
BENT SØRENSEN

RENEWABLE

ENERGY
PHYSICS, ENGINEERING, ENVIRONMENTAL

IMPACTS, ECONOMICS AND PLANNING

FIFTH EDITION



Renewable Energy
Physics, Engineering, Environmental
Impacts, Economics and Planning

Fifth Edition

Bent Sørensen

ACADEMIC PRESS

An imprint of Elsevier



Academic Press is an imprint of Elsevier
125 London Wall, London EC2Y SAS, United Kingdom
525 B street, suite 1800. san Diego, CA 921014495. United States
SO Hampshire Street, 5th Floor, Cambndge, MA 02139, United States
The Boulevard. Langford Lane, Kidhngton, Oxford OX5 IGB, United Kingdom

Copynght 0 2017, 2m 1.2004, 2000 Elsevier Ltd. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic or mechanical,

including photocopymg, recording, or any information storage and retrieval system, without permission in writing from

the publisher. Details on how to seek pennission. further Information about the Publisher's permissions policies and our
arrangements With organizations such as the Copyright Clearance Center and the Copyright Licensing Agency. can be

found at our website: www.elsevier.com/permissions.

•ms book and the individual contributions contained in it are protected under copyright by the Publisher (other than as
may be noted herein).

Notices
Knowledge and best practice in this field are constantly changmg. As new research and experience broaden our

understandrng. changes in research methods, professional practices, or medical treatment may become necessary.

Practitioners and researchers must always rely on their own expenence and knowledge in evaluating and using any

information. methods, compounds. or expenments descnbed herein. In using such information or methods they should

nundful of their own safety and the safety of others, including parues for whom they have a professional
responsibillty.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume any liability for
any Injury and/or damage to persons or properly as a matter of products liability, negligence or otherwise, or from any
use or operation of any methods, products, instructions, or ideas contained In the material herein.

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Library of Congres Cataloging-in-Publication Data

A catalog record for this book is available from the Library of Congress

ISBN:

For Information on all Academic Press publications

visit our website at https•.//www.elsevier.cornn)ooks-and-journals

Working together
to grow libraries in

Book Aid developing countriesFISEV1i*

www.elsevier.com • www.bookaid.org

Publisher: Joe Hayton

Acquisition Editor: Raquel Zanol

Editorial Project Manager: Ana Claudia Garcia

Production Project Manager: Mohana Natarajan

Designer: Mark Rogers

Typeset by MPS Limited, Chennai, India



Contents

Preface to fifth edition
Preface to fourth edition
Preface to third edition
Preface to second edition
Preface to first edition
Units and conversion factors

Part I Renewable Energy Resources

1 Perspectives on energy resources
1.1 Current renewable energy market
1.2 Past and present energy resources

1.2.1 Energy history

1.3 Resource prospects for the future

1.4 Global temperature impacts and other climate impacts
1.5 Role of environmental and social issues
1.6 The sustainability test

References

2 Origin of renewable energy flows
2.1 Solar radiation

2.1.1 Energy production in main-sequence stars like the Sun
2.1.1.1 The birth and main-sequence stage of a star
2.1.1.2 Nuclear reactions in the Sun

2.1.1.3 Equilibrium processes in the Sun
2.1.1.4 The energy transport equations

2.1.1.5 A model of the solar processes

2.1.2 Spectral composition of solar radiation
2.1.2.1 The structure of the solar surface

2.1.2.2 Radiation received at the Earth

2.2 Disposition of radiation on the Earth

2.2.1 Radiation at the top of the atmosphere

2.2.1.1 The disposition of incoming radiation

2.2.2 Radiation at the Earth's surface
2.2.2.1 Direct and scattered radiation

2.2.2.2 Disposition of radiation at the Earth's surface
2.2.2.3 Disposition of radiation in the atmosphere

xxiii
xxv

xxvii

1

3

3

19

21

29

30
32

34

35

39

39

39
40

42
47
49

54

56

57

58

59

60

62

67

67

67

71



vi

2.2.2.4 Annual, seasonal, and diurnal variations in

the radiation fluxes at the Earth's surface

2.2.2.5 Penetration of solar radiation

2.3 Processes near the surface of the Earth

2.3.1 The atmosphere

Contents

73

78

79

79

2.3.1.1

2.3.1.2

2.3.1.3

Particles in the atmosphere

Absorption and scattering in the atmosphere

80

85

Absorption processes in different frequency regions 87

2.3.1.4

2.3.1.5

2.3.1.6

2.3.1.7

2.3.1.8

2.3.1.9

2.3.1.10

2.3.1.11

2.3.1.12

2.3.1.13

Models for the description of scattered radiation

The types of stored energy

Total energy fluxes

Energy transfer processes

Vertical transport in the Earth—atmosphere

boundary layer

The description of atmospheric motion

Time averaging

Features of the observed atmospheric circulation

Energy conversion processes and the separation

of scales of motion

Creation and destruction of kinetic energy

2.3.1.14 Models of general atmospheric circulation

2.3.2 The oceans and continents

2.3.2.1 The water cycle

2.3.2.2 Evaporation processes

2.3.2.3 The state variables of the oceans

2.3.2.4 Scales of oceanic motion

2.3.2.5 Joint models of general circulation in oceans

and atmosphere

2.3.3 The climate

2.3.3.1 Climate variables

2.3.3.2 Stability of climate

2.3.3.3 The ergodic hypothesis
2.4 The energy cycle of the Earth

2.4.1 Flows of energy and matter

2.4.1.1 The undisturbed energy cycle

2.4.1.2 Man's interference with the energy cycle

2.4.1.3 Matter cycles

2.4.1.4 The carbon cycle

2.4.1.5 The nitrogen cycle

2.4.2 Climate changes

2.4.2.1 Climatic history

2.4.2.2 Causes of climatic change

2.4.2.3 Understanding glaciation
2.4.2.4 The white Earth state
2.4.2.5 Man's interference with climate

89
93

94

96

99

100

101

102

107

108

109

114

114

117

119

123

125

129

131

136

141

142
144

149

152

152

154

157

157

161

162

163

166



Contents

2.4.2.6 Aerosols

2.4.2.7 Carbon dioxide

2.5 Inclusion of non-radiative energy flows

2.5.1 Vertical transport in the atmosphere

2.5.1.1 Water transport

2.5.1.2 The disposition of water and heat in soils

2.5.1.3 Geothermal heat fluxes

2.5.1.4 Momentum exchange processes between

atmosphere and oceans

2.5.2 Circulation modeling

2.5.2.1

2.5.2.2

2.5.2.3

2.5.2.4

2.5.2.5

2.5.2.6

2.5.2.7

The basic equations in terms of time-averaged

variables

The atmospheric heat source function

Separation of scales of motion

Energy conversion processes in the atmosphere

Modeling the oceans

Basic equations governing the oceanic circulation

Recent model applications surveyed in the 4th

and 5th IPCC assessment

2.5.3 Tides and Waves

2.5.3.1 

2.5.3.2 

2.5.3.3 

2.5.3.4 

References

Gravity waves in the oceans

The formation and dissipation of energy in wave

motion

The energy flux associated with wave motion

Wind-driven oceanic circulation

3 Individual renewable energy sources

3.1 Direct solar energy

3.1.1 Direct radiation

3.1.1.1 Dependence on turbidity and cloud cover

3.1.2 Scattered radiation

3.1.3 Total short-wavelength radiation

3.1.3.1 Reflected radiation

3.1.3.2 Average behavior of total short-wavelength

radiation

3.1.3.3 Inclined surfaces

3.1.4 Long-wavelength radiation

3.1.4. I Empirical long-wavelength evidence for inclined

surfaces

3.1.5 Variability of solar radiation

3.1.5.1 Geographical distribution of solar power

3.1.5.2 Power duration curves

3.2 Wind

3.2.1 Wind velocities

vii

170

172

176

176

179

180

183

183

184

184

189

192

193

194

195

197

205

207

209

210

210

211

219

219

219

223

225

227

228

230

235

239

241

243

244

244

246

247



viii Contents

3.2.1.1 The horizontal wind profile 247
3.2.1.2 Wind speed data 250
3.2.1.3 Height scaling and approximate frequency

distribution of wind 254

3.2.2 Kinetic energy in the wind 255
3.2.3 Power in the wind 257

3.2.4 Variability in wind power 259
3.2.4.1 Power duration curves 262

3.3 Water flows and reservoirs, waves, and tides 265

3.3.1 Ocean currents 265

3.3.1.1 Variability in current power 266

3.3.2 River flows, hydropower, and elevated water storage 271

3.3.2.1 Geographical distribution of hydropower resources 272

3.3.2.2 Environmental impact 272

3.3.3 Ocean waves 274

3.3.3.1 Wave spectra 275
3.3.4 Power in the waves 279

3.3.4.1 Waves in a climatic context 282

3.3.5 Tides 283

3.4 Heat flows, reservoirs, and other sources of energy 286
3.4.1 Solar-derived heat sources 287

3.4.1.1 The power in ocean thermal gradients 288

3.4.1.2 Temperature gradients in upper soil and air 291

3.4.2 Geothermal flows and stored energy 293

3.4.2.1 Regions of particularly high heat flow 293
3.4.2.2 The origin of geothermal heat 294
3.4.2.3 Distribution of the smoothly varying part

of the heat flow 297

3.4.3 Ocean thermal and salinity gradients 300

3.4.3.1 Salinity differences 301
3.4.4 Nuclear energy 303
3.4.5 Atmospheric electricity 307

3.5 Biological conversion and stores 308
3.5.1 Photosynthesis 309

3.5.1.1 Mechanism of green plant photosynthesis 309

3.5.1.2 Details of photosynthetic processes 312
3.5.1.3 Efficiency of conversion 330

3.5.1.4 Bacterial photosynthesis 332
3.5.2 Productivity in different environments 333

3.5.2.1 Ecological systems 333

3.5.2.2 Limiting factors 335
3.5.2.3 Productivity data 341

Part I: Mini projects, discussion issues, and exercises 343

References 347



Contents

Part Il Renewable Energy Technologies

4 The energy conversion processes
4.1 General principles

4.1.1 Basic principles of energy conversion

4.1.1.1 Irreversible thermodynamics

4.1.1.2 Efficiency of an energy conversion device

4.1.2 Thermodynamic engine cycles

4.2 Heat energy conversion processes

4.2.1 Direct thermoelectric conversion

4.2.1.1 Thermoelectric generators

4.2.1.2 Thermionic generators

4.2.2 Engine conversion of solar energy

4.2.2.1 Ericsson hot-air engine

4.2.3 Heat pumps

4.2.3.1 Heat pump operation

4.2.3.2 Heat exchange

4.2.4 Geothermal and ocean-thermal conversion

4.2.4.1 Conversion of ocean thermal energy

4.3 Mechanical energy conversion processes

4.3.1 Basic description of flow-driven converters

4.3.1.1 Free-stream-flow turbines

4.3.1.2 Methods of describing the conversion

of wind flows

4.3.2 Propeller-type converters
4.3.2.1

4.3.2.2

4.3.2.3

4.3.2.4

4.3.2.5

4.3.2.6
4.3.2.7

Theory of non-interacting streamtubes

Model behavior of power output and matching

to load

Non-uniform wind velocity

Restoration of wind profile in wake,

and implications for turbine arrays

Size limits

Floating offshore wind turbines

Offshore foundation issues

4.3.3 Cross-wind and other alternative converter concepts

4.3.3.1 Performance of a Darrieus-type converter

4.3.3.2 Multiple rotor configurations

4.3.3.3 Augmenters and other "advanced" converters

4.3.4 Ducted rotor
4.3.5 Rotor with tip-vanes

4.3.6 Other concepts

4.3.6.1 Heat, electrical/mechanical power, and fuel

generation

4.3.7 Hydro and tidal energy conversion

ix

355

357

357

357

360

363

365

368

368

368

371

372

372

375

375

377

378

380

381

381

382

385

389

389

394

400

403

408
409

409

410

410
414

414

415

417

418

420

421



x

4.3.8 Magneto-hydrodynamic converters

4.3.9 Wave energy conversion

4.3.9.1 Pneumatic converter

4.3.9.2 Oscillating-vane converter

4.4 Solar radiation conversion
4.4. I Photovoltaic conversion

4.4.1.1

4.4.1.2

4.4. I .3

4.4.1.4

4.4.1.5

4.4.1.6

4.4.1.7

4.4.1.8
4.4.1.9

4.4.1.1()

4.4.1.11

Photovoltaic devices

The p—n junction

Solar cells

Design of photovoltaic converters

Monocrystalline silicon cells

Multicrystalline cells

Stacked cells

Amorphous cells

Other materials and other thin-film cells

Module construction

Use of residual energy

4.4.2 Photo-electrochemical conversion

4.4.2.1 Perovskite solar cells

4.4.3 Solar thermal conversion

4.4.3.1 Heat generation

4.4.3.2 Flat-plate collectors

4.4.3.3 Stalled and operating collector

4.4.3.4 Flat-plate collector with heat storage

4.4.4 Concentrators and solar-thermal electricity generators

4.4.4.1 Energy collection from focusing systems

4.4.4.2 Solar-thermal electricity generation

4.4.4.3 Photo-thermoelectric converter design

4.4.4.4 Optical subsystem and concentrators

4.4.5 Solar cooling and other applications

4.5 Electrochemical energy conversion

4.5.1 Fuel cells

4.5.1.1 Reverse operation of fuel cells
4.5.1.2 Fuel-cell design

4.5.2 Other electrochemical energy conversion
4.5.2.1 Conversion of ocean salinity gradients

4.6 Bioenergy conversion processes
4.6. I Combustion and composting of biomass

4.6.1.1 Producing heat by burning biomass
4.6.1.2 Composting
4.6.1.3 Metabolic heat

4.6.2 Biological conversion into gaseous fuels

4.6.2.1 Biogas
4.6.3 Energy balance
4.6.4 Greenhouse gas emissions

Contents

424

426

428

431

434

434

439

443

449

453

454

456

457
459

460

470
472

472
475

481

484

488
491

493

493

496

502

505

507

511

512

516

517
519

520

522

525

527

528

529

538

539



Contents xi

4.6.5 Other environmental effects 539

4.6.6 Hydrogen-producing cultures 539

4.6.6.1 Thermochemical gasification of biomass 540

4.6.7 Fresh biomass gasification 542

4.6.8 Biological conversion into liquid biofuels 545

4.6.8.1 Direct photosynthetic production of hydrocarbons 546

4.6.8.2 Alcohol fermentation 546

4.6.8.3 Methanol from biomass 551

4.6.9 Enzymatic decomposition of cellulosic material 552

References 554

5 Energy transmission and storage 569

5.1 Energy transmission 569

5.1.1 Heat transmission 569

5.1.1.1 District heating lines 569

5.1.1.2 Heat pipes 572

5.1.2 Power transmission 572

5.1.2.1 Normal conducting lines 572

5.1.3 Offshore issues 573

5.1.3.1 Superconducting lines 574

5.1.4 Fuel transmission 575

5.2 Heat storage 575

5.2.1 Heat capacity storage 576

5.2.2 Water storage 577

5.2.3 Community-size storage facilities 580

5.2.3.1 Solar ponds and aquifer storage 586

5.2.4 Medium-and high-temperature storage 588

5.3 Latent heat and chemical transformation storage 591

5.3.1 Salt hydrates 592

5.3.2 Chemical reactions 597

5.4 High-quality energy storage 600

5.5 Pumped hydro storage 600

5.5. J Flywheels 605

5.5.2 The constant-stress disk 607

5.5.3 Other flywheel shapes 608

5.5.4 Flywheel performance 610

5.5.5 Compressed gas storage 612

5.5.6 Adiabatic storage

5.5.7 Aquifer storage 618

5.5.7.1 Hydrogen storage 620

5.5.8 Hydrogen production 620

5.5.9 Hydrogen storage forms 622

5.5.9.1 Compressed storage in gaseous form 623

5.5.9.2 Liquid hydrogen stores 623

5.5.9.3 Metal hydride storage 624



xii

5.5.9.4 Methanol storage

5.5.9.5 Graphite nanofiber stores

5.5.10 Regeneration of power from hydrogen

5.5.11 Battery storage

5.5.11.1 The lead—acid battery

5.5.11.2 Alkaline electrolyte batteries

5.5.11.3 High-temperature batteries

5.5.11.4 Lithium-ion batteries

5.5.11.5 Reversible fuel cells (flow batteries)

5.5.12 Other storage forms

5.5.12.1 Capacitors

5.5.12.2 Direct storage of light

5.5.12.3 Superconducting storage

Part Il: Mini projects, discussion issues, and exercises

References

Part Ill Renewable Energy Impacts: Planning for
Sustainability and Climate Change Aversion

6 Energy system planning
6.1 Methodology of energy planning

6. I .1 Use of the scenario concept

6.1.2 Treatment of the time variable

6.2 Demand scenario construction

6.2.1 End-use precursor scenarios

6.2.1.1 

6.2.1.2 

6.2.1.3 
6.2.1.4 
6.2.1.5 

Runaway precursor scenario

High-energy-growth precursor scenario

Stability precursor scenario

Low-energy-demand precursor scenario

Catastrophe precursor scenario

6.2.2 Intermediary system efficiency

6.2.2.1 Laisser-faire precursor scenario

6.2.2.2 Rational investment precursor scenario
6.2.2.3 Maximum-efficiency precursor scenario

6.2.3 Load structure

6.2.3.1 Biologically acceptable surroundings
6.2.3.2 Food and water

6.2.3.3 Security
6.2.3.4 Health

6.2.3.5 Relations

6.2.3.6 Activities
6.2.3.7 Summary of end-use energy requirements
6.2.3.8 Patterns of time variations

Contents

624

624

624

625

627

628

628

629

631

632

632

632

634

635
641

647

649
649

651

653

654

654
654

655

655

656

657

657

657

658

658

662

669

669

671

671

672

674

679



Contents

6.3 Supply scenario construction
6.3.1 Photovoltaic power production
6.3.2 Wind-power production

6.3.2.1 Industry development

xiii

682
683

685

689
6.3.2.2 A new method for estimating offshore wind-power

production
6.3.3 Food production
6.3.4 Biofuel production

6.4 Implementation issues
6.4.1 System choice and optimization
6.4.2 Consistency of simulation

6.5 Local systems

6.5.1 Solar heat or heat-and-electricity systems
6.5.1.1

6.5.1.2

6.5.1.3

6.5.1.4

6.5.1.5

6.5.1.6

6.5.1.7

6.5.1.8

Model description
Heat load of an individual house
Heat-pump systems
Software validation and results of simulations
Small PVT system simulation
Medium-size PVT system simulation

Large PVT system simulation

PVT Systems with heat pump
6.5.2 Wind electricity systems

6.5.2.1 Wind-power system without energy storage
6.5.2.2 Regulation of a fuel-based back-up system
6.5.2.3 Wind systems with short-term storage

6.5.3 Results of simulation studies

6.5.3.1 Wind-power systems with long-term storage
6.6 Regional systems

6.6.1 Regional scenario construction

6.6.1.1 The efficiency scenarios

6.6.2 Northern Europe

6.6.3 Mediterranean region

6.6.4 North America

6.6.5 Japan and South Korea

6.6.6 China
6.7 Global energy scenarios
References

7 Socioeconomic assessment

7.1 Social and economic framework

7.1.1 Social values and the introduction of monetary economy

7.1.2 Economic theory

7.1.2.1 Production planning

7.1.2.2 Distribution problems

7.1.2.3 Actual pricing policies

702
708

715

718

721

722

723

723

724

726

731

733

734

735

738

743
746

750

753

763
765

771

771

773

773

776

783
797

811

818

828

843

851

851

851

852

854

857

858



xiv Contents

7.1.3 Direct cost and inflation

7.1.4 Interest and present value

7.1.4.1 Private and social interest rate, intergenerational

interest

7.1.4.2 Net present value calculation

7.1.5 Cost profiles and break-even prices

7.1.6 Indirect economic considerations

7.1.6.1 Energy analysis

7.2 Scale of analysis

7.2.1 Local and national economy

7.2.1.1 National economy

7.2.2 Regional and global economy

7.2.3 An example: privatization of the energy industry

7.3 Life-cycle analysis

7.3.1 Methodology of life-cycle analysis

7.3.1.1 Treatment of import and export

7.3.1.2 What to include in an LCA

7.3.1.3 Choosing the context

7.3.1.4 Aggregation issues

7.3.1.5 Monetizing issues

7.3.1.6 Chain calculations

7.3.1.7 Matrix calculations

7.3.2 Communicating with decision-makers

7.3.3 Application of life-cycle analysis

7.3.3.1

7.3.3.2

7.3.3.3

7.3.3.4

7.3.3.5

7.3.3.6

7.3.3.7

7.3.3.8

7.3.3.9

References

LCA of greenhouse gas emissions

Direct health impacts of temperature changes

Impacts on agriculture, silviculture,

and ecosystems

Vector-borne diseases

Extreme events

Valuation of greenhouse warming impacts
LCA of power-production chains

Renewable energy chains

LCA of energy systems including storage and
transmission facilities

8 Integrated approaches
8.1 Greenhouse warming mitigation

8.1.1 Proposed fossil-fuel phase-out route
8.1.1.1 Possible objections to the per capita approach

8.2 Greenhouse warming adaptation
8.3 Ecological sustainability

8.3. I Status of renewable energy technologies
8.3.2 Energy storage and auxiliaries

859

860

860

862

864

869

870

871

872

873

879

880

883

884

888

890

895

896
900

903

907
909

913

913

918

929

930

930

931

935

942

952

954

963
963

963

968

970

971

971

973



Contents

8.3.3 The global political dimension
Part Ill: Mini projects, discussion issues, and exercises
References

Index

974

977

981

983


