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EXECUTIVE SUMMARY

Introduction
The technology volume reviews.

the wind resource which isthe basis of al wind energy developments
date of the art of European technology
research and development requirements

Resour ce

In 1995, dectricity production in the EU amounted to 2384 TWh. The estimated annua wind
potentia is 588 TWh (land based resource) which is adequate for a 20% penetration of supply.
This excludes the annud offshore resource estimated to be in excess of 2500 TWh.

Status of the technology

A mgor achievement of the EU wind industry is that about 10 megawatt scale wind turbines are
now commercidly avallable. Cogt trends show these latest megawett machines as competitive
athough it is now pressing to address the limits of up-scaling and the need for new concepts for
large offshore units. Gradud innovation has led to the emergence of variable speed and direct
drive designs to complement the established Danish stal regulated concept with geared drive
tran.

Increased wind turbine rdiability and the in-roads made into markets world wide mean the
future for the technology is bright. The red benefits of the substantid investment made by the
European Commission and the EU member states into research to improve the understanding of
wind turbine behaviour, through careful modelling and measurement, is just Sarting to bear fruit.
It must be carefully sustained and is set to play amgjor role in future technology development.

Status of European resear ch and development

Extensve messurement and modd validation activities have been made possible through funding
provided by nationd and internationa research programmes such as the EU JOULE
progranme. Design tool development is ongoing in areas of wind field representation, rotor
aerodynamics, computationa fluid dynamics, aerodadticity, aerofoil design, and aeroacoustics.
There is dso condderable potentid for further development of wind farm design tools and
hardware systems for wind farm management. Key research areas indlude, lightweight/flexible
designs, rotor systems development, aerofoil design, blade materids development, direct drive
systems, optimum unit Szing, grid integration, hodtile sites, hybrid systems and multi-megawait
design. Harmonised international design standards are being achieved and are crucid to the
continuing success of wind technology.

The next greet legp for the wind energy industry will bein the area of offshore development. The
potentid for this technology is vast and it requires, and deserves sustained and substantia
research and development support.
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1 INTRODUCTION

This volume summarises

the wind resource which isthe basis of al wind energy developments
date of the art of European technology
research and development requirements

A Technicad Appendix is provided giving a detaled background of the evolution of the
technology. This comprises a historica perspective, the present technology, wind farming issues
and regulatory matters.

This structure is intended to alow the reader to assess the future requirements of the technology
without, necessarily, having to appreciate the higtorical perspective and the more detailed
technical aspects of the indudtry.

2 RESOURCE

“Exploitation will not be limited by resource!”

In order to put wind energy technology in its proper context it is important to have & least an
goproximate estimate of wind energy’s drategic potentid. An gpproximate estimate of the
resource is adequate because the potentid, a least in its Smplest form, isvas.

Mogt attempts at estimating this potentid use the same basic Seps:

1. Défine the climatic and physical characteristics - average wind speed and aress
where turbines can be placed

2. Edimate the space available for development from the results of (1)

3. Using current technology estimate the energy yield which can be derived.

Step (2) has amgor influence on the fina result and is very difficult to perform accurately. This point
iswell illustrated in the table below where the results of two studies are compared.

van Wijk and Codlingh [1] used a systematic, and rather more conservative, approach than Grubb
and Meyer [2]. They considered that any land which had a mean wind speed greater than 5.1
m/s was potentidly exploitable and they further assumed that only 4% of that land could be used
as a result of practical and socia congraints. A recent sudy undertaken in Germany, by the
Bundesminigterium fur Wirtschaft, has further underlined the importance of the assumptions used
in such caculations. It has shown that if land with mean wind speeds of between 4 and 5 m/sis
included then the technicd potentid in Germany aone increases to over 90 TWhannum. None
of these sudies include the offshore potential which was estimated by Matthies and Garrad [3]
to bein excess of 2 500 TWh/annum, in European waters alone.
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Region Grubb and Meyer | Wijk and Codingh [2]
[1] (TWh/annum)

(TWh/annum)

Africa 10 600 -

Audrdia 3000 1638

North America 14 000 3762

Lain America 5400 -

Western Europe 480 520

Eastern Europe and CIS 10 600 -

Res of Asa 4900 -

Total OECD 6351

Approximate world total 50 000 20 000

World consumption of

electricity in 1994 12 500 TWh/annum

OECD consumption 6 351 TWh/annum

Table 2.1 Regional wind energy potential and wor ld-wide electricity consumption

It is indructive to follow Wijk and Codingh's andyss further since they provide a detailed
description of the resource in Europe. This is illustrated in the table overleaf which shows not
only the technica potentid but aso the eectricity consumption of each country. In this table the
offshore potential dready identified in Sweden and Denmark is dso included. If it is further
assumed that any national grid system could accommodate a 20% penetration of wind energy
then a redidtic potentid can be caculated which is shown in the last column. Applying this
limitation ignores the potentia for exporting wind generated e ectricity which will be an important
commodity in the future,
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Country 1995 Electricity  Technical wind potential Realistic potential =
production Wijk and Codingh lesser of 20%
consumption and
(TWh/annum) (TWh/annum) technical potential
(TWh/annum)
Audria 60 3 3
Bdgium 82 5 5
Denmark 31 27 6.2
Fnland 66 7 7
France 491 85 85
Germany 534 24 24
UK 379 114 75.8
Greece 41 44 8.2
Ireland 17 44 3.4
Ity 207 69 41.4
Luxembourg 1 0 0
The Netherlands 89 7 7
Portugal 32 15 6.4
Span 178 86 35.6
Sweden 176 58 35.2
Total EU 2384 588 343.2

Table 2.2 The European wind energy potential and eectricity consumption

The message from this brief introduction to the wind energy potentid is very clear - its
exploitation will not be limited by the resource.

3 STATUSOF WIND TECHNOLOGY - SUMMARY

“...thefuturefor thetechnology is bright!”

European wind technology is a great success story. In a matter of a decade and a hdf it has
evolved from an indusry making smdl, smple and sometimes unrdiable machines into a
technology which can compete with the wdl edablished conventiond forms of power
generdtion. It has volume production of medium size machines in the 600 kW range and some
10 designs in the megawait range with commercid prospects. The increase in available rated
capacity (by about a factor of 3 from 500 or 600 kW to 1.5 MW) is striking and has been a
very rgpid development since 1990. The ariva of the largest units is timely as the industry
prepares for mgor offshore developments. This evolution is shown schematicdly in Figure 3.1.
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Figure 3.1 The development of commer cial machines (1992 = 100% for all
parameters)

To provide confidence to investors continued effort is required on standards and certification.
This important area of work has been responsible for a seady improvement of both design and
manufacturing qudity and has helped the industry move from its early pioneering dage to a
competitive industry which can compete on aworld wide market. Continued efforts on this front
aevitd.

Design consolidation has taken place with three bladed designs predominating to an even
greater extent than previoudy. Thereisincreasing use of variable speed systems. A mgor recent
innovation has been the introduction of direct drive generator technology.

Widespread exploitation of wind energy potentid will require properly optimised machines for
different types of Ste:

high and low wind speed
onshore and offshore
remote and grid connected
large and small gpplicaions

Cod trends show the latest megawatt machines as compstitive athough it is now pressng to
address the limits of up-scaing and the need for new concepts for large offshore units. Mgor
offshore developments are certain in the early part of the next century. This will be the next
magor sep for the technology and will result in a dramatic increase in potentid in particular in the
northern European waters.



Volume 1 - Technology

Careful consderation of the interaction between wind turbines and the grid is now, and will
continue to be, an important area of both technicad design and palitica action. This matter will
come to the fore over the next decade as the subgtantid goals established for the industry are
redised. It will require aradica re-think of the way grid management is organised on a Europe
wide basis.

The increasing reiability of wind turbines and growing penetration of world wide markets mean
the future for the technology is bright. The red benefits of the substantid investment made by the
European Commission and the EU member states into research to improve the understanding of
wind turbine behaviour, through careful modelling and measurement, is just arting to bear fruit.
It must be carefully sustained and is set to play amgor role in future technology development.

4 STATUSOF EUROPEAN WIND ENERGY R&D

“Thenext great leap for the wind energy industry will be in offshore development.”

In this section the status of the different areas of technology are assessed and research and
development requirements are identified.

4.1 Futuredesign needs

4.1.1 Design tools

Over the lagt twenty years research workers have played a vita role in the development of
mathematicd modds which can represent the behaviour of wind turbines. This work has
involved extensve measurement and moded vdidation activities and has been made possible
through funding provided by nationd and international research programmes such as the EU
JOULE programme.

As confidence in the mathematicd models developed by research organisations has grown,
there has been increasing interest from wind turbine manufacturers wishing to make use of such
models as the basis of their design caculations, replacing the smplistic design approaches of the
early days of the indudtry. It is therefore a chdlenge to the research community that they should
now develop software tools which offer reiable models of wind turbine behaviour but aso
provide the qudity, robustness and ease of use required by the designers. This process is well
underway and there are dready a number of computer programs which originate from European
research and consultancy organisations and are now being used by manufacturers for design and
certification of wind turbines.
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There are severd aspects of the methods currently used for the design caculation of wind
turbine performance and loading which require further research and development effort:

Wind field representation
Further research is required to investigate suitable modds of the wind characteristics
experienced by wind turbines operating in the following Stuations:

in wake flow within wind farms,
on complex terrain Sites,
in different conditions of amospheric sability .

An area of great importance and sgnificant uncertainty is that of the modelling of extreme wind
conditions. Current desgn standards are based on rather arbitrary deterministic descriptions of
extreme wind events and there is an urgent need for the vdidation of this gpproach or its
replacement with dternative, probabilistic methods.

Rotor aerodynamics

Although there has been extensve research in this area, the generd understanding of the
development of aerodynamic gal on a rotating wind turbine remains poor and the modelling of
ddl is consgdered to be the most sgnificant inadequacy of current design caculation methods.
The present uncertainty results in poor confidence in the design caculations of performance and
loading for stal regulated wind turbines.

The development of models of steedy and dynamic g, reliable across a range of aerofail
sections and rotor configurations, requires the continuation of the mgor experimenta and
theoretical research programmes dready underway in this area.

Computational fluid dynamics

Computationd fluid dynamics tools are being developed in a wide range of engineering
disciplines. Wind energy is only one area in which they can be used. There are ill important
aspects of wind energy technology which are not properly understood - the loca flow over the
blades and the flow of wind over complex terrain. Both will profit greetly from the application of
CFD todls. Better understanding of wind flow and locd air flow will yield mgor improvements
in the confidence with which the technology can be applied and sgnificant cost reductions will
result.

Aeroelasticity

The current generation of wind turbine research codes and design tools has received very little
vaidation againg measurements from flexible machines. Further research effort will be required
in this context leading to design tools which can be used to undertake reliable caculaions of the
coupled moda properties, agrodastic stability and loading of wind turbines with flexible
components exhibiting large deflections.
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It is anticipated that with the continuation of relevant research programmes and the increasing
power of computers, the sophigtication and rdiability of the design caculations undertaken by
wind turbine manufecturers will continue to improve. This trend can only hdp to reduce
unnecessary design conservatism and lead towards lower costs for wind generated dectricity.

4.1.2 General R&D

In addition to the areas of research identified above, other areas requiring further research effort
indude:

aerofoil design

aeroacoustics

verification and enhancement of design standards

reiability andyds

improvement of religbility of materials data

design methods and assumptions for offshore wind turbines

Aerofoil development continues to be of importance, not because it is possble to get much
more energy from wind turbine rotors but because tailoring of dl, management of loads and
the structurd implication of aerofoil size and shape can dl contribute to more cost effective rotor
blades and wind turbine systems.

There is dso condderable potentid for further development of wind farm design tools and
hardware systems for wind farm management.

4.2 Wind turbine concept development

4.2.1 Lightweight/flexible designs

There is clear requirement for larger generating units, epecialy for offshore Stes, where there
may be greater freedom from some environmenta congraints. High speed lightweight turbines
may be consdered. As has been discussed, the exploitation of structura flexibility to achieve
weight and cost reduction is dill more limited than may have been supposed. The development
of composite hinges and other essentidly “smart materials’ developments may find increasing
goplication in wind turbine systems. Ogpticd fibres are dready being evduated for monitoring
fatigue of blade structures.

4.2.2 High/low wind speed designs

The best wind resource in Europe, in the UK generdly and in Scotland in particular, has been
the latest to be exploited. This implies that feedback from the operation of European wind
turbines on high wind speed sites has been quite limited and vaidation of designsfor such stesis
ongoing.
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The generd gpproach to high wind speed sites has been to offer alower diameter in relation to
power rating and conversdy in low wind speed Stes to offer increased rotor diameter. This is
often done in a non-optimum but very expedient way using “hub extenders’ - tubes inserted
between the hub flange and blade root which increase overdl rotor diameter. Tower height is
aso often increased on low wind speed Sites.

It is, however, an overamplification of the issue of coping with varying Ste conditions to
congder it purdy as a diameter/power rating adaptation. The differences in totd design and
cost implications of machines for high as opposed to low wind speed stes is subgtantid for
genuingly optimised designs. As order books grow, more differentiated high wind speed and
low wind speed designs may emerge.

4.3 Rotor systems development

4.3.1 Aerofoil design

Devdopment of improved aerofoil sections for wind turbines has been ongoing. Low lift
aerofoils with reduced roughness sengtivity and to shed maximum loads have been the focus of
US developments [4]. In Sweden and the UK [5] high lift aerofoils have been designed which
are uited to variable speed operation. LM Glasfiber have conducted many experiments with
new aerofoils and aso with new tip shapes designed to minimise tip sound.

Over recent years there has aso been a move towards using higher camber NACA sectionsin
an attempt to reduce rotor solidity. This, however, appears to have been accompanied by an
increase in the likdihood of sdl induced vibrations. The prevaling tendency among blade
manufacturers is to use NACA 63 sections which may have in-house modifications in order to
ease manufacture etc.

There is 4ill consgderable potentid for rotor design optimisation and system load reduction
(though not for much energy gain) through new aerofail developments. Such developments will
be very gradud. There are consderable overheads in changing blade tooling, some risk of
unsatisfactory performance and time required for testing to develop confidence in new rotor
designs.

4.3.2 Blade materials

The higorica development of blade materids from metas to compostes (naturd and man-
made) are discussed in Appendix Section 4.5. Much development of existing composte
material components is ongoing in respect of suitability for manufacturing methods. There is
interest in resin transfer moulding, in pre-pregs (cloths pre-impregnated with resin - as used by
Vedas in both the spar and shell structures of their blades), different weaves of glass cloth that
dter the structural characteristics and aso the required resin content etc. In wood epoxy
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manufacture the range of usable woods is being further explored and there is ongoing demand
for materids testing in support of materias innovation for cost reduction.

Interest in the use of materias which can be re-cycled is developing as is the use of naturd
fibres. The gpplication of these techniques is particularly rdlevant to an environmentdly friendly
technology such aswind energy.

4.3.3 Control mechanisms (beyond stall/pitch)

There have been many experiments to improve gdal regulaion. Vortex generators are widdy
used by blade manufacturers and there is interest in using air jet vortex generators [6] as an
active method of boundary layer control.

Research has suggested that partia span systems of pitch control provide a more responsive
and better qudity of power control than full gpan pitching and dso may be more economic.
Concern about sound emission has probably deterred many manufacturers from pursuing such
gysems. Smart materids [7] are avallable, rdatively expensve at present, that may dowly find
gpplication in wind turbine rotors alowing the development of intelligent blades.

4.4 Direct drivedesigns

The advantage of direct-drive concepts is the omisson of the gearbox, by utilisng a generator
that can operate at the rotational speed of the rotor. This has benefitsin two separate aress.

for amdl and very smdl turbines, where rotor rotationd speed is rdaively high anyway, with
the ams of saving cost and achieving very low maintenance,
for very large turbines, where rotational speeds are low and torques very high, principdly to
achieve cost reduction through a smplified integrated design.

4.4.1 Micro-turbines (< 3kW)

These turbines are in the range 0 to 3 kW approximately, and are characterised by the dmost
exclusve use of direct drive permanent magnet generators (PMG) for battery charging. The
market is for remote telecommunications, dectric fences, domestic systems, nomadic peoples,
leisure craft and caravans. Almost 90% of micro-turbines use PMG technology.

4.4.2 Small wind turbines (< 30 kW)

The benefits of direct drive are the expected low maintenance and high reliability. Capita cost
and efficiency are less important.  Wind turbines with direct drive generators of 2 to 10 kW
rating have been developed by Bergey, Westwind, Proven and LMW. All use permanent
magnet generators. There are of course severd non-direct-drive wind turbines in this Sze range.

Severd manufacturers have direct drive turbines in the design or prototype stages at ratings up
to 50 kW. All use PMGs except for the Atlantic Orient Corporation (AOC) 20 kW design
which uses a switched-rel uctance generator.
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AOC generators are current being laboratory tested. The switched reluctance generator is the
smplest generator of al with only laminated iron on the rotor.

4.4.3 Largewind turbines
The percelved benefits of direct drive sysemsfor large wind turbines are:

lower cost than a gearbox system,
reduced tower-head mass and nacelle length;
efficency savings of severd percent.

It is as yet unclear if these benefits are being redlised in present designs, but it is quite clear that
the new technology is dready on a par with conventiona solutions.

Direct drive machines dways take advantage of the opportunity for variable-speed operation
dlowed by the AC/IDC/AC converter. Most direct drive systems would be difficult to
implement in fixed-speed operation as they lack the compliance of induction machines. Turbines
with direct drive systems range from 200 kW to 1.5 MW (production and prototype machines).
Both permanent-magnet and wound-rotor designs are used. Current direct drive designs
include;

Enercon E30 (200 kW), E40 (500 kW) and E66 (1.5 MW): synchronous generator, wound
rotor, concept proven through extensive operating experience.

Lagerwey LW45/750 (750 KW) at prototype stage, Synchronous generator, wound rotor.
Genesys 600, Tacke TW1500: proposed machines, permanent magnet excitation rather than
awound rotor, and reduced generator diameter.

Aeodlus Il (3 MW): proposed development of existing AEOLUS Il wind turbine, not yet
built, usng permanent magnets.

PMG designs (prototypes tested up to 120 kW): ferrite magnets, e egant modular design.

While it would gppear optimistic to expect large mass or cost savings in large wind turbines
purely by the introduction of a direct drive system, it is likely that in a fully integrated desgn
(with common bearings for the generator rotor and wind turbine rotor) the smplification of
design, provison of wide range variable speed and eimination of gearbox maintenance will dl
favour the continuing development of direct drive systems.

4.5 Multi-megawatt design

Although the wind industry has demongrated the technical and commercid feasbility of units of
about 1.5 MW, and larger wind turbines have been built, the present generation of megawait
machines may well be close to the economic limit of up-scaing. In some land based gpplications
and in the offshore application especidly, yet larger generating units are desirable.

10
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Multi-rotor systems with a number of rotors on a Single support structure are a possible route to
units of 5 to 10 MW capecity for good economics with minimum innovation and development
costs. Such systems have been under consideration for along time and a few (very old) and a
recent design of Lagerwey have been built. Recent research in the UK [8] and studies in the
Netherlands[9], [10] over anumber of years confirm interest in this concept.

It is gpparent that there is consderable overlap in the issues of larger turbine design and design
for offshore which is now discussed.

4.6 Offshoredesign

The next greet lesp for the wind energy industry will bein the area of offshore development. The
potentid for this technology is vast and it requires, and deserves sustained and substantia
research and development support.

4.6.1 System concepts

Most European turbines operate with a blade tip speed less than 65 mv/s principaly in order to
contain sound emission within acceptable limits. It has been recognised that if offshore wind
turbines are remote from the coast and can be dlowed increased sound emission, then there is
consderable scope for reduction of the weight and cost of the turbines themsalves. A tip speed
of 100 m/s may be acceptable for offshore wind turbines.

As with sound, if there is some relaxation in concern about the near fidd visud effect for
offshore wind farms, there is added potentid for cost reduction in support structures and greeter
tolerance of more unusud design configurations that may have economic merit.

Thus the generd view is that, if higher tip Speeds can be exploited, the cost of the wind turbine
component of the offshore system can be sgnificantly reduced compared to land based designs.
Obvioudy this is very desrable to help offset the increased costs of foundations and dectrica
transmission associated with offshore projects.

A key objective for the design of cost effective offshore wind turbines will be that inspection and
maintenance requirements are reduced to a minimum. Design for high reiability will be an
important priority with an emphasis on minimising long term operation and maintenance costs,
possibly at the expense of a somewhat higher wind turbine capital cost.

4.6.2 Optimum unit Szes

The largest offshore wind farm in the world is the 17 MW Dronten wind farm (based on 600
kKW units). This farm is, however, only offshore in the sense that it has its foundations in the
water of an inland sea. According to various studies, larger machines of saverd MW need to
be used to reduce generation costs.

Tota array costs decrease by afactor of more than 2.5 for support structures for machines with
rotor diameters in the range 50m to 100m [11]. The codts of dectrica power collection and

11
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tranamission are dso dgnificantly reduced. Offshore wind turbines will have minimum tower
heights determined by extreme wave and tidal gatistics. Having fewer maintenance points and
fewer interconnection between turbines per wind farm of given capacity will favour large wind
turbines. The requirement for larger units of generating capacity is clear and possible technology
for this was discussed in Section 4.4 Appendix.

4.6.3 Design toolsfor offshorewind turbines

There are & present very few design tools avalable which are capable of deding with the
combined wind and wave loading experienced by offshore wind turbines [12], [13]. Thereisan
increasingly urgent need to vaidate andyticad methods cgpable of the prediction of the loading
and dynamic behaviour of offshore wind turbines. With the growing interest in offshore wind
power over the last decade, there is a need to provide the manufacturing industry with design
tools which can ded rdiably with the complexity of combined wind and wave loading. As
prototype offshore wind turbines are ingtdled it is important therefore that detailed measurement
programmes are undertaken to provide the data necessary for such validation work.

4.6.4 Thefuture deep water offshore resource

There have been a number of studies throughout Europe to investigate the feasibility of floating
wind farmsingtdled in deep water. Various concepts for floating systems have been considered.
The FLOAT [14] study undertaken in the UK investigated the outline design and costing of an
offshore wind farm with floating turbines for water depths up to 100 m. According to this study,
however, the cost of the floating platform, the cost of moorings and of transmisson to land
would seem to clearly indicate that floating wind turbine systems would only be exploited (if at
dl) in a second generation of projects after systems on sea bed foundations are generdly
established.

4.7 Grid integration

In order to meet the EWEA and, indeed, the EC targets which have been established for wind
energy in the EU large scae penetration of the European grids will be required. To date this
problem has been addressed in only a very superficid way. Research is required to determine
an economic means of exporting eectricity from the remote, wind rich areas of Europe to the
more centrd areas of high load. Nationd and Europe wide system studies are required as well
as continued work to provide a better understanding of the interaction of wind turbines and the
electricd sysem.
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4.8 Hostile sites

In this context “hogtile’ is used to describe Stes with environmental characterigtics outsde the
norma, conditions which are presently being commercialy exploited. There islittle experience to
date of low temperature, high turbulence or very high wind speed sites. Such Stes often exhibit
both extreme loading conditions and high energy yield and hence an improved ability to exploit
them will provide Sgnificant benefits.

4.9 Hybrid systems

There has been rdativey little attention to dete to the integration of wind energy with other
renewables. Such gpplications will be at asmdler scale than most of the other areasidentified in
this report when taken individualy but when congdered in total their contribution is subgtantid.
There is enormous scope for application of hybrid systems. wind-photo-voltaic, wind-biomass,
wind-diesd and desdination. This market is vast and largely untagpped. It dso offers a means of
bringing energy to some of the most deprived aress of the world in an environmentaly friendly
fashion.

4.10 Standardsand certification

The development of a harmonised set of internationally recognised standards and certification
procedures has proved to be of vitd importance for the building of confidence in wind energy.
This point is particularly germane to the establishment of good relations with the financid sector.
The process is now firmly under way but requires continuous improvement and refinement to
keep pace with new developments in the technology. Continued research and development on
this front is therefore required.

13
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