
Handbook of
Photovoltaic Science

and Engineering

Edited by

Antonio Luque
Instituto de Energia Solar, Universidad Politecnica de Madrid, Spain

and

Steven Hegedus
Institute of Energy Conversion, University of Delaware, USA

WILEY



Contents

List of Contributors xxiii

1 Status, Trends, Challenges and the Bright Future of Solar Electricity
from Photovoltaics 1
Steven S. Hegedus and Antonio Luque

1.1 The Big Picture 1
1.2 What Is Photovoltaics? 3
1.3 Six Myths of Photovoltaics 5
1.4 History of Photovoltaics 11
1.5 PV Costs, Markets and Forecasts 15
1.6 What Are the Goals of Today's PV Research and Manufacturing? ,19
1.7 Global Trends in Performance and Applications 20
1.8 Crystalline Silicon Progress and Challenges 23
1.9 Thin Film Progress and Challenges 27

1.10 Concentration PV Systems 31
1.11 Balance of Systems 32
1.12 Future of Emerging PV Technologies 37
1.13 Conclusions 39

References 41

2 Motivation for Photovoltaic Application and Development 45
Joachim Luther

2.1 Characteristics of Photovoltaic Energy Conversion 45
2.2 A Long-term Substitute for Today's Conventional Electricity

Production - The Ecological Dimension of Photovoltaics 48
2.2.1 In Summary 54

2.3 A Technological Basis for Off-grid Electricity Supply - The
Development Dimension of Photovoltaics 54

2.3.1 In Summary 57
2.4 Power Supply for Industrial Systems and Products - The

Professional Low Power Dimension 57
2.5 Power for Spacecraft and Satellites - the Extraterrestrial Dimension

of Photovoltaics 59
References 60



CONTENTS

3 The Physics of the Solar Cell 61
Jeffery L. Gray

3.1 Introduction 61
3.2 Fundamental Properties of Semiconductors 64

3.2.1 Crystal Structure 64
3.2.2 Energy Band Structure 65
3.2.3 Conduction-band and Valence-band Densities of State 66
3.2.4 Equilibrium Carrier Concentrations 67
3.2.5 Light Absorption 70
3.2.6 Recombination 74
3.2.7 Carrier Transport 78
3.2.8 Semiconductor Equations 81
3.2.9 Minority-carrier Diffusion Equation 82

3.3 PN-Junction Diode Electrostatics 83
3.4 Solar Cell Fundamentals 87

3.4.1 Solar Cell Boundary Conditions . 87
3.4.2 Generation Rate 89
3.4.3 Solution of the Minority-carrier Diffusion Equation 89
3.4.4 Terminal Characteristics 89
3.4.5 Solar Cell I-V Characteristics 92
3.4.6 Properties of Efficient Solar Cells 95
3.4.7 Lifetime and Surface Recombination Effects 96
3.4.8 An Analogy for Understanding Solar Cell Operation: A

Partial Summary 98
3.5 Additional Topics 99

3.5.1 Efficiency and Band gap . 99
3.5.2 Spectral Response . 100
3.5.3 Parasitic Resistance Effects 102
3.5.4 Temperature Effects 104
3.5.5 Concentrator Solar Cells 106
3.5.6 High-level Injection 107
3.5.7 p-i-n Solar Cells 109
3.5.8 Detailed Numerical Modeling 109

3.6 Summary . 110
References . I l l

4 Theoretical Limits of Photovoltaic Conversion • 113
Antonio Luque and Antonio Marti

4.1 Introduction . 113
4.2 Thermodynamic Background • • . . . 114

4.2.1 Basic Relationships ,. 114
4.2.2 The Two Laws of Thermodynamics , • • 116
4.2.3 Local Entropy Production • 116
4.2.4 An Integral View . 117

,. 4.2.5 Thermodynamic Functions of Radiation 117
4.2.6 Thermodynamic Functions of Electrons 119

4.3 Photovoltaic Converters 120



CONTENTS

4.3.1 The Balance Equation of a PV Converter 120
4.3.2 The Monochromatic Cell 124
4.3.3 Thermodynamic Consistence of the Shockley-Queisser

Photovoltaic Cell 126
4.3.4 Entropy Production in the Whole Shockley-Queisser

Solar Cell 129
4.4 The Technical Efficiency Limit for Solar Converters 131
4.5 Very High Efficiency Concepts 132

4.5.1 Multijunction Solar Cells 132
4.5.2 Thermophotovoltaic Converters 135
4.5.3 Thermophotonic Converters 136
4.5.4 Higher-than-one Quantum Efficiency Solar Cells 140
4.5.5 Hot Electron Solar Cells 141
4.5.6 Intermediate Band Solar Cell • 144

4.6 Conclusions . . • 148
References . ' 149

5 Solar Grade Silicon Feedstock 153
Bruno Ceccaroli and Otto Lohne

5.1 Introduction 153
5.2 Silicon 154

5.2.1 Physical Properties of Silicon Relevant to Photovoltaics 154
5.2.2 Chemical Properties Relevant to Photovoltaics 156
5.2.3 Health Factors 156
5.2.4 History and Applications of Silicon 157

5.3 Production of Metallurgical Grade Silicon 161
5.3.1 The Carbothermic Reduction of Silica 161
5.3.2 Refining 163
5.3.3 Casting and Crushing 166
5.3.4 Economics ' 167

5.4 Production of Semiconductor Grade Silicon (Polysilicon) . 167
5.4.1 The Siemens Process , 168
5.4.2 The Union Carbide Process " 172
5.4.3 The Ethyl Corporation Process x 173
5.4.4 Economics and Business 175

5.5 Current Silicon Feedstock to Solar Cells 175
5.6 Requirements of Silicon for Crystalline Solar Cells ' 179

5.6.1 Solidification 179
5.6.2 Effect of Crystal Imperfections 182
5.6.3 Effect of Various Impurities 186

5.7 Routes to Solar Grade Silicon 193
5.7.1 Crystallisation 193
5.7.2 Upgrading Purity of the Metallurgical Silicon Route 194
5.7.3 Simplification of the Polysilicon Process 198
5.7.4 Other Methods 201

5.8 Conclusions 201
References 202



CONTENTS

6 Bulk Crystal Growth and Watering for PV 205
W. Koch, A. L. Endros, D. Franke, C. Hafiler, J. P. Kalejs
and H. J. Moller

6.1 Introduction 205
6.2 Bulk Monocrystalline Material • 206

6.2.1 Cz Growth of Single-crystal Silicon 207
6.2.2 Tri-crystalline Silicon 211

6.3 Bulk Multicrystalline Silicon 214
6.3.1 Ingot Fabrication 214
6.3.2 Doping 216
6.3.3 Crystal Defects 217
6.3.4 Impurities 219

6.4 Wafering 223
6.4.1 Multi-wire Wafering Technique 224
6.4.2 Microscopic Process of Wafering 226
6.4.3 Wafer Quality and Saw Damage 229
6.4.4 Cost and Size Considerations 230

6.5 Silicon Ribbon and Foil Production 230
6.5.1 Process Description 232
6.5.2 Productivity Comparisons 238
6.5.3 Manufacturing Technology 239
6.5.4 Ribbon Material Properties and Solar Cells 240
6.5.5 Ribbon/Foil Technology - Future Directions 243

6.6 Numerical Simulations of Crystal Growth Techniques 244 -
6.6.1 Simulation Tools 245
6.6.2 Thermal Modelling of Silicon Crystallisation Techniques 245
6.6.3 Simulation of Bulk Silicon Crystallisation 247
6.6.4 Simulation of Silicon Ribbon Growth 249

6.7 Conclusions 251
6.8 Acknowledgement 252

References 252

7 Crystalline Silicon Solar Cells and Modules 255
Ignacio Tobias, Carlos del Canizo and Jesus Alonso

7.1 Introduction 255
7.2 Crystalline Silicon as a Photovoltaic Material 257

7.2.1 Bulk Properties . 257
7.2.2 Surfaces , . - . • " . 257

7.3 Crystalline Silicon Solar Cells , . 259
7.3.1 Cell Structure ' " 259
7.3.2 Substrate 260
7.3.3 The Front Surface 263
7.3.4 The Back Surface ,, 266
7.3.5 Size Effects 266
7.3.6 Cell Optics 268
7.3.7 Performance Comparison 270



CONTENTS ©
7.4 Manufacturing Process 271

7.4.1 Process Flow 271
7.4.2 Screen-printing Technology 276
7.4.3 Throughput and Yield 279

7.5 Variations to the Basic Process 280
7.5.1 Thin Wafers 280
7.5.2 Back Surface Passivation 281
7.5.3 Improvements to the Front Emitter 281
7.5.4 Rapid Thermal Processes . 282

7.6 Multicrystalline Cells 283
7.6.1 Gettering in me Solar Cells 283
7.6.2 Passivation with Hydrogen 283
7.6.3 Optical Confinement 285

7.7 Other Industrial Approaches 288
7.7.1 Silicon Ribbons 288
7.7.2 Heterojunction with Intrinsic Thin Layer 288
7.7.3 Buried Contact Technology 289

7.8 Crystalline Silicon Photovoltaic Modules 291
7.8.1 Cell Matrix " 291
7.8.2 The Layers of the Module 292
7.8.3 Lamination and Curing 293
7.8.4 Postlamination Steps . 294
7.8.5 Special Modules 294

7.9 Electrical and Optical Performance of Modules 295
7.9.1 Electrical and Thermal Characteristics 295
7.9.2 Fabrication Spread and Mismatch Losses , 297
7.9.3 Local Shading and Hot Spot Formation 297
7.9.4 Optical Properties . 300

7.10 Field Performance of Modules 301
7.10.1 Lifetime , 301
7.10.2 Qualification 301

7.11 Conclusions , 302
References 303

8 Thin-film Silicon Solar Cells x 307
Bhushan Sopori

8.1 Introduction 307
8.2 A Review of Current Thin-film Si Cells 310

8.2.1 Single-crystal Films Using Single-crystal Si Substrates 317
8.2.2 Multicrystalline-Si Substrates , ' 320
8.2.3 Non-Si Substrates 321

8.3 Design Concepts of TF-Si Solar Cells 324
8.3.1 Light-trapping in Thin Si Solar Cells 326
8.3.2 Description of PV Optics 327
8.3.3 Electronic Modeling 333
8.3.4 Methods of Making Thin-Si Films for Solar Cells 341



CONTENTS

8.3.5 Methods of Grain Enhancement of a-Si/ux-Si
Thin Films 343

8.3.6 Processing Considerations for TF-Si Solar Cell
Fabrication 350

8.4 Conclusion 353
References . 354

9 High-Efficiency III-V Multijunction Solar Cells 359
J. M. Olson, D. J. Friedman and Sarah Kurtz

9.1 Introduction 359
9.2 Applications 363

9.2.1 Space Solar Cells 363
9.2.2 Terrestrial Energy Production 363

9.3 Physics of III-V Multijunction and Single-junction Solar Cells 363
9.3.1 Wavelength Dependence of Photon Conversion Efficiency 363
9.3.2 Theoretical Limits to Multijunction Efficiencies 364
9.3.3 Spectrum Splitting 364

9.4 Cell Configuration 365
9.4.1 Four-terminal > 365
9.4.2 Three-terminal Voltage-matched Interconnections 366
9.4.3 Two-terminal Series-connected (Current Matched) 366

9.5 Computation of Series-Connected Device Performance 366
9.5.1 Overview 366
9.5.2 Top and Bottom Subcell QE and 7Sc 367,
9.5.3 Multijunction J-V Curves 368
9.5.4 Efficiency versus Band Gap 370
9.5.5 Top-cell Thinning 372
9.5.6 Current-matching Effect on Fill Factor and Vbc 373
9.5.7 Spectral Effects 374
9.5.8 AR Coating Effects 375
9.5.9 Concentration 376

9.5.10 Temperature Dependence 380
9.6 Materials, Issues Related to GalnP/GaAs/Ge Solar Cells 382

9.6.1 Overview ^ 382
9.6.2 MOCVD 382
9.6.3 GalnP Solar Cells 383
9.6.4 GaAs Cells 393
9.6.5 Ge Cells 395
9.6.6 Tunnel-junction Interconnects 396
9.6.7 Chemical Etchants 397
9.6.8 Materials Availability 398

9.7 Troubleshooting 398
9.7.1 Characterization of Epilayers 398
9.7.2 Transmission Line Measurements 400
9.7.3 I-V Measurements of Multijunction Cells 400
9.7.4 Evaluation of Morphological Defects 401
9.7.5 Device Diagnosis 401



CONTENTS ixiill

9.8 Future-generation Solar Cells 403
9.8.1 Refinements to the GalnP/GaAs/Ge Cell 403
9.8.2 Mechanical Stacks 404
9.8.3 Growth on Other Substrates 405
9.8.4 Spectrum Splitting 406

9.9 Implementation into Terrestrial Systems 406
9.9.1 Economic Issues 406
9.9.2 Concentrator Systems 406
9.9.3 Terrestrial Spectrum 407

References 407

10 Space Solar Cells and Arrays 413
Sheila Bailey and Ryne Raffaelle
10.1 The History of Space Solar Cells 413

10.1.1 Vanguard I to Deep Space I 413
10.2 The Challenge for Space Solar Cells . 416

10.2.1 The Space Environment 417
10.2.2 Thermal Environment 420
10.2.3 Solar Cell Calibration and Measurement 424

10.3 Silicon Solar Cells 425
10.4 III-V Solar Cells . 426

10.4.1 Thin-film Solar Cells 428
10.5 Space Solar Arrays . . 431

10.5.1 Body-mounted Arrays . . .'. 432
10.5.2 Rigid Panel Planar Arrays - . ' , . . 432
10.5.3 Flexible Fold-out Arrays 433
10.5.4 Thin-film or Flexible Roll-out Arrays , 435
10.5.5 Concentrating Arrays 436
10.5.6 High-temperature/Intensity Arrays 438
10.5.7 Electrostatically Clean Arrays 439
10.5.8 Mars Solar Arrays 440
10.5.9 Power Management and Distribution (PMAD) 441

10.6 Future Cell and Array Possibilities 441
10:6.1 Low Intensity Low Temperature (LILT) Cells 441
10.6.2 Quantum Dot Solar Cells x 442
10.6.3 Integrated Power Systems 442
10.6.4 High Specific Power Arrays > 443
10.6.5 High-radiation Environment Solar Arrays 443

10.7 Power System Figures of Merit 444
References 446

11 Photovoltaic Concentrators 449
Richard M. Swanson
11.1 Introduction 449

11.1.1 The Concentrator Dilemma 450
11.2 Basic Types of Concentrators 452

11.2.1 Types of Optics 452
11.2.2 Concentration Ratio 455



© CONTENTS

11.2.3 Types of Tracking 456
11.2.4 Static Concentrators 456

11.3 Historical Overview 460
11.3.1 The Sandia National Laboratories Concentrator Program

(1976 to 1993) 461
11.3.2 The Martin Marietta Point-focus Fresnel System 462
11.3.3 The Entech Linear-focus Fresnel System 463
11.3.4 Other Sandia Projects 465
11.3.5 The Concentrator Initiative 465
11.3.6 Early Demonstration Projects 466
11.3.7 The EPRI High-concentration Program 467
11.3.8 Other Concentrator Programs 471
11.3.9 History of Performance Improvements 472

11.4 Optics of Concentrators 474
11.4.1 Basics 474
11.4.2 Reflection and Refraction 478
11.4.3 The Parabolic Concentrator 479
11.4.4 The Compound Parabolic Concentrator 482
11.4.5 The V-trough Concentrator 483
11.4.6 Refractive Lenses 485
11.4.7 Secondary Optics 489
11.4.8 Static Concentrators 491
11.4.9 Innovative Concentrators 492

11.4.10 Issues in Concentrator Optics 494
11.5 Current Concentrator Activities 495

11.5.1 Amonix 496
11.5.2 Australian National University 496
11.5.3 BP Solar and the Polytechnical University of Madrid 496
11.5.4 Entech 497
11.5.5 Fraunhofer-Institut fur Solare Energiesysteme 497
11.5.6 Ioffe Physical-Technical Institute 498
11.5.7 National Renewable Energy Laboratory 498
11.5.8 Polytechnical University of Madrid 498
11.5.9 Solar Research Corporation v 499

11.5.10 Spectrolab 499,
11.5.11 SunPower Corporation 499
11.5.12 University of Reading 500
11.5.13 Tokyo A&T University 500
11.5.14 Zentrum fur Sonnenenergie und Wasserstoff Forschung

Baden Wurttenberg (ZSW) 500
References 500

12 Amorphous Silicon-based Solar Cells 505
Xunming Deng and Eric A. Schiff . ,..
12.1 Overview ' 505

12.1.1 Amorphous Silicon: The First Bipolar Amorphous .
Semiconductor 505



CONTENTS

12.1.2 Designs for Amorphous Silicon Solar Cells: A Guided Tour 508
12.1.3 Staebler-Wronski Effect 511
12.1.4 Synopsis of this Chapter 512

12.2 Atomic and Electronic Structure of Hydrogenated Amorphous
Silicon 513
12.2.1 Atomic Structure 513
12.2.2 Defects and Metastability 514
12.2.3 Electronic Density-of-states 515
12.2.4 Bandtails, Bandedges, and Band Gaps 516
12.2.5 Defects and Gap States 517
12.2.6 Doping 518
12.2.7 Alloying and Optical Properties 518

12.3 Depositing Amorphous Silicon 520
12.3.1 Survey of Deposition Techniques 520
12.3.2 RF Glow Discharge Deposition 521
12.3.3 Glow Discharge Deposition at Different Frequencies 523
12.3.4 Hot-wire Chemical Vapor Deposition 525
12.3.5 Other Deposition Methods . - - • ' • 526
12.3.6 Hydrogen Dilution 526
12.3.7 Alloys and Doping ; 528

12.4 Understanding a-Si pin Cells . ' 528
12.4.1 Electronic Structure of a pin Device 528
12.4.2 Photocarrier Drift in Absorber Layers 530
12.4.3 Absorber Layer Design of a pin Solar Cell 533
12.4.4 The Open-circuit Voltage ; ,C534
12.4.5 Optical Design of a-Si:H Solar Cells '537
12.4.6 Cells under Solar Illumination 540
12.4.7 Light-soaking Effects . 541

12.5 Multiple-Junction Solar Cells 542
12.5.1 Advantages of Multiple-junction Solar Cells . 542
12.5.2 Using Alloys for Cells with Different Band Gaps 544
12.5.3 a-Si/a-SiGe Tandem and a-Si/a-SiGe/a-SiGe Triple-junction

Solar Cells < 546
12.5.4 Microcrystalline Silicon Solar Cells x 551
12.5.5 Micromorph and Other ux-Si-based Multijunction Cells 552

12.6 Module Manufacturing 553
12.6.1 Continuous Roll-to-roll Manufacturing on Stainless Steel

Substrates 553
12.6.2 a-Si Module Production on Glass Superstrate 555
12.6.3 Manufacturing Cost, Safety, and Other Issues 556
12.6.4 Module Performance 557

12.7 Conclusions and Future Projections 558
12.7.1 Status and Competitiveness of a-Si Photovoltaics 558
12.7.2 Critical Issues, for Further Enhancement and Future

Potential 559
12.8 Acknowledgments 559

References 560



CONTENTS

13 Cu(InGa)Se2 Solar Cells
William N. Shafarman and Lars Stolt
13.1 Introduction
13.2 Material Properties

13.2.1 Structure and Composition
13.2.2 Optical Properties
13.2.3 Electrical Properties
13.2.4 The Surface and Grain Boundaries
13.2.5 Substrate Effects

13.3 Deposition Methods
13.3.1 Substrates
13.3.2 Back Contact
13.3.3 Coevaporation of Cu(InGa)Se2

13.3.4 Two-step Processes
13.3.5 Other Deposition Approaches

13.4 Junction and Device Formation
13.4.1 Chemical Bath Deposition
13.4.2 Interface Effects
13.4.3 Other Deposition Methods
13.4.4 Alternative Buffer Layers
13.4.5 Transparent Contacts
13.4.6 Buffer Layers
13.4.7 Device Completion

13.5 Device Operation
13.5.1 Light-generated Current
13.5.2 Recombination
13.5.3 The Cu(InGa)Se2/CdS Interface
13.5.4 Wide and Graded Band Gap Devices

13.6 Manufacturing Issues
13.6.1 Processes and Equipment
13.6.2 Module Fabrication
13.6.3 Module Performance
13.6.4 Production Costs
13.6.5 Environmental Concerns

13.7 The Cu(InGa)Se2 Outlook
References

567

567
570
571
574
574
576
578
578
579
580
580
583
584
584
585
586
587
588
590
591
592
592,
593
595
599
600
602
602
604
604
607
608
609
611

14 Cadmium Telluride Solar Cells 617
Brian E. McCandless and James R. Sites
14.1 Introduction ' 617
14.2 CdTe Properties and Thin-film Fabrication Methods 621

14.2.1 Condensation/Reaction of Cd and Te2 Vapors on a Surface 628
14.2.2 Galvanic Reduction of Cd and Te Ions at a Surface 629
14.2.3 Precursor Reaction at a Surface 630

14.3 CdTe Thin-Film Solar Cells 631
14.3.1 Window Layers 631
14.3.2 CdTe Absorber Layer and CdCl2 Treatment 633



CONTENTS

14.3.3 CdS/CdTe Intermixing 637
14.3.4 Back Contact 642
14.3.5 Solar Cell Characterization 644
14.3.6 Summary of CdTe-cell Status 650

14.4 CdTe Modules 651
14.5 The Future of CdTe-based Solar Cells 653
14.6 Acknowledgments 657

References 657

15 Dye-sensitized Solar Cells 663
Kohjiro Hara and Hironori Arakawa
15.1 Introduction to Dye-Sensitized Solar Cells (DSSC) 663

15.1.1 Background 663
15.1.2 Structure and Materials 664
15.1.3 Mechanism 670
15.1.4 Charge-transfer Kinetics 673
15.1.5 Characteristics 678

15.2 DSSC Fabrication (n = 8%) 678
15.2.1 Preparation of TiO2 Colloid 678
15.2.2 Preparation of the TiO2 Electrode 679
15.2.3 Dye Fixation onto the TiO2 Film 680
15.2.4 Redox Electrolyte 681
15.2.5 Counter Electrode 681
15.2.6 Assembling the Cell and Cell Performance 681

15.3 New Developments 682
15.3.1 New Oxide Semiconductor Film Photoelectrodes 683
15.3.2 New Dye Photosensitizers 683
15.3.3 New Electrolytes 688
15.3.4 Quasi-solid-state and Solid-state DSSCs 689

15.4 Approach to Commercialization 691
15.4.1 Stability of the DSSC . 691
15.4.2 Module Fabrication and Other Subjects for

Commercialization 694
15.5 Summary and Prospects x 695

References 696

16 Measurement and Characterization of Solar Cells and Modules 701
Keith Emery
16.1 Introduction 701
16.2 Rating PV Performance 701

16.2.1 Standard Reporting Conditions 702
16.2.2 Alternative Peak Power Ratings 715
16.2.3 Energy-based Performance Rating Methods ., 716
16.2.4 Translation Equations to Reference Conditions 719

16.3 Current Versus Voltage Measurements 721
16.3.1 Measurement of Irradiance 721
16.3.2 Simulator-based I-V Measurements: Theory 722



CONTENTS

16.3.3 Primary Reference Cell Calibration Methods 723
16.3.4 Uncertainty Estimates in Reference Cell Calibration

Procedures . 726
16.3.5 Intercomparison of Reference Cell Calibration

Procedures 727
16.3.6 Multijunction Cell Measurement Procedures 728
16.3.7 Cell and Module I-V Systems 731
16.3.8 Solar Simulators 736

16.4 Spectral Responsivity Measurements 738
16.4.1 Filter-based Systems 739
16.4.2 Grating-based Systems , 741
16.4.3 Spectral Responsivity Measurement Uncertainty 742

16.5 Module Qualification and Certification 745
Acknowledgements 746
References 747

17 Photovoltaic Systems 753
Klaus Preiser
17.1 Introduction to PV Systems and Various Forms of Application 753
17.2 Principles of photovoltaic Power System Configuration and their

Application 755
17.2.1 Grid-independent Photovoltaic Systems for Small Devices

and Appliances 755
17.2.2 Photovoltaic Systems for Remote Consumers of Medium

and Large Size 761
17.2.3 Decentralised Grid-connected Photovoltaic Systems 774
17.2.4 Central Grid-connected Photovoltaic Systems 779
17.2.5 Space Application 780

17.3 Components for PV Systems 784
17.3.1 Battery Storage '784
17.3.2 Charge Controller 787
17.3.3 Inverters 788
17.3.4 Auxiliary Generators 790
17.3.5 System Sizing \ 791
17.3.6 Energy-saving Domestic Appliances . 793

17.4 Future Developments in Photovoltaic System Technology 794
17.4.1 Future Developments in Off-grid Power Supply with -•

Photovoltaics 794
17.4.2 Future Developments in Grid-connected Photovoltaic

Systems : 796
References . 797

18 Electrochemical Storage for Photovoltaics 799
Dirk Uwe Sauer
18.1 Introduction 799
18.2 General Concept of Electrochemical Batteries 801

18.2.1 Fundamentals of Electrochemical Cells 801



CONTENTS

18.2.2 Batteries with Internal and External Storage 807
18.2.3 Commonly Used Technical Terms and Definitions 809
18.2.4 Definitions of Capacity and State of Charge 811

18.3 Typical Operation Conditions of Batteries in PV Applications 812
18.3.1 An Example of an Energy Flow Analysis 812
18.3.2 Classification of Battery-operating Conditions in PV

Systems 813
18.4 Secondary Electrochemical Accumulators with Internal Storage 817

18.4.1 Overview 817
18.4.2 NiCd Batteries 818
18.4.3 Nickel-metal Hydride (NiMH) Batteries 821
18.4.4 Rechargeable Alkali Mangan (RAM) Batteries 822
18.4.5 Lithium-ion and Lithium-polymer Batteries 822
18.4.6 Double-layer Capacitors 824
18.4.7 The Lead Acid Battery 826

18.5 Secondary Electrochemical Battery Systems with External Storage 849
18.5.1 Redox-flow Batteries 850
18.5.2 Hydrogen/Oxygen Storage Systems 852

18.6 Investment and Lifetime Cost Considerations 857
18.7 Conclusion 859

References 860

19 Power Conditioning for Photovoltaic Power Systems 863
Jiirgen Schmid, Heribert Schmidt
19.1 Charge Controllers and Monitoring Systems for Batteries in PV

Power Systems 864
19.1.1 Charge Controllers 864
19.1.2 Charge Equaliser for Long Battery Strings 877

19.2 Inverters / 881
19.2.1 General Characteristics of PV Inverters . 881
19.2.2 Inverters for Grid-connected Systems 881
19.2.3 Inverters for Stand-alone Operation 883
19.2.4 Inverter Principles 884
19.2.5 Power Quality of Inverters x 896
19.2.6 Active Quality Control in the Grid V 900
19.2.7 Safety Aspects with Grid-connected Inverters 900

19.3 Acknowledgement 902
References 902

20 Energy Collected and Delivered by PV Modules 905
Eduardo Lorenzo
20.1 Introduction 905
20.2 Movement between Sun and Earth 906
20.3 Solar Radiation Components 912
20.4 Solar Radiation Data and Uncertainty 915

20.4.1 Clearness Index 920
20.5 Radiation on Inclined Surfaces 920



CONTENTS

20.5.1 Estimation.of the Direct and Diffuse Components of
Horizontal Radiation, Given the Global Radiation 920

20.5.2 Estimation of the Hourly Irradiation from the Daily
Irradiation 925

20.5.3 Estimation of the Radiation on Surfaces on Arbitrary
Orientation, Given the Components Falling on a Horizontal
Surface 927

20.6 Diurnal Variations of the Ambient Temperature 933
20.7 Effects of the Angle of Incidence and of the Dirt 934
20.8 Some Calculation Tools 937

20.8.1 Generation of Daily Radiation Sequences 937
20.8.2 The Reference Year 937
20.8.3 Shadows and Trajectory Maps 939

20.9 Irradiation on Most Widely Studied Surfaces 940
20.9.1 Fixed Surfaces 943
20.9.2 Sun-tracking Surfaces 945
20.9.3 Concentrators 946

20.10 PV Generator Behaviour under Real Operation Conditions 947
20.10.1 The Selected Methodology 949
20.10.2 Second-order Effects 953

20.11 Reliability and Sizing of Stand-alone PV Systems 956
20.12 The Case of Solar Home Systems 962
20.13 Energy Yield of Grid-connected PV Systems 964
20.14 Conclusions 966

Acknowledgements 967
References 967

21 Economic Analysis and Environmental Aspects of Photovoltaic
Systems 971
Richard A. Whisnant, Stephen A. Johnston and James H. Hutchby
21.1 Background
21.2 Economic Analysis

21.2.1 Key Concepts
21.2.2 General Methodology
21.2.3 Case Studies

21.3 Energy Payback and Air Pollution Reduction
21.4 Prospects for the Future

References

22 PV in Architecture
Tjerk H. Reijenga
22.1 Introduction

22.1.1 Photovoltaics (PV) as a Challenge for Architects and
Engineers

22.1.2 Definition of Building Integration

972
973
973
980
984
997
999

1003

1005

1005

1005
1006



CONTENTS i J

22.2 PV in Architecture 1008
i / 22.2.1 Architectural Functions of PV Modules 1008
i 22.2.2 PV as Part of "Green Design" 1011
| 22.2.3 PV Integrated as Roofing Louvres, Facades and Shading 1011
I 22.2.4 Well-integrated Systems 1014
I 22.2.5 Integration of PV Modules in Architecture 1019
/ 22.2.6 Brundtland Centre, Toftlund (DK) - a Case Study 1022
[ 22.3 BIPV Basics 1026
f 22.3.1 Categories and Type of Buildings 1026
/. 22.3.2 Cells and Modules; , 1029

22.4 Steps in the Design Process with PV 1036
22.4.1 Urban Aspects 1036
22.4.2 Practical Rules for Integration 1037

j. 22.4.3 Step-by-step Design 1038
j 22.4.4 Design Process: Strategic Planning 1039
\ 2 2 . 5 C o n c l u s i o n s • - • . • : • • . • 1040
; R e f e r e n c e s 1041
J F u r t h e r R e a d i n g . 1042

i 23 Photovoltaics and Development 1043
| Jorge M. Huacuz and Lalith Gunaratne
j " 2 3 . 1 Electricity and Development 1043
\ 23.1.1 Energy and the Early Man 1043
\ 23.1.2 Let There be Electricity .. . 1044
J 23.1.3 One Third of Humanity Still in Darkness 1044
\ 23.1.4 The Centralized Electrical System 1045
I 23.1.5 Rural Electrification 1045
! 23.1.6 The Rural Energy Scene 1046
j 23.2 Breaking the Chains of Underdevelopment 1046
j 23.2.1 Electricity Applications in the Rural Setting 1046
I 23.2.2 Basic Sources of Electricity 1047
{ 23.3 The PV Alternative 1048
; 23.3.1 PV Systems for Rural Applications 1049
! 23.3.2 Barriers to PV Implementation 1051
\ 23.3.3 Technical Barriers x 1052
[ 23.3.4 Nontechnical Issues 1055
j 23.3.5 Trained Human Resources 1059
! 23.4 Four Examples of PV Rural Electrification 1061
| 23.4.1 Argentina 1061
j 23.4.2 Bolivia 1061
\ 23.4.3 Brazil 1063
I 23.4.4 Mexico 1064
| 23.4.5 Sri Lanka 1065
i 23.4.6 Water Pumping in the Sahel 1067
i 23.5 Toward a New Paradigm for Rural Electrification 1068
| References 1069



CONTENTS

24 Financing PV Growth 1073
Michael T. Eckhart, Jack L. Stone, and Keith Rutledge
24.1 Historical Development of PV Financing 1073
24.2: Capital Requirements 1075

24.2.1 Market Drivers 1075
24.2.2 Growth Outlook • . 1075
24.2.3 Capital Requirements 1076

24.3 Financial Characteristics of PV 1077
24.4 Financing PV for Grid-connected Residences 1079

24.4.1 Impact of Loan Terms on End-user Cost 1079
24.4.2 Types of Residential Financing 1080
24.4.3 Lender's Issues 1081
24.4.4 Borrowers' Experience 1081
24.4.5 Example Calculation 1082
24.4.6 Improving the Financing of Residential PV 1082

24.5 Financing PV in Rural Areas of Developing Countries 1083
24.5.1 Rural Applications 1083
24.5.2 Impact of Financing on Market Demand 1084
24.5.3 Examples of PV Financing in Rural Areas 1085

24.6 Sources of International Financing 1086
24.6.1 International Aid and Donor Funding 1086
24.6.2 United Nations 1087
24.6.3 World Bank Solar Home System Projects 1088
24.6.4 International Finance Corporation (IFC) 1089
24.6.5 Global Environment Facility ' 1089

24.7 Financing the PV Industry 1091
24.7.1 Financing Working Capital in the Distribution Channels 1092

24.8 Government Incentives and Programs 1092
24.8.1 Potential Impact of Financing as a Government Policy

Option 1092
24.8.2 Direct Subsidies ("Buy-ddwns") 1094
24.8.3 Soft Loans (Interest Subsidies) , 1095
24.8.4 Income Tax Deductions and Credits 1096

24.9 Funding Government Research and Development \ 1096
24.9.1 PV Programs in the United States 1096
24.9.2 PV Programs in Japan 1097
24.9:3 PV Programs in Europe 1097
24.9.4 Future PV R&D Programs 1099
24.9.5 Sources of R&D Funding 1099
Annex 1100
References 1114

Index 1117


