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Preface

Growing energy demand and environmental consciousness have re-evoked human
interest in wind energy. As a result, wind is the fastest growing energy source in
the world today. Policy frame works and action plans have already been formu-
lated at various corners for meeting at least 20 per cent of the global energy de-
mand with new-renewables by 2010, among which wind is going to be the major
player.

In view of the rapid growth of wind industry, Universities, all around the world,
have given due emphasis to wind energy technology in their undergraduate and
graduate curriculum. These academic programmes attract students from diversi-
fied backgrounds, ranging from social science to engineering and technology.
Fundamentals of wind energy conversion, which is discussed in the preliminary
chapters of this book, have these students as the target group. Advanced resource
analysis tools derived and applied are beneficial to academics and researchers
working in this area. The Wind Energy Resource Analysis (WERA) software,
provided with the book, is an effective tool for wind energy practitioners for as-
sessing the energy potential and simulating turbine performance at prospective
sites.

The introductory chapter narrates the historic development of wind energy
technology along with its present status and future prospects. This is followed by
Chapter 2, which presents the basic principles of wind energy conversion. De-
scriptions on different types of wind machines and their performances are briefed
here. Basics of wind rotor aerodynamics and its application in the turbine design
are also presented in this chapter.

The third chapter is devoted to the methods of measurement and analysis of
wind spectra for energy use. Statistical methods for wind energy analysis are in-
troduced here. These are further extended for developing models for estimating
the wind energy potential of a prospective site.

Constructional features of various systems and sub-systems of a Wind Energy
Conversion System (WECS) are described in Chapter 4. Along with wind electric
generators, wind powered water pumping systems are also considered. Features of
wind farms, both onshore and offshore, are also discussed in this chapter.

Chapter 5 deals with performance models of WECS. Tools to simulate the field
performance of wind powered generators and water pumps are presented in this
section. Optimal matching of WECS with the site is also discussed.

Sixth chapter is devoted to the environmental aspects of wind energy conver-
sion. While highlighting the environment related merits of wind energy, the recent
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concerns over avian issues, visual impacts, noise etc. are not overlooked. A life
cycle based approach is adopted for these discussions.

Economics of wind energy conversion is analysed in Chapter 7, following the
present worth method. Factors affecting the costs and benefits of wind generated
electricity are discussed and indices for economic appraisal are evolved.

Wind Energy Resource Analysis (WERA) software, which comes along with
the book, is beneficial to readers who are not familiar with the numerical tech-
niques applied in wind resource analysis. Illustrative examples included in all the
chapters compliment the concepts presented in the text.

Subjects presented in this book are primarily derived from my experiences in
teaching undergraduate and graduate engineering students. Research and field ex-
periences on WECS have also helped me in formulating the materials presented.
Further, serving as a resource person for various wind energy training programmes
has also helped me in adopting a multi-disciplinary approach, which is essential
for tackling a subject like wind energy. Hence, I would like to thank my students
for their contribution.

Compiling information from various sources is essential for developing a book
of this nature. I thank the authors of research papers and reports, which are re-
ferred in various chapters of this book. Several industries and organizations have
supported me by providing information and materials which were essential for this
project. Special thanks are due to Hawaiian Electric Company, Renewable Energy Sys-
tems Ltd, THALES instruments GmbH, Vaisala Oyj, Siemens Wind Power A/S,
ReSoft, and Wikipedia, on this account.

I am fortunate to have the wholehearted support from my professors and
colleagues for this project. Let me thank Prof. K.I. Koshy, Prof. C.P. Muhammad
and Prof. Jippu Jacob for perusing the manuscript. Contribution of Prof. Anilku-
mar V and Dr. Damodar Rao in developing WERA is thankfully acknowledged.
Thanks are also due to Prof. John D Burton, Prof. K.P Pandey, Prof. Ashok Alex
Philip, Prof. Vishnu B, Dr. Dhalin D and Er. Nisha T.V, for their helps at various
stages of this work.

As ‘to err is human’, suggestions for improving the content of this book in fu-
ture are most welcome.

Sathyajith Mathew



Contents

Preface . ..o e VT

1 INtroduction ............co.oiiiiiii i 1
1.1 History of wind energy.........ccooevvuiiiiiiiiiiiiiiiiiniinieenneannns 3
1.2 Current status and future prospects..........ooevveevineiireninennnnnn. 7
References ... ..ooueinii i 8

2 Basics of Wind Energy Conversion ....................ccovveiiininnnn 11
2.1 Power available in the wind spectra ..............cooeviiiiiiinnn... 11
2.2 Wind turbine power and torque ..............ooiiiiiiiiiiiiiiiiian 14
2.3 Classification of wind turbines .............ccovveiviiiiiiineennnnn.. 16

2.3.1 Horizontal axis wind turbines ..................cccoeevnnnnn.. 17
2.3.2 Vertical axis wind turbines .................coociiiiiiin. 18
Darrieus rotor ......vvvuiii i 19

SaAVONIUS TOLOT ..ttt ittt et ee e e eeeeeaaeanns 20

MUSZIOVE TOLOT ..tutteteeeteeteeieeeeeeeeeeeneeenaeenans 21

2.4 Characteristics of Wind rOtOrS .........ccovuiiiiiiieiiiiiriienneennnnn 22
2.5 Aerodynamics of wind turbines .................ccooiiiiiiiii, 23
2.5.1 AIrfoil ..o 23
2.5.2 Aerodynamic theories ...........cooevieiiiiiiiiiinenennen.. 27
Axial momentum theory ...........c.ccovviiiiiiiiiiiiininnn.. 27

Blade element theory ............ccoviiiiiiiiiiiiiiiiiinnnn, 31

StP theOry ..o 33

2.6 ROtOr design .....veiiiiiii i 34
2.7 ROOr PerfOrmance ...........ooevuivuiiuiiniiiieiiieaeaeaeneenan, 40
ReferenCes ...vviniiiii e 42

3 Analysis of wind regimes.......................ci 45
3.1 The Wind...oooiniiii i 46

3.1.1 Local effects......coevueiiiiiiiiiiiiiiiiiiiiiiiiciiceee 47

3.1.2 WINd Shear.....ooovvviiiiii i, 47



X  Contents

3.1.3 Turbulence......o.ovuieiiiii i 50
3.1.4 Acceleration effect..........coceiiiiiiiiiiiiiiiiii 51
3.1.5 Time variation........ovueiuiuieineenieieaeaeaeneaaeaaanaas 51
3.2 Measurement of Wind...........cooooiiiiiiiiiiiiiiiii 53
3.2.1 Ecological indicators...........cooevuiiiiiiiiiininininen 53
3.2.2 ANCMOMELEIS. ... eutentint ettt ettt eneaeeneeaneaneeenes 55
CUP ANEMOMELET ... .eeeteeete et ettt et eaeeeieeaeeaneennn 55
Propeller anemometer..........c.coovvveiveiieiiiiiiieieennnnnn. 56
Pressure plate anemometer.............cooveeiiiiiiiiiine.., 56
Pressure tube anemometers. .........ooevieiieiiiiiieinnnn. 57
SONIC ANEMOMELET . ...t 'ueeiteentettete et eeaeeneeeennas 58
3.2.3 Wind dir€ction........coovviiiiiiiiiiiiiiiiiiiiciieeee 61
3.3 Analysisof winddata...........cooovviiiiiiiiiiii 61
3.3.1 Average wind speed..........cevivviiiiiiiiiiiiiiiiiiiaans 63
3.3.2 Distribution of wind velocity..........c..cooeiiiiiiiiiin.. 64
3.3.3 Statistical models for wind data analysis..................... 68
Weibull distribution.............cooooiiiiiiiiiiiiiiin 68
Rayleigh distribution.............ccooviiiiiiiiiiiiiinann 78
3.4 Energy estimation of wind regimes...............cccoveviiiiinenn.n 80
3.4.1 Weibull based approach................coviiiiiiiiiiiin.n 80
3.4.2 Rayleigh based approach................coiiiiii.. 84
RefeIeNCes. ... 88
4 Wind energy conversion Systems..................coovviiiiiiiiininnnnn.. 89
4.1 Wind electric eneratorsS.........vvvueererirerneeiieeieeaeeaeenen 90
i B N 0 ) S 91
412 ROOT. .ttt 96
4.1.3 GeAT DOX..uetnttete ettt 99
4.1.4 Power regulation.............cooiiiiiiiiiiiiiiiiiiiii i, 101
4.1.5 Safety brakes.......occvviiiiiiiiiiiiii e, 105
4.1.6 GONETALOT. .. .uintineit ettt et eaerenaeaens 107
Induction generator.............oevvrvviiieiiiiieiiiiieeanennns 107
Synchronous generator...........ccvvueviieiiiiiiiiiiineannn. 110
4.1.7 Fixed and variable speed operations.......................... 112
4.1.8 Grid integration........c..evuevuiiniineieieiiiiee e, 115
4.2 WiInd farms........coeiniiiii 117
4.3 Offshore wind farms............cooeiiiiiiiiiiiiiiiiiii, 121



XI  Contents

4.4 WINA PUMIPS. .t ettettete et ettt e e e e et e ae e eaeeeeenns 124
4.4.1 Wind powered piStOn PUMPS.....coveeerrieiieeneaeannannne 126
4.4.2 Limitations of wind driven piston pumps..................... 129

The hysteresis effect...........coocoiiiiiiiiiiiiiii 129
Mismatch between the rotor and pump characteristics..... 132
Dynamic loading of the pump’s lift rod..................... 133
4.4.3 Double acting PUMP........evuveenreenienneeineeaneeaneeanennnns 134
4.4.4 Wind driven roto-dynamic pumps...........c.cceeeuennennnn.. 135
4.4.5 Wind electric pumps.......cooeeeiieiiiiiiiiiiiiiiiieeee, 140

ReferencCes. .. ...ovuiiiii i 142

Performance of wind energy conversion systems..................... 145

5.1 Power curve of the wind turbine................c.ocooiiiiiiii, 146

5.2 Energy generated by the wind turbine.........................o.... 150
5.2.1 Weibull based approach.............c.ccooiiiiiiiiiiinn. 150
5.2.2 Rayleigh based approach................c..ooiii. 153

5.3 Capacity factor.......ovuiiieiii i e 155

5.4 Matching the turbine with wind regime.............................. 159

5.5 Performance of wind powered pumping systems................... 164
5.5.1 Wind driven piSton pumps. .........oueveereeneineenneneennnne. 164
5.5.2 Wind driven roto-dynamic pumps...........c..cocevueenenn.n. 171
5.5.3 Wind electric pumping SyStems...........coevuiveernennenne. 175

References. ... ...ooviiiiii i 177

Wind energy and Environment.......................... 179

6.1 Environmental benefits of wind energy....................c..o..e. 180

6.2 Life cycle analysis.......o.oouiieiiiniiiiini e 182
6.2.1 Netenergy analysiS........cccovevieiiiiieiiiiiiiiiininen.. 185
6.2.2 Life cycle emisSSion.........oouvviuiviiiiiiiiiiieneenieenann, 189

6.3 Environmental problems of wind energy.....................ocooue 193
6.3.1 AVIAN ISSUES. ..ottt 193
6.3.2 NOISE EMISSION. ... .uentitee e 196
6.3.3 Visual impact.........cooeiiiiiiiiiiiiiiiiii 202

R I ENCES. .ot 205



XII  Contents

7 Economics of wind energy...................coooiiiiiiiiiiiii 209
7.1 Factors influencing the wind energy economics.................... 210
7.1.1 Site specific factors..........cooiiiiiiiiiiiiiiiiia, 210
7.1.2 Machine parameters. .........cevueerueenueeneerieneeneannenn. 212
7.1.3 Energy market.........ccoooiiiiiiiiiiii e 213
7.1.4 Incentives and eXempPtionS.........oovvvirerirerireeinennnennns 214

7.2 The ‘present worth’ approach...............cooooiiiiiiiiiin 215
7.3 Cost of Wind eNergy.......ccvvuuiiiiiiiiiiiiiiii i, 220
7.3.1 Initial INVEStMENt......ooiiiiiitiiiii e 221
7.3.2 Operation and maintenance CoStS..........oevvreererneennnns 222
7.2.3 Present value of annual coStS........ccovvvvviiiiiiiiiii 223

7.4 Benefits of wind energy...........ccooiiiiiiiiiiiiiii e 225
7.5 Yardsticks of €CONOMIC METIt.......uuuueiiiiiiiiiiiiieeeeeeeeeienninn 227
7.5.1 Netpresent value.........c.ocoevuiiiiiiiiiiiiininininnn. 227
7.5.2 Benefit COStratio......coovviiiiiiiiiie i eiiieeenns 228
7.5.3 Payback period..........coooviiiiiiiiiiii 229
7.5.4 Internal rate of retUrn...........coevviiiiiiiiiiiii i, 230

7.6 Tax deduction due to investment depreciation...................... 233
ReferencCes. .. oo 236
APPENAIX. ... ..ot 237





