board 

Department of Energy 

University of Cambridge 

ETSU 

Rendel, Palmer & Tritton Consultants 
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TAG 2 - WAVE DATA 

Terms of Reference 

To determine what wave data are needed by the engineering 
development teams and what is rea,uired by other Advisory 
Groups, and to arrange for such data to be provided if it 
already exists. If there are rea,uirements for additional 
data the group will propose programmes of work to aca.uire 
such data. 

The present membership is drawn from: 

Central Electricity Generating Board 
Department of Energy 
Energy Technology Support Unit 
Hydraulics Research Station 
Institute of Oceanographic Sciences 
Marine Technology Support Unit 
Meteorological Office 
National Maritime Institute 

Lanchester Polytechnic 
Vickers Ltd. 
National Engineering Laboratory 
Waveoower Ltd. 
University of Edinburgh 

Device Teams 

Rendel, Palmer & Tritton - Consultants 
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TAG 3 - STRUCTURES AND FLUID LOADING 

Terms of Reference 

1. Examine loading and structural design aspects of 
proposed converters, consulting with Device Teams 
as necessary. 

2. 

3. 

Advise the Wave Energy Steering Committee, and where 
appropriate the Device Teams, on the problems of wave 
action and structural design. 

Advise the Steering Committee on structural adequacy 
and efficiency of proposed converters, making recornrneB
dations where appropriate for improvements to 
structural design. 

4. Evaluate programme of development work being carried 
out by the Device Teams, initiate and monitor on 
behalf of the Steering Committee any supplementary 
R&D which may be necessary to ensure the accurate 
prediction of wave-induced loads and mooring forces 
and efficient structural design. 

The present membership is drawn from: 

Admiralty Marine Technology Establishment 
British Ship Research Association 
'cement and Concrete Research Association 
Central Electricity Generating Board 
Energy Technology Support Unit 
Harwell, Metallurgy Division 
Hydraulics Research Station 
Lloyds Register of Shipping 
National Engineering Laboratory 
National Maritime Institute 
Lanchester Polytechnic ) 
Vickers Ltd. ) Device Teams Wavepower Ltd. ) 
University of Edinburgh l 
Rendel, Palmer & Tritton - Consultants 
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TAG 4 - MOORING AND ANCHORING 

Terms of Reference 

1. 

2. 

3. 

To advise on the suitability of present mooring and 
anchoring s y stems to the requirements of various wave 
power converters. 

To advise Device Teams on technology specific to their 
designs, and to make recommendations on research and 
development requirements. 

To recommend, instigate and monitor research and 
development programmes of a generic nature on behalf 
of the Wave Energy Steering Committee. 

The present membership is drawn from: 

British Petroleum Ltd. 
Energy Technology Support Unit 
Harwell, Materials Development Division 
Hydraulics Research Station 
Lloyds Register of Shipping 
National Engineering Laboratory 
National Maritime Institute 
Offshore Supplies Office 
Pirelli General Cable Works Ltd. 
Vickers Offshore Ltd. 
Lanchester Polytechnic ) 
National Engineering Laboratory ) Device Teams 
Wavepower Ltd. ) 
University of Edinburgh ) 

Rendel, Palmer & Tritton - Consultants 
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TAG 6 - GENERATION AND TRANSMISSION 

Terms of Reference 

1. To identify possible energy conversion, generation and 
transmission systems. 

2. 

3. 

4. 

s. 

To estimate the performance and cost of the more promising 
systems and make a first order assessment of the impact of 
the operational and performance (transfer efficiency) 
characteristics of particular designs on the overall 
economics of converters. 

To provide design information ;for the teams developing 
particular converters. 

To estimate the timescales and the R&D effort required to 
implement particular designs. 

To make recommendations to the Wave Energy Steering 
Committee on the most promising system(s) for development. 

The present membershio is drawn from: 

Contractors Group 

Central Electricity Generating 
Davy-Loewy Ltd. 
Department of Energy 
General Electric Company 
International Research & Development Ltd. 
Lucas Group Research Centre 
Pirelli Cables Ltd. 

Kennedy & Donkin/ Rendel, Palmer & Tri tton - Consultants 

Device Team Group 

Central Electricity Generating Board 
Energy Technology Support Unit 
Hydraulics Research Station 
National Engineering Laboratory 
Ready Mixed Concrete Ltd. 
University of Edinburgh 
Vickers Ltd. 
Wavepower Ltd. 
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TAG 7 - ENVIRONMENTAL IMPACT 

Terms of Reference 

l. 

2. 

3. 

4. 

To examine the possible environmental effects of large 
wave power stations on: 

(a) the morphology of the adjacent coastline 

(b) the navigation of shipping 

(c) the local ecological balance 

(d) the fishing industry 

(e) leisure activities 

(f) interaction with other activities, e.g. Ministry 
of Defence, oil exploration, etc. 

Bearing in mind the likely location of wave power stations, 
to develop an awareness of the impact of shore installations 
on areas of scenic beauty and of the availability of large 
amounts of energy in areas of low economic activity. 

To consider environmental effects in geographical areas 
which might be used for Phase II of the development 
programme. 

To report to the Wave Energy Steering Committee and to 
advise the Device Teams as required. 

The present membership is drawn from: 

Department of Agriculture & Fisheries for Scotland 
Department of Trade - Marine Division 
Energy Technology Support Unit 
Highlands & Islands Development Board 
Hydraulics Research Station 
Ministry of Agriculture, Fisheries & Food 
Ministry of Defence 
Natur~ Conservancy Council 
Scottish Marine Biological Association 
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APPENDIX 4 

MAIN ASSUMPTIONS USED IN CALCULATING BREAKEVEN CAPITAL COSTS FOR WAVE ENERGY 

.-----------------------r-------------- · 

1. Plant Characteristics 

Average plant life (years) 
Mean equipment availability (%) 
Firmness at peak (%) 

Mean annual load factor (%) 

Nuclear 
Plant 

25 
70 
85 
70 

Coal 
Plant 

30 
70 
85 

upto 70 

Wave Energy 
Plant 

25 
85 
25 
45 

2. Plant Costs(l) 

Total capital costs(2) 
Operating costs (excluding fuel) 

- Fixed operating costs 
- Variable operating costs 

at an annual load factor 
of 100% 

Net present worth lifetime fuel 
Net present worth 
gross system operating savings 

£/kW 

£/kW pa 

£/kW pa 

costs £/kW 

£/kW 

730 

5 
5 

450 

1900(4) 

400 

2 
20 

(3) 

(4) 

? 

)3% plant 
) capital pa 

nil 

1280(4) 

Notes: (1) All costs are quoted in real terms using 1978 money values. The 
costs are illustrative but are intended to be appropriate at the 
turn of the century. A discount rate of 5% is used throughout. 

(2) Total capital costs include construction costs, interest during 
construction, transmission costs and initial fuel for nuclear 
plant. 

(3) Coal plant fuel costs depend on the thermal efficiency of the 
plant and on the load factor assumptions. Coal plant is assumed 
to have a thermal efficiency of 35% which is typical for modern 
fossil plant and it is assumed that this type of plant will be 
the means of generating electricity from fossil fuels during 
the early part of next century. 

(4) The gross system operating saving is evaluated at a fossil fuel 
price of 20p/therm. At any other assumed price it will be 
directly proportional to the value given. Gross system 
operating savings consist mainly of the value of the fuel saved 
when a new plant is operated in the system and in deriving 
Figure 7.6 only this saving is assessed. It is also assumed 
that all new plants which make a saving in this way displace 
fossil fuel and this implies that the available nuclear capacity 
is always less than the minimum demand. For coal plant the 

I gross system operating savings are approximately equal to 
fuel costs. 

(5) As a central assumption the value of firm power is based on coal 
plant and is taken as £430/kW. The effect of a zero value is 
also indicated in Figure 7.6 

(6) Other assumptions are discussed in the main text. 

J 
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