Konrad Mertens SR Edition

PNOtovo taics

als, Technology, and Practice J

New chapter about solar storage!

WILEY






Photovoltaics - Fundamentals,
Technology, and Practice






Photovoltaics - Fundamentals, Technology,
and Practice

Konrad Mertens

Muenster University of Applied Sciences
Steinfurt, Germany

Second Edition

WILEY



This edition first published 2019

© 2019 John Wiley & Sons Ltd

Edition History

Photovoltaik © 2015 Carl Hanser Verlag, Munich, FRG

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical, photocopying, recording or otherwise,
except as permitted by law. Advice on how to obtain permission to reuse material from this title is available
at http://www.wiley.com/go/permissions.

The right of Konrad Mertens to be identified as the author of the editorial material in this work has been
asserted in accordance with law.

Registered Office(s)
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 85Q, UK

Editorial Office
The Atrium, Southern Gate, Chichester, West Sussex, PO19 85Q, UK

For details of our global editorial offices, customer services, and more information about Wiley products
visit us at www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print-on-demand. Some content that
appears in standard print versions of this book may not be available in other formats.

Limit of Liability/Disclaimer of Warranty

While the publisher and authors have used their best efforts in preparing this work, they make no
representations or warranties with respect to the accuracy or completeness of the contents of this work and
specifically disclaim all warranties, including without limitation any implied warranties of merchantability or
fitness for a particular purpose. No warranty may be created or extended by sales representatives, written
sales materials or promotional statements for this work. The fact that an organization, website, or product is
referred to in this work as a citation and/or potential source of further information does not mean that the
publisher and authors endorse the information or services the organization, website, or product may provide
or recommendations it may make. This work is sold with the understanding that the publisher is not engaged
in rendering professional services. The advice and strategies contained herein may not be suitable for your
situation. You should consult with a specialist where appropriate. Further, readers should be aware that
websites listed in this work may have changed or disappeared between when this work was written and when
it is read. Neither the publisher nor authors shall be liable for any loss of profit or any other commercial
damages, including but not limited to special, incidental, consequential, or other damages.

Library of Congress Cataloging-in-Publication Data applied for
Hardback ISBN: 9781119401049

Cover design: Wiley
Cover Images: (Background) © RapidEye/Gettyimages;
(Front cover image) Courtesy of Solar-Fabrik AG

Set in 10/12pt WarnockPro by SPi Global, Chennai, India

10987654321


http://www.wiley.com/go/permissions
http://www.wiley.com

1.1

1.1.1
1.1.2
1.1.3
1.2

1.2.1
1.2.2
1.2.3
1.2.4
1.3

1.3.1
1.3.2
1.3.3
1.3.4
1.4

1.4.1
1.4.2
1.4.3
1.5

1.5.1
1.5.2
1.5.3
1.5.4
1.6

1.6.1
1.6.2
1.6.3
1.6.4

Contents

Preface to the First International Edition xv

Preface to the Second International Edition xvii

Abbreviations xix

Introduction 1

Introduction I

Why Photovoltaics? 1

Who Should Read This Book? 2
Structure of the Book 2

What Is Energy? 3

Definition of Energy 3

Units of Energy 4

Primary, Secondary, and End Energy 5
Energy Content of Various Substances 6
Problems with Today’s Energy Supply 7
Growing Energy Requirements 7
Tightening of Resources 8

Climate Change 9

Hazards and Disposal 11

Renewable Energies 11

The Family of Renewable Energies 11

Advantages and Disadvantages of Renewable Energies

Previous Development of Renewable Energies
Photovoltaics — The Most Important in Brief 13

What Does “Photovoltaics” Mean? 13
What Are Solar Cells and Solar Modules?

How Is a Typical Photovoltaic Plant Structured?

What Does a Photovoltaic Plant “Bring?”
History of Photovoltaics 16

How It all Began 16

The First Real Solar Cells 17

From Space to Earth 19

From Toy to Energy Source 20

14

15

13

14

12



Vi

Contents

21
211
2.1.2
2.1.3
2.2
221
222
2.2.3
2.3
231
2.3.2
2.4
24.1
24.1.1
24.1.2
2.4.1.3
2.4.2
2.4.3
2.5
2.5.1
2.5.2

3.1
3.1.1
3.1.2
3.13
3.14
3.2
321
322
3.2.3
3.3
331
3.3.2
3.4
3.4.1
3.4.2
3.5
3.5.1
3.5.2
353
3.5.4
3.6
3.6.1
3.6.1.1
3.6.1.2

Solar Radiation 23

Properties of Solar Radiation 23

Solar Constant 23

Spectrum of the Sun 23

Air Mass 25

Global Radiation 25

Origin of Global Radiation 25

Contributions of Diffuse and Direct Radiation 26
Global Radiation Maps 28

Calculation of the Position of the Sun 30
Declination of the Sun 30

Calculating the Path of the Sun 32

Radiation on Tilted Surfaces 35

Radiation Calculation with the Three-component Model 35
Direct Radiation 35

Diffuse Radiation 36

Reflected Radiation 37

Radiation Estimates with Diagrams and Tables 38
Yield Gain through Tracking 41

Radiation Availability and World Energy Consumption 41
The Solar Radiation Energy Cube 41

The Sahara Miracle 45

Fundamentals of Semiconductor Physics 47
Structure of a Semiconductor 47

Bohr’s Atomic Model 47

Periodic Table of Elements 49

Structure of the Silicon Crystal 49
Compound Semiconductors 49

Band Model of a Semiconductor 51

Origin of Energy Bands 51

Differences in Isolators, Semiconductors, and Conductors 53
Intrinsic Carrier Concentration 53

Charge Transport in Semiconductors 55
Field Currents 55

Diffusion Currents 56

Doping of Semiconductors 57

n-Doping 57

p-Doping 58

The p—n Junction 59

Principle of Method of Operation 59

Band Diagram of the p—n Junction 61
Behavior with Applied Voltage 62

Diode Characteristics 63

Interaction of Light and Semiconductors 64
Phenomenon of Light Absorption 64
Absorption Coefficient 65

Direct and Indirect Semiconductors 65



3.6.2
3.6.2.1
3.6.2.2

4.1
4.1.1
4.1.2
4.2
4.2.1
4.2.2
4.2.3
4.2.3.1
4.2.3.2
4.2.3.3
4.2.3.4
4.2.4
4.3
4.3.1
4.3.2
4.3.3
4.4
44.1
4.4.2
4.4.3
4.4.4
4.4.5
4.4.6
4.5
4.5.1
4.5.2
4.5.3
4.5.4
4.6
4.6.1
4.6.2
4.6.3
4.6.3.1
4.6.3.2
4.7
4.7.1
4.7.2
4.7.3

51
511
5111

Contents

Light Reflection on Surfaces 67
Reflection Factor 67
Antireflection Coating 69

Structure and Method of Operation of Solar Cells 71
Consideration of the Photodiode 71

Structure and Characteristics 71

Equivalent Circuit 73

Method of Function of the Solar Cell 73

Principle of the Structure 73

Recombination and Diffusion Length 74

What Happens in the Individual Cell Regions? 75
Absorption in the Emitter 75

Absorption in the Space Charge Region 76

Absorption Within the Diffusion Length of the Electrons 76
Absorption Outside the Diffusion Length of the Electrons 76
Back-surface Field 77

Photocurrent 77

Absorption Efficiency 78

Quantum Efficiency 79

Spectral Sensitivity 79

Characteristic Curve and Characteristic Parameters 80
Short-circuit Current I~ 81

Open-circuit Voltage V- 82

Maximum Power Point (MPP) 82

Fill Factor (FF) 82

Efficiencyn 83

Temperature Dependence of Solar Cells 83

Electrical Description of Real Solar Cells 85

Simplified Model 85

Standard Model (Single-diode Model) 86

Two-diode Model 86

Determining the Parameters of the Equivalent Circuit 88
Considering Efficiency 90

Spectral Efficiency 91

Theoretical Efficiency 94

Losses in Real Solar Cells 96

Optical Losses, Reflection on the Surface 96

Electrical Losses and Ohmic Losses 98

High-efficiency Cells 99

Buried-contact Cell 99

Point-contact Cell (IBC Cell) 99

PERL and PERC Cell 101

Cell Technologies 103

Production of Crystalline Silicon Cells 103
From Sand to Silicon 103

Production of Polysilicon 103

vii



viii | Contents

5.1.1.2 Production of Monocrystalline Silicon 105
5.1.1.3 Production of Multicrystalline Silicon 106

5.1.2  From Silicon to Wafer 107

5.1.2.1 Wafer Production 107

5.1.2.2 Wafers from Ribbon Silicon 107

5.1.3  Production of Standard Solar Cells 108

5.14  Production of Solar Modules 111

5.2 Cells of Amorphous Silicon 112

5.2.1 Properties of Amorphous Silicon 112

5.2.2  Production Process 113

5.2.3  Structure of the Pin Cell 113

524  Staebler—Wronski Effect 115

5.2.5  Stacked Cells 116

5.2.6  Combined Cells of Micromorphous Material 118
5.2.7  Integrated Series Connection 119

53 Further Thin Film Cells 120

5.3.1  Cells of Cadmium-Telluride 120

532  CISCells 121

5.4 Hybrid Wafer Cells 123

5.4.1  Combination of ¢c-Si and a-Si (HIT Cell) 123
5.4.2  Stacked Cells of III/V Semiconductors 124

5.5 Other Cell Concepts 125

5.6 Concentrator Systems 126

5.6.1  Principle of Radiation Bundling 126

5.6.2  What Is the Advantage of Concentration? 127
5.6.3  Examples of Concentrator Systems 128

5.6.4  Advantages and Disadvantages of Concentrator Systems 128
5.7 Ecological Questions on Cell and Module Production 129
5.7.1  Environmental Effects of Production and Operation 129
5.7.1.1 Example of Cadmium-Telluride 129

5.7.1.2 Example of Silicon 129

5.7.2  Availability of Materials 130

5.7.2.1 Silicon 130

5.7.2.2 Cadmium-Telluride 131

5.7.2.3 Cadmium Indium Selenide 131

5.7.2.4 1II/V Semiconductors 132

5.7.3  Energy Amortization Time and Yield Factor 132
5.8 Summary 135

6 Solar Modules and Solar Generators 139

6.1 Properties of Solar Modules 139

6.1.1 Solar Cell Characteristic Curve in All Four Quadrants 139
6.1.2  Parallel Connection of Cells 139

6.1.3  Series Connection of Cells 141

6.14  Use of Bypass Diodes 142

6.1.4.1 Reducing Shading Losses 142

6.1.4.2 Prevention of Hotspots 144



6.1.5
6.1.5.1
6.1.5.2
6.1.6
6.1.7
6.2
6.2.1
6.2.2
6.2.3
6.2.4
6.3
6.3.1
6.3.2
6.4
6.4.1
6.4.2
6.4.3
6.4.4

7.1
7.1.1
7.1.2
7121
7.1.2.2
7.12.3
7.1.3
7.2
721
722
7.3
7.3.1
7.3.2
7.3.3
7.3.4
7.3.5
7.3.6
7.3.7
7.4
74.1
7.4.2
7.4.3
7.5
7.5.1
7.5.2
7.5.3
7.6

Contents

Typical Characteristic Curves of Solar Modules 147
Variation of the Irradiance 147

Temperature Behavior 147

Special Case Thin-film Modules 149
Examples of Data Sheet Information 150
Connecting Solar Modules 150

Parallel Connection of Strings 150

What Happens in Case of Cabling Errors? 152
Losses Due to Mismatching 153

Smart Installation in Case of Shading 153
Direct Current Components 156

Principle of Plant Construction 156

Direct Current Cabling 156

Types of Plants 158

Ground-mounted Plants 158

Flat-roof Plants 161

Pitched-roof Systems 162

Facade Systems 164

System Technology of Grid-connected Plants 165
Solar Generator and Load 165

Resistive Load 165

DC/DC Converter 166

Idea 166

Buck Converter 166

Boost Converter 169

MPP Tracker 171

Construction of Grid-connected Systems 172
Feed-in Variations 172

Plant Concepts 173

Construction of Inverters 174

Tasks of the Inverter 175

Line-commutated and Self-commutated Inverter 175
Inverters Without Transformers 175
Inverters with Mains Transformer 177
Inverters with HF Transformer 178
Three-phase Feed-in 179

Further Clever Concepts 180

Efficiency of Inverters 181

Conversion Efficiency 181

European Efficiency 184

Clever MPP Tracking 185

Dimensioning of Inverters 186

Power Dimensioning 186

Voltage Dimensioning 187

Current Dimensioning 188

Requirements of the Grid Operators 188



x| Contents

7.6.1  Prevention of Stand-Alone Operation 188

7.6.2  Maximum Feed-in Power 190

7.6.3 Reactive Power Provision 191

7.7 Safety Aspects 194

7.7.1  Earthing of the Generator and Lightning Protection 194
7.7.2  Fire Protection 194

8 Storage of Solar Energy 197

8.1 Principle of Solar Storage 197

8.2 Batteries 198

8.2.1  Lead-acid Battery 199

8.2.1.1 Principle and Build-up 199

8.2.1.2 Types of Lead Batteries 201

8.2.1.3 Battery Capacity 203

8.2.1.4 Voltage Progression 203

8.2.1.5 Summary 204

8.2.2  Charge Controllers 204

8.2.2.1 Series Controller 204

8.2.2.2 Shunt Controller 205

8.2.2.3 MPP Controller 205

8.2.2.4 Examples of Products 206

8.2.3  Lithium Ion Battery 206

8.2.3.1 Principle and Build-up 207

8.2.3.2 Reactions During Charging and Discharging 208
8.2.3.3 Material Combinations and Cell Voltage 209
8.2.3.4 Safety Aspects 210

8.2.3.5 Charging Procedures 211

8.2.3.6 Battery Design 211

8.2.3.7 Lifespan 212

8.2.3.8 Application Areas 213

8.2.3.9 Summary 213

824  Sodium Sulfur Battery 213

8.2.4.1 Principle and Build-up 213

8.2.4.2 Peculiarities of the High Temperature Battery 214
8.2.4.3 Sodium Sulfur Batteries in Practice 215

8.2.4.4 Summary 216

8.2.5  Redox Flow Battery 216

8.2.5.1 Principle and Build-up 216

8.2.5.2 Behavior in Practice 218

8.2.5.3 Concrete Applications 219

8.2.54 Summary 220

8.2.6  Comparison of the Different Battery Types 220
8.3 Storage Use for Increase of Self-consumption 220
8.3.1 Self-consumption in Domestic Households 221
8.3.1.1 Solution Without Storage 222

8.3.1.2 Solution with Storage 223

8.3.1.3 Examples of Storage Systems 223



8.3.1.4
8.3.1.5
8.3.2
8.3.21
8.3.2.2
8.4
84.1
8.4.2
8.5
8.5.1
8.5.2
8521
8.5.2.2
8.5.3
8.53.1
8.5.3.2
8.5.3.3

9.1
9.11
9.1.1.1
9.1.1.2
9.1.2
9.2
9.2.1
9.2.2
9.2.3
9.3
9.31
9.3.2
9.4
94.1
9.4.2
9.4.3
9.5
9.5.1
9.5.2
9.5.3
9.6
9.6.1
9.6.2
9.6.3

10
10.1
10.1.1

Contents

How Much Cost a Kilowatt-Hour? 225

The Smart Home 226

Self-consumption in Commercial Enterprises 227
Example Production Factory 227

Example Hospital 227

Storage Deployment from the Point of View of the Grid 228
Peak-shaving with Storages 229

Governmental Funding Program for Solar Storages 229
Stand-alone Systems 232

Principal Structure 232

Examples of Stand-alone Systems 232

Solar Home Systems 232

Hybrid Systems 234

Dimensioning Stand-alone Plants 235

Acquiring the Energy Consumption 235

Dimensioning the PV Generator 236

Selecting the Battery 238

Photovoltaic Metrology 241

Measurement of Solar Radiation 241

Global Radiation Sensors 241

Pyranometer 241

Radiation Sensors from Solar Cells 243

Measuring Direct and Diffuse Radiation 244
Measuring the Power of Solar Modules 245
Build-up of a Solar Module Power Test Rig 245
Quality Classification of Module Flashers 246
Determination of the Module Parameters 247

Peak Power Measurement at Site 248

Principle of Peak Power Measurement 248
Possibilities and Limits of the Measurement Principle 248
Thermographic Measuring Technology 249
Principle of Infrared Temperature Measurement 250
Bright Thermography of Solar Modules 251

Dark Thermography 254

Electroluminescence Measuring Technology 254
Principle of Measurement 254

Examples of Photos 255

Low-cost Outdoor Electroluminescence Measurements 257
Analysis of Potential Induced Degradation (PID) 259
Explanation of the PID Effect 260

Test of Modules for PID 262

EL Investigations to PID 263

Design and Operation of Grid-connected Plants 265
Planning and Dimensioning 265
Selection of Site 265

xi



xii | Contents

10.1.2  Shading 265

10.1.2.1 Shading Analysis 266

10.1.2.2 Near Shading 266

10.1.2.3 Self-shading 268

10.1.2.4 Optimized String Connection 269

10.1.3  Plant Dimensioning and Simulation Programs 270
10.1.3.1 Inverter Design Tools 270

10.1.3.2 Simulation Programs for Photovoltaic Plants 270
10.2 Economics of Photovoltaic Plants 272

10.2.1 The Renewable Energy Law 273

10.2.2  Return Calculation 273

10.2.2.1 Input Parameters 273

10.2.2.2 Amortization Time 274

10.2.2.3 Property Return 274

10.2.2.4 Profit Increase Through Self-consumption of Solar Power 276
10.2.2.5 Further Influences 276

10.3 Surveillance, Monitoring, and Visualization 277
10.3.1  Methods of Plant Surveillance 277

10.3.2  Monitoring PV Plants 278

10.3.2.1 Specific Yields 278

10.3.2.2 Losses 279

10.3.2.3 Performance Ratio 279

10.3.2.4 Concrete Measures for Monitoring 280

10.3.3  Visualization 280

10.4 Operating Results of Actual Installations 281
10.4.1 Pitched Roof Installation from 1996 281

10.4.2  Pitched Roof Installation from 2002 282

10.4.3  Flat Roof from 2008 283

11 Future Development 285

11.1 Potential of Photovoltaics 285

11.1.1  Theoretical Potential 285

11.1.2  Technically Useful Radiation Energy 285

11.1.2.1 Roofs 286

11.1.2.2 Facades 286

11.1.2.3 Traffic Routes 287

11.1.2.4 Free Areas 287

11.1.3  Technical Electrical Energy Generation Potential 287
11.1.4 Photovoltaics versus Biomass 288

11.2 Efficient Promotion Instruments 289

11.3 Price and Feed-in Tariff Development 290

11.3.1 Price Development of Solar Modules 290

11.3.2 Development of Feed-in Tariffs 292

114 Renewable Energies in Today’s Power Supply System 292
11.4.1  Structure of Electricity Generation 293

11.4.2  Types of Power Plants and Control Energy 293

11.4.3 Interplay Between Sun and Wind 294



11.4.4
11.5
11.5.1
11.5.2
11.5.2.1
11.5.2.2
11.5.2.3
11.5.2.4
11.5.2.5
11.5.2.6
11.5.3
11.5.3.1
11.5.3.2
11.5.3.3
11.5.3.4
11.6

12

Contents

Exemplary Electricity Generation Courses 295
Thoughts on Future Energy Supply 298
Consideration of Different Future Scenarios 298
Options to Store Electrical Energy 301
Pumped Storage Power Plants 301
Compressed Air Storage 301

Battery Storage 302

Electric Mobility 302

Hydrogen as Storage 302

Power to Gas: Methanation 303

Alternatives to Storage 304

Active Load Management by Smart Grids 304
Expansion of the Electricity Grids 304
Limitation of the Feed-in Power 304

Use of Flexible Power Plants 304

Conclusion 305

Exercises 307
Solar Radiation Diagrams 317

Checklist for Planning, Installing, and Operating a Photovoltaic
Plant 327

Physical Constants/Material Parameters 329
References 331
Further Information on Photovoltaics 339

Index 341

xiii






Preface to the First International Edition

A steadily growing number of requests for an English version led to the decision to
publish this international version of the Photovoltaics textbook. For this — besides the
translation of the German text — several figures, tables, and solar radiation maps were
extended with worldwide data and information. Moreover, as the photovoltaic market
and technology have developed very quickly, numerous updates have found room in this
first international version.

I would like to express my thanks to John Wiley & Sons, Ltd. for making this book
possible. My special thanks to Gunther Roth for the translation, Richard Davies for man-
aging the whole book project, and Laura Bell for taking care of all the small problems
that arose.

A new English website has been created at www.textbook-pv.org.
Here the reader can find most of the figures of the book as a free download, supporting
software and solutions to the exercises (and possibly corrections to the book).

Iam very glad that the book is now accessible for a worldwide readership. We all know
that the transformation of the current worldwide energy system into an environmentally
friendly and sustainable one is a giant challenge. Photovoltaics can become an important
partin the future energy supply. I hope that this book will help to deepen the understand-
ing of the technology and the possibilities for photovoltaics, and can therefore support
this development.

Steinfurt, January 2014 Konrad Mertens
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Preface to the Second International Edition

The large demand makes it possible that the second edition of this textbook can be
published already. Explicitly, I thank the readers for the positive comments on the first
edition. Many thanks to John Wiley & Sons, Ltd. who made it possible that this edition
is now published in full color.

As the development of photovoltaics advances quickly, this new edition shows a con-
siderable increase in volume. Besides the usual actualizations, it contains a completely
new chapter about “Storage of Solar Power.” Moreover, the chapter dealing with photo-
voltaic metrology was amended by the description of up-to-date on-site measurement
technologies such as outdoor-electroluminescence and detection of potential induced
degradation (PID) of solar modules.

The chapter “Future Development” now also looks on the cooperation of the different
renewable energies in the present and in the future.

Particularly, I want to recommend the accompanying website www.textbook-pv.org.
Here you can find the figures of the book as a free download, supporting software, the
solutions to the exercises, and corrections to the book.

I wish much joy and success to all the readers through learning the fascinating tech-
nology of photovoltaics.

Steinfurt, May 2018 Konrad Mertens
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Introduction

The supply of our industrial community with electrical energy is indispensable on the
one hand, but, on the other hand, it is accompanied by various environmental and safety
problems. In this chapter, therefore, we will look at the present energy supply and will
familiarize ourselves with renewable energies as feasible future alternatives. At the same
time, photovoltaics will be presented in brief and its short but successful history will be
considered.

1.1 Introduction

In the introduction, we will explain why we are occupying ourselves with photovoltaics
and who should read this book.

1.1.1  Why Photovoltaics?

In past years, it has become increasingly clear that the present method of generating
energy has no future. Thus, finiteness of resources is noticeably reflected in the rising
prices of oil and gas. At the same time, we are noticing the first effects of burning
fossil fuels. The melting of the glaciers, the rise of the ocean levels, and the increase
in weather extremes, as well as the nuclear catastrophe in Fukushima, all show that
nuclear energy is not the path to follow in the future. Besides the unsolved final storage
question, fewer and fewer people are willing to take the risk of large parts of their
country being radioactive.

Fortunately, there is a solution with which a sustainable energy supply can be assured:
Renewable energy sources. These use infinite sources as a basis for energy supplies and
can ensure a full supply with a suitable combination of different technologies such as
biomasses, photovoltaics, wind power, and so on. A particular role in the number of
renewable energies is played by photovoltaics. It permits an emission-free conversion
of sunlight into electrical energy and, because of its great potential, will be an important
pillar in future energy systems.

However, the changeover of our energy supply will be a huge task that can only be
mastered with the imagination and knowledge of engineers and technicians. The object
of this book is to increase this technical knowledge in the field of photovoltaics. For this
purpose, it will deal with the fundamentals, technologies, practical uses, and commercial
framework conditions of photovoltaics.

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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1.1.2 Who Should Read This Book?

This book is meant mostly for students of the engineering sciences who wish to deepen
their knowledge of photovoltaics. Nevertheless, it is written in such a way that it
is also suitable for technicians, electricians, and the technically interested layman.
Furthermore, it can be of use to engineers in the profession to help them to gain
knowledge of the current technical and commercial position of photovoltaics.

1.1.3 Structure of the Book

In the introduction, we will first deal with the subject of energy: What is energy and into
what categories can it be divided? From this base, we will then consider the present
energy supply and the problems associated with it. A solution to these problems is
renewable energies and will be presented next in a brief overview. As we are primar-
ily interested in photovoltaics in this book, we will finish with the relatively young but
stormy history of photovoltaics.

Chapter 2 deals with the availability of solar radiation. We become familiar with the
features of sunlight and investigate how solar radiation can be used as efficiently as pos-
sible. Then in the Sahara Miracle, we will consider what areas would be necessary to
cover the whole of the world’s energy requirements with photovoltaics.

Chapter 3 deals with the basics of semiconductor physics. Here we will concentrate
on the structure of semiconductors and an understanding of the p—n junction. Besides
this, the phenomenon of light absorption will be explained, without which no solar cell
can function. Those familiar with semiconductors can safely skip this chapter.

Chapter 4 gets to the details: We learn of the structure, method of operation, and
characteristics of silicon solar cells. Besides this, we will view in detail the parameters
and degree of efficiency on which a solar cell depends. Based on world records of cells,
we will then see how this knowledge can be successfully put to use.

Chapter 5 deals with cell technologies: What is the path from sand, via silicon solar
cell, to the solar module? What other materials are there and what does the cell structure
look like in this case? Besides these questions, we will also look at the ecological effects
of the production of solar cells.

Chapter 6 deals with the structures and properties of solar generators. Here we will
deal with the optimum interconnection of solar modules in order to minimize the effects
of shading. Besides this, we will present various types of plants such as pitched roof and
ground-mounted plants.

Chapter 7 deals with system technology of grid-connected plants. At the start, there is
the question of how to convert direct current efficiently into alternating current. Then
we will become familiar with the various types of inverters and their advantages and
disadvantages.

Chapter 8 deals with the storage of solar power, the very hot topic of the chapter. We
learn to know different battery types together with their operating modes. Moreover,
it is about systems who can enhance the self-consumption of solar power in domes-
tic households or commercial enterprises. In an own subchapter off-grid systems are
considered.

Chapter 8 concentrates on photovoltaic metrology. Besides the acquisition of solar
radiation, we deal especially with the determination of the real power of solar modules.
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Furthermore, we become familiar with modern methods of quality analysis such as
thermography and electroluminescence metrology.

Chapter 9 presents design and operation of grid-coupled plants. Besides the optimum
planning and dimensioning of plants, methods of profitability calculation are also dis-
cussed. In addition, methods for monitoring plants are shown and the operating results
of particular plants are presented.

Chapter 10 provides a view of the future of photovoltaics. First, we will estimate
power generation potential in Germany. This is followed by a consideration of price
development and the coaction of the different energies in the current electrical power
system. Finally, we will reflect on how the future energy system will look like and what
role photovoltaics will thereby play.

Each chapter has exercises associated with it, which will assist in repeating the mate-
rial and deepening the knowledge of it. Besides, they provide a control of the students’
own knowledge. The solutions to the exercises can be found in the Internet under
www.textbook-pv.org.

1.2 What Is Energy?

We take the use of energy in our daily lives as a matter of course, whether we are
operating the coffee machine in the morning, using the car during the day, or returning
to a warm home in the evening. In addition, the functionality of our whole modern
industrial community is based on the availability of energy: Production and transport of
goods, computer-aided management, and worldwide communication are inconceivable
without a sufficient supply of energy.

At the same time, the recognition is growing that the present type of energy supply is
partly uncertain, environmentally damaging, and available only to a limited extent.

1.2.1 Definition of Energy

What exactly do we understand about the term energy? Maybe a definition of
energy from a famous mouth will help us. Max Planck (founder of quantum physics:
1858-1947) answered the question as follows:

Energy is the ability of a system to bring outside effects (e.g. heat, light) to bear.

For instance, in the field of mechanics, we know the potential energy (or stored energy)
of a mass m that is situated at a height / (Figure 1.1a):

Wy =m-g-h (1.1)

with g: Earth’s gravity, g =9.81 m s™2.

If a bowling partner drops his 3 kg bowling ball, then the “1-m-high ball” system can
have a distinct effect on his foot.

If, on the other hand, he propels the ball as planned forward, then he performs work
on the ball. With this work, energy is imparted to the ball system. Thus, we can say in
general:

3
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Figure 1.1 Depiction of different forms of energy. (a) Potential energy. (b) Kinetic energy. (c) Capacitor
energy. (d) Energy at resistor.

The energy of a system can be changed with the addition or transfer of work. To put it
another way, energy is stored work.

In the case of the bowling partner, the ball obtains kinetic energy Wy, (or movement
energy, see Figure 1.1b) in being propelled forward:

Wiin = L m-v? (1.2)
2
with v: velocity of the ball.
A similar equation describes the electrotechnics of the energy stored in a capacitor
W, (see Figure 1.1c)

We,p = % C-V? (1.3)

with C: capacity of the capacitor; V: voltage of the capacitor.
If, again, there is a voltage V' at an ohmic resistor R, then in the time ¢ it will be con-
verted into electrical work W}, (Figure 1.1d):

2
WH:P-tz%-t. (1.4)

The power P shows what work is performed in the time t:

p= Yok _ W (15)
Time ¢

1.2.2 Units of Energy

Unfortunately, many different units are in use to describe energy. The most important
relationship is

1 JJoule)=1Ws=1Nm=1kgms™>. (1.6)
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Table 1.1 Prefixes and prefix symbols.

Prefix
Prefix symbol Factor Number

Kilo k 10° Thousand
Mega M 10° Million
Giga G 10° Billion

Tera T 10'2 Trillion
Peta P 10%° Quadrillion
Exa E 10'8 Quintillion

Example 1.1 Lifting a sack of potatoes
If a sack of 50 kg of potatoes is lifted by 1 m, then this provides it with stored energy of

Wit =m-g-h=50kg-9.81 ms2-1m=490.5 Nm = 490.5 W's. ]

In electrical engineering, the unit of the kilowatt hour (kW h) is very useful and
results in

1 kWh = 1000 Wh = 1000 W - 3600 s = 3.6 X 10° Ws = 3.6 MW's = 3.6 MJ.
(1.7)

Due to the fact that in the energy industry, very large quantities are often dealt with,
a listing of units that prefixes into factors of 10 is useful; see Table 1.1.

1.2.3 Primary, Secondary, and End Energy

Energy is typically stored in the form of energy carriers (coal, gas, wood, etc.). This form
of energy is typically called primary energy. In order to use it for practical purposes,
it needs to be converted. If one wishes to generate electricity, then for instance, coal is
burned in a coal-fired power station in order to generate hot steam. The pressure of the
steam is again used to drive a generator that makes electrical energy available at the exit
of the power station (Figure 1.2). This energy is called secondary energy. This process
chain is associated with relatively high conversion losses. If the energy is transported
on to a household, then further losses are incurred from the cables and transformer
stations. These are added together under distribution losses. The end energy finally
arrives at the end customer.

With a petrol-driven car, the oil is the primary energy carrier. It is converted to petrol
by means of refining (secondary energy) and then brought to the petrol station. As soon
as the petrol is in the tank, it becomes end energy. This must again be differentiated from
useful energy, and in the case of the car, it is the mechanical movement of the vehicle.
As a car engine has an efficiency of less than 30%, only a small fraction of the applied
primary energy arrives on the road. In the case of electrical energy, the useful energy
would be light (lamp) or heat (stove plates).

In order that end energy is available at the socket, the conversion and distribution
chain shown in Figure 1.2 must be passed through. As the efficiency of a conventional

5
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Figure 1.2 Depiction of the types of energy as an example of coal-fired power: Only about one-third
of the applied primary energy arrives at the socket by the end customer.

power station with approximately 40% is relatively small, the overall degree of efficiency
Nover Up to the socket of the end user is

Nover = Mpowerstation * MDistr ~ 0.4-0.95 =~ 0.38. (18)

Thus, we can state that in the case of conventional electrical energy, only about one third
of the applied primary energy arrives at the socket.

And yet electrical energy is used in many fields as it is easy to transport and permits
the use of applications that could hardly be realized with other forms of energy
(e.g. computers, motors). At the same time, however, there are uses for which the
valuable electricity should not be used. Thus, for the case of electric space heating, only
a third of the applied primary energy is used, whereas with modern gas energy;, it is
more than 90%.

1.2.4 Energy Content of Various Substances

The conversion factors in Table 1.2 are presented in order to estimate the energy content
of various energy carriers.

In the energy industry, the unit toe is often used. This means tons of oil equiva-
lent and refers to the conversion factor of 1kg crude oil in Table 1.2. Thus, 1 toe is

Table 1.2 Conversion factors of various energy carriers

[1, Wikipedia].
Energy
content
Energy carrier (kW h) Remarks
1kg coal 8.14 —
1 kg crude oil 11.63 Petrol: 8.7kW h 171,
diesel: 9.8 kW h 171
1 m? natural gas 8.82 —

1 kg wood 4.3 (at 15% moisture)
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1000 kg -11.63 (kW h) kg=! =11.630 kW h. Correspondingly, there is the conversion of
tons of coal equivalent (tce) with the factor for coal in Table 1.2.
We can remember the very approximate rule:

1 m3 natural gas ~ 1 1 oil ~ 1 1 petrol ~ 1 kg coal ~ 1 kg wood ~ 10 kWh.

1.3 Problems with Today’s Energy Supply

The present worldwide energy supply is associated with a series of problems; the most
important aspects will be presented in the following sections.

1.3.1 Growing Energy Requirements

Figure 1.3 shows the development of worldwide primary energy usage in the last
40 years. In the period considered this more than doubled, the average annual growth
being 2.2%. While at first mainly Western industrial countries made up the greatest
part, emerging countries, especially China, caught up rapidly.

One reason for the growth in energy requirements is the growth of the world popula-
tion. This has almost doubled in the past 40 years from 3.7 billion to the present 7 billion
people. By the year 2030, a further rise to more than 8 billion people is expected [3].

The second cause for this development is the rising standards of living. Thus, the
requirement of primary energy in Germany is approximately 45 000 kW h per head; in a
weak industrialized country such as Bangladesh, on the other hand, it is only 1500 kW h
per head. With the growing standards of living in the developing countries, the per-head
consumption will increase substantially. In China, as a very dynamic emerging nation,
it is above 26 000 kW h per head. The International Energy Agency (IEA) assumes that
China will increase its energy requirement in the next 25 years by 75% and India by even
100%.

14
12
10 M Asia and Pacific
W Africa
8 M Near East

H Europe and Eurasia
m Middle and South America

Primary energy consumption in billion toe
[o)]

4
o W North America
0
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

Figure 1.3 Development of worldwide primary energy requirements since 1971 [2].
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The growing energy requirement would not be so grave if this did not cause a series
of problems:

1. Tightening of resources
2. Climate change
3. Hazards/disposals

These will now be looked at in more detail.

1.3.2 Tightening of Resources

The worldwide requirement for energy is covered today mainly by the fossil fuels: oil,
natural gas, and coal. From Figure 1.4, it can be seen that they make up a portion of more
than 80%, while biomass, hydro, and renewable energies (wind, photovoltaics, solar heat,
etc.) up to now have only reached 14%.

Meanwhile, the strong usage of fossil sources has led to scarcity. Table 1.3 shows
the individual extraction quantities in 2001 and 2008. Already, in 2001, the estimated
reserves of oil were estimated to last 43 years and natural gas 64 years. Only coal reserves
were estimated to last for a relatively long period of 215 years. By 2008, more oil reserves
were found but by then the annual consumption had increased substantially. Thus, the
reserves have reduced from 140 to 41 years.

If one assumes that the world energy consumption continues to grow as previously,
then reserves will be reduced drastically in 30-65 years (see also Exercise 1.3). The
scarcity of fuels will lead to strongly rising prices and distribution wars.

In the past, a start has also been made with the extraction of oil from oil sands and oil
shales. This has been carried out particularly in Canada and the United States. However,
much engineering effort is required for the generation of synthetic oil. Extraction in
open-cast mining leads to the destruction of previously intact ecosystems. Therefore,
the use of these additional fossil sources is no real future option.

Coal Figure 1.4 Distribution of worldwide
28.6% primary energy consumption in 2014
according to energy carriers [4].

Gas
21.2%
Oil
31.3%

Nuclear energy
4.8%

new renewable Hydro power\ Biomass,

energies 2.4% wastes 10.3%

1.4%
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Table 1.3 Extraction and reserves of fossil fuels [5].

Oil Natural gas Coal
2001 2008 2001 2008 2001 2008

Extraction (EJa™!) 147 163 80 121 91 151
Reserves (EJ) 6351 6682 5105 7136 19620 21127
Lasting for 43a 4la 64a 59a 215a 140a
Lasting with an annual growth of 2.2% 30a 38a 65a

1.3.3 Climate Change

The decomposition of biomasses (wood, plants, etc.) causes carbon dioxide (CO,) to
be released into the atmosphere. At the same time, plants grow due to photosynthesis
and take up CO, from the air. In the course of the history of the Earth, this has equalized
itself and has led to a relatively constant CO, concentration in the atmosphere.

CO, is also created when wood, coal, natural gas, or oil are burned and is released
into the atmosphere. In the case of wood, this is not tragic as long as felled trees are
replanted. The newly growing wood binds CO, from the air and uses it for building up
the existing biomasses.

In the case of energy carriers, however, this looks different. These were formed
millions of years ago from biomass and have been burned up in one to two centuries.
Figure 1.5 shows the course of CO, concentrations in the atmosphere in the last
20000 years.

Apparently, in earlier times, there were already fluctuations in these concentrations
but really disturbing is the steep rise since the start of industrialization. In 2017, the
concentration was slightly above 400 ppm (parts per million) — a value that has not been
reached for millions of years.

Why is the CO, concentration in the atmosphere so important for us? The reason is
that CO,, besides the other trace gases (e.g. methane, CH,), affects the temperature of

AN

400

Today
350

300

250 o

200 ‘/

150

CO, concentration (ppm)

100
—20000 -18000 —16000 —14 000 —12000 —10000 —8000 -6000 -4000 -2000 0 2000

Year

Figure 1.5 Development of the CO, content in the atmosphere in the last 22 000 years: Noticeable is
the steep rise since the start of industrialization [6-8].
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Figure 1.6 Depiction in principle of the greenhouse effect: The heat radiation reflected from the
ground is held back by the greenhouse gases.

the Earth through the greenhouse effect. For clarity, consider Figure 1.6. The light from
the Sun (visible and infrared radiation (D) arrives almost unhindered through the atmo-
sphere and is absorbed by the ground . This causes the surface @) to be warmed and
emits heat radiation as the so-called blackbody source (see Chapter 2) @. This radiation
is again absorbed by the trace gases (6 and released to the environment as heat ©. The
heat energy thus remains in the atmosphere to a large extent, and only a small amount
is returned back into space.

The comparison to a greenhouse is thus fitting: The atmosphere with trace gases
acts as the glass of a greenhouse that allows the Sun’s rays to pass into the greenhouse
but holds back the internally resulting heat radiation. The result is a heating up of the
greenhouse.

Now we should be happy that this greenhouse effect even exists. Without it, the
temperature on the Earth would be —18 °C, but because of the natural greenhouse effect,
the actual average temperature is approximately 15 °C. However, the additional emis-
sions of CO,, methane, and so on, caused by people as an anthropogenic greenhouse
effect, lead to additional heating. Since the start of industrialization, this temperature
rise has been approximately 0.8 °C. The Intergovernmental Panel on Climate Change
(IPCC) expects that this will increase up to 2 °C until the end of the twenty-first century
if the emissions of greenhouse gases will not be reduced (www.ipcc.ch).

The results of the temperature increase can already be seen in the reduction of glaciers
and melting of the ice in the North Polar Sea. Besides this, extreme weather phenomena
(hurricanes, drought periods in some regions) are connected to the rise in temperatures.
In the long term, further rises in temperatures are expected with a significant rise in
water levels and displacement of weather zones.

In order to slow down the climate change, the Kyoto agreement was promulgated in
1997 at the World Climate Conference in Kyoto, Japan. There the industrial countries
obligated themselves to lower their greenhouse emissions by 5.5% below the 1990 level
by 2012. The declared aim was the limitation of the rise of temperature caused by
people by 2°C. Of its own will, Germany obligated itself to reduce emissions by 21%.
After Germany had achieved its aim, in 2010, the Federal Government decided on a
reduction of 40% by 2020 (compared to 1990). Important elements to achieving this
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goal, besides the increase in energy efficiency, are the extensions of renewable energies.
After the catastrophe in Fukushima, Germany also decided to completely change over
to renewable energies by 2050.

In 2015, the United Nations Framework Convention on Climate Change (short COP
21) was held in Paris. It had the aim to limit the global warming to below 2 °C, preferably
to 1.5 °C. To achieve this, the net greenhouse gas emissions have to be reduced to zero
from 2045 to 2060. The future will show if this aim will be reached.

1.3.4 Hazards and Disposal

An almost CO,-free generation of electricity is presented by nuclear energy. However,
it is associated with a number of other problems. The reactor catastrophe in Fukushima
in 2011 showed that the risk of a super catastrophe (largest expected accident) can
never be fully excluded. Even when no tsunami is expected in Germany, there is still a
great danger as the nuclear power stations here are only insufficiently protected against
terrorist attack.

Added to this is the unsolved problem of final storage of radioactive waste. At present,
there is no final storage for highly radioactive waste in the world. This must be safely
stored for thousands of years. There is also the question as to whether it is ethically
correct to saddle future generations with such a burdensome legacy.

Here, too the availability should be taken into account. The known reserves of uranium
including estimated stores are approximately 4.6 million tons. Included in these are the
ones with relatively poor concentrations of uranium that are difficult to extract. If we
accept the current annual requirements of 68 000 t a~! as a basis, then the stocks will last
for 67 years [9]. Assuming the increase of energy from Table 1.3, then the reserves will
last for approximately 40 years. If the whole of today’s energy requirement were changed
over to nuclear energy, then the stocks of uranium would last for just 4 years.

1.4 Renewable Energies

1.4.1 The Family of Renewable Energies

Before we turn to photovoltaics in more detail, we should allocate it into the family
of renewable energies. The term renewable (or regenerative) means that the supply of
energy is not used up. The wind blows every year again and again. The Sun rises every
day, and plants grow again after the harvest. In the case of geothermic energy, the Earth
is cooling off, but this will only be noticeable thousands of years in the future.

As Figure 1.7 shows, the actual primary energies of the renewable energies are
the movements of the planets, the heat of the Earth, and solar radiation. Whereas
movements of the planets are used only in the somewhat exotic tidal power plants, the
heating of the Earth as well as the heating of buildings can be achieved with the aid of
a heat pump as well as for generating electrical energy in a geothermal power station.

Solar radiation is the basis for a surprising range of energies. Thus, the use of
hydropower is only possible by the condensation of water and subsequent precipitation
onto land. Atmospheric movement originates mostly due to solar radiation, which is
also the basis for the use of wind power. In the case of biomass products, it is again
sunlight that causes photosynthesis, and thus the growth of biomass is conditioned by it.

11
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Figure 1.7 Various possibilities for the use of renewable energies.

Solar radiation can also be used directly for the generation of heat, for instance in a
thermal collector for domestic water or domestic space heating. Thermal solar power
stations generate and process heat from concentrated sunlight in order to drive genera-
tors for production of electricity. Last but not least, with photovoltaics, solar radiation
is directly converted into electrical energy.

Thus, we can consider photovoltaics as the young daughter of the large family of
renewable energies. However, they have a very special attraction: They are the only one
able to convert sunlight directly into electrical energy without complicated intermediate
processes and without using mechanical converters that can wear out.

1.4.2 Advantages and Disadvantages of Renewable Energies

Renewable energies have certain common characteristics. Their greatest advantage is
that in contrast to all other energy carriers, they are practically inexhaustible. Added to
this, they are almost free of any emissions and with only few environment effects and
hazards.

A further important advantage is in the fact that there are practically no fuel costs.
The Sun shines for free, the wind blows irrespectively, and the heat of the Earth is an
almost inexhaustible reservoir. On the other hand, the energy densities in which the
renewable energies are available are small. Large areas are needed (solar module area
for photovoltaics, rotor area for wind turbines, etc.) in order to “collect” sufficient
energy. This means that typically large investment costs are incurred as the large areas
require the use of a lot of material.
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Figure 1.8 Development of renewable energies in Germany since 1990: In 2016, the contribution of
energy generation was already more than 191 TW h a~', which corresponded to approximately 33% of
the overall electricity demand [10].

A further large disadvantage is the varying energy supply. Photovoltaics and wind
power are especially affected by this. As a result, further power stations (backup power
stations) must be kept on reserve in order to ensure a constant supply. Geothermal
power is not affected by this; it can provide energy practically independently of time
of day or year. A special case is biomass which is the only renewable energy that is easy
to store (branches in the woods, biogas in the tank, etc.).

In many developing countries, there is no power grid. There, a further advantage
of renewable energies can be used: Their decentralized availability and utility. Thus
autarchic village power supplies can be installed far from large towns without an
overland grid being necessary.

1.4.3 Previous Development of Renewable Energies

Figure 1.8 shows the contribution of renewable energies to the power supply in
Germany over the past 20 years. In addition to the classical hydropower, wind power
and biomass have also made great strides. In recent years, photovoltaics, with growth
rates of more than 30%, has also made much progress. In 2016, the renewable energies
generated 191 TW h of electrical power, which corresponds to about 32% of German

energy demand. Photovoltaics provided a share of 6.5%, and wind power was around
13.5%.

1.5 Photovoltaics - The Most Important in Brief

In the following chapters, we will work through some fundamentals in which some may
perhaps question their necessity. For this reason, in order to increase motivation and for
the sake of clarity, we will briefly consider the most important aspects of photovoltaics.

1.5.1 What Does “Photovoltaics” Mean?

The term photovoltaics is a combination of the Greek word phds, photos (light,
of the light), and the name of the Italian physicist Alessandro Volta (1745-1825).

13
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Figure 1.9 The solar cell and solar module as basic components of photovoltaics.

He discovered the first functional electrochemical battery, and the unit of electricity,
Volt, is named after him. Thus, a translation of the word photovoltaic could be light
battery or also light source. More generally, we understand the word photovoltaics as
the direct conversion of sunlight into electric energy.

1.5.2 What Are Solar Cells and Solar Modules?

The basic component of every photovoltaic plant is the solar cell (see Figure 1.9). This
consists in most cases of silicon, a semiconductor that is also used for diodes, transistors,
and computer chips. With the introduction of foreign atoms (doping) a p—n junction is
generated in the cell that “installs” an electrical field in the crystal. If light falls on the
solar cell, then charge carriers are dissolved out of the crystal bindings and moved by
the electrical field to the outer contacts. The result at the contacts of the solar cells is the
creation of a voltage of approximately 0.5 V. The released current varies depending on
radiation and cell area, and lies between 0 and 10 A.

In order to achieve a usable voltage in the region of 20—-50 V, many cells are switched
together in series in a solar module (Figure 1.9). Besides this, the solar cells in the
modules are mechanically protected and sealed against environmental influences (e.g.
entrance of moisture).

1.5.3 How Is a Typical Photovoltaic Plant Structured?

Figure 1.10 shows the structure of a classical grid-coupled plant typical for Germany.
Several solar modules are switched in series into a string and connected to an inverter.
The inverter converts the direct current delivered by the modules into alternating cur-
rent and feeds it into the public grid. A feed meter measures the generated electricity in
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Figure 1.10 Structure of a classical grid-coupled photovoltaic plant. An inverter converts the direct
current supplied by the solar modules into alternating current and feeds it into the public grid.

order to collect payment for the energy generated. The user meter counts the current
consumption of the household separately.

The plant is financed on the basis of the Renewable Energy Law (EEG). This guarantees
that the fed-in electric energy is paid for by the energy supply company for 20 years at
a guaranteed price. To a certain extent, the owner of the plant becomes a power station
operator.

Examples of plants where the produced solar energy is partly used in the household
(“self-consumption”) are presented in Chapter 8.

1.5.4 What Does a Photovoltaic Plant “Bring?”

For the owner of a solar power plant, the power of his plant is of interest and so is the
quantity of energy fed into the grid during the course of a year.

The power of a solar module is measured according to the Standard Test Conditions
(STC) and defined by three limiting conditions:

1. Full Sun radiation (irradiance E=ESTC = 1000 W m~2)
2. Temperature of the solar module: 9y, 4. =25 °C
3. Standard light spectrum AM 1.5 (for more details see Chapter 2).

The capacity of the solar module under these conditions is the rated power (or nominal
power) of the module. It is given in Watt—Peak (Wp) as it actually describes the peak
power of the module under optimal conditions.

The degree of efficiency 7,4, Of @ solar module is the relationship of delivered elec-
tric rated power PSTC referenced to incidental optical power P, :

Pgrc Pgrc
o Poy  Egrc A

with A: module surface.
The efficiency of silicon solar modules is in the range of 15-22%. Besides silicon there
are also other materials such as cadmium telluride or copper—indium-selenide, which
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go under the name of thin-film technologies (see Chapter 5). These reach module
efficiencies of 7-15%.

Example 1.2 Power and yield of a roof plant
Assume that the house owner has a roof area of 40 m? available. He buys modules with
an efficiency of 15%. The rated power of the plant is:

PSTC =P0pt * WModule =ESTC A - MModule = 1000Wm™-40m*-0.15=6 kwp

In Germany with a South-facing rooftop plant, the result is typically a specific yield
Wi, Of approximately 900 kW h (kWp)~! (kilowatt hours per kilowatt peak) per year.

This brings our houseowner the following annual yield W,

Wyear = Porc * Wyear = 6 KWp - 900kWh (kWpa)™ = 5400kW ha™'.

In comparison to the typical electric power consumption of a household of
3000-4000 kW h per year, the energy quantity is not bad. [ ]

After this quick course on the subject of photovoltaics, we will now consider the quite
recent history of solar power generation.

1.6 History of Photovoltaics

1.6.1 How It all Began

In the year 1839, the French scientist Alexandre Edmond Becquerel (the father of
Antoine Henri Becquerel, after whom the unit of the activity of radioactive material is
named) discovered the photoelectric effect while carrying out electrochemical exper-
iments. He placed two coated platinum electrodes in a container with an electrolyte
and determined the current flowing between them (see Figure 1.11a). Becquerel found
that the strength of the current changed when exposed to light [13]. In this case, it was
a matter of the outside photoeffect in which electrons move out of a fixed body when
exposed to light.

Incidental light

__.__7 Incidental light

Platinum electrode

’ re___ Ot
/ ; Electrolyte

Separating membrane

(a) (b)

Platinum electrodes

O

Sintered selenium

Glass tube

Figure 1.11 The beginnings of photovoltaics: (a) Electrochemical experiment of Becquerel and (b) the
first solar cell by Adams and Day [11, 12].
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In 1873, the British engineer Willoughby Smith and his assistant Joseph May discov-
ered that the semiconductor selenium changed its resistance when exposed to light.
They thus saw for the first time the internal photoeffect relevant for photovoltaics in
which electrons in the semiconductor are torn from their bindings by light and are thus
available as free charge carriers in the solid-state body.

Three years later, the Englishmen William Adams and Richard Day found out that a
selenium rod provided with platinum electrodes can produce electrical energy when it
is exposed to light (see Figure 1.11b). With this, it was proved for the first time that a
solid body can directly convert light energy into electrical energy.

In 1883, the New York inventor Charles Fritts built a small “Module” of selenium cells
with a surface area of approximately 30 cm? that had an efficiency of almost 1%. For
this purpose, he coated the selenium cells with a very thin electrode of gold. He sent
a module to Werner von Siemens (German inventor and entrepreneur, 1816—1892)
for assessment. Siemens recognized the importance of the discovery and declared
to the Royal Academy of Prussia that with this “The direct conversion of light into
electricity has been shown for the first time” [14]. As a result, Siemens developed a
lighting-measuring instrument based on selenium.

In the following years, the physical background of the photoeffect became better
explained. In part, this was particularly due to Albert Einstein (1879-1955) who
presented his light quantum theory in 1905, for which he was awarded the Nobel
Prize 16 years later. At the same time, there were technological advances: In 1916, the
Polish chemist Jan Czochralski at the AEG Company discovered the crystal growth
process named after him. With the Czochralski process, it became possible to produce
semiconductor crystals as single crystals of high quality.

1.6.2 The First Real Solar Cells

In 1950, the coinventor of the transistor, the American Nobel laureate William B. Shock-
ley (1910-1989) presented an explanation of the method of functioning of the p—n
junction and thus laid the theoretical foundations of the solar cells used today. On this
basis, Daryl Chapin, Calvin Fuller, and Gerald Pearson in the Bell Labs developed the
first silicon solar cell with an area of 2cm? and an efficiency of up to 6% and presented
it to the public on 25 April 1954 (Figure 1.12) [15]. The New York Times published this
on its front page the next day and promised its readers “The fulfillment of one of the
greatest desires of mankind — the use of the almost limitless energy of the sun.”

The Bell cell combined for the first time the concept of the p—n junction with the
internal photoeffect. In this, the p—n junction serves as conveyor that removes the
released electrons. Thus, this effect can be more accurately described as the depletion
layer photoeffect or also as the photovoltaic effect.

In the following years, the efficiency was raised to 10%. Because of the high prices
of the solar modules (the price per Watt was around 1000 times more than today’s
price), they were only used for special applications. On 17 March 1958, the first satellite
with solar cells on board was launched: The American satellite Vanguard 1 with two
transmitters on board (Figure 1.13). Transmitter 1 was operated by mercury batteries
and ceased operation after 20 days. Transmitter No. 2 drew its energy from six solar
cells attached to the outer skin of the satellite and operated until 1964.
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Figure 1.12 The inventors of the first “real” solar cell: Chapin, Fuller, and Pearson. The right-hand
figure shows the first “solar module” in the world, a mini module of eight solar cells. Source: Courtesy
of AT&T Archives and History Center.

Figure 1.13 View of the Vanguard 1 satellite:
Because of the diameter of 16 cm, it was also
called “Grapefruit.” Source: NASA.

The success of this project led to photovoltaics being used as the energy source for
satellites. The developments in the 1960s were thus advanced by space flight. Besides
the silicon cells, the first solar cells of gallium arsenide (GaAs) and other alternative
materials were presented.

As a comparison to Vanguard I, Figure 1.14 shows one of the two solar arrays of the
2007 spacecraft Dawn. The probe has the task to examine the dwarf planet Ceres, which
is about 400 Mio km away from the Sun. In 2015, the spacecraft managed to reach the
planet and broadcast photos of the heavenly body since then. The name “Dawn” is well
chosen:

Due to the large distance to the Sun, the intensity of the sunlight is only about
1/10 of that on Earth. Therefore, large efforts were made for the solar energy power
supply: The array of 5kW power is built up of high-capacity three-layer stacked
cells of InGaP/InGaAs/Ge (see Chapter 5) that achieve an efficiency of 27.5%
in space [16].
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Figure 1.14 Modern solar array of the space probe Dawn with a power of 5 kW. Source: NASA.

1.6.3 From Space to Earth

The terrestrial use of photovoltaics limited itself first to applications in which the nearest
electrical grid was very far away: Transmitter stations, signal systems, remote mountain
huts, and so on (Figure 1.15). However, a change in thinking was brought about with the
oil crisis in 1973. Suddenly, alternative sources of energy became the center of interest.

Figure 1.15 Examples of photovoltaic island plants: Telephone booster of 1955 with the legendary
Bell Solar Battery and modern solar-driven lighting tower in Australia. Source: Courtesy of AT&T
Archives and History Center, Erika Johnson.
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In 1977, in the Sandia Laboratories in New Mexico, a solar module was developed with
the aim of producing a standard product for economical mass production.

The accident in the nuclear power plant in Harrisburg (1979) and especially the reactor
catastrophe in Chernobyl (1986) increased the pressure on governments to find new
solutions in energy supply.

1.6.4 From Toy to Energy Source

From the end of the 1980s, research in the field of photovoltaics intensified especially
in the United States, Japan, and Germany. In addition, research programs were started
in the construction of grid-coupled photovoltaic plants that could be installed on
single-family homes. In Germany, this was first the 1000-roof program of 1990-1995
that provided valuable knowledge on the reliability of modules and inverters as well as
on the questions of grid-feeding [17].

The Energy Feed-in Law of 1991 obligated energy suppliers to accept power from
small renewable power stations (wind, photovoltaics, etc.). Whereas the wind industry
developed in a storm of activity, the subsidy of 17 Pfennigs per kilowatt hour was not
nearly enough for an economical operation of photovoltaic plants. For this reason,
environmentalists demanded a higher subsidy for solar power. A key role in this was
played by the German Aachen Association for the Promotion of Solar Power (SEV).
This association achieved that in 1995 the cost-covering subsidy at a rate of 2 DM per
kW h for power from photovoltaics was introduced, which throughout the Federal
Republic became known as the Aachen Model.

The 2000 promulgated EEG was introduced based on this model. This successor law
of the Energy Feed-in Law defined cost-covering subsidies for various renewable energy
sources and led to an unexpected boom in photovoltaics (see Figure 1.16). Thus, the
cumulated installed capacity in Germany rose from 100 MWp in 2000 to about 41 GWp
in 2016 (dark red bars in Figure 1.16). This represents an annual average growth of
45%. The annual installations reached 7.5GWpa~! in 2010 to 2012 and dropped to
1.5 GWpa~! due to deteriorated funding conditions (blue bars in Figure 1.16).
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Figure 1.16 Development of the photovoltaics market in Germany: The total installed capacity,
meanwhile, reaches 41 GWp.
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Figure 1.17 Development of the worldwide cumulative installed photovoltaics capacity: The most
dynamic markets show China and the United States.

Figure 1.17 shows the worldwide installed photovoltaic capacities. After Germany
became the driving factor for some time, now other countries are catching up more
and more.

The strongest growth is shown from China with more than 30 GWp installed only
in 2015. The total installed capacity of China, meanwhile, attains 80 GWp. The United
States already reached about 40 GWp of cumulated capacity and will surpass Germany
in the next years. After the reactor catastrophe of Fukushima, Japan strongly intensified
the expansion of photovoltaics. This is obvious in a significant growth of installations,
which led to a cumulated value of 43 GWp at the end of 2016. Spain and Italy had a real
boom some years ago; now, the market there only develops in a restrained manner.

A strong newcomer is India with total installations of 10 GWp reached in only five
years. The Indian government has announced its plan to reach an installed capacity of
22 GWp up to 2022.

All the other countries not shown individually in Figure 1.16 (Rest of World — ROW)
have a total PV capacity of 50 GWp.

Independently of the view of the individual countries, Figure 1.17 emphasizes the
fast growth of photovoltaics in the past years. The cumulated installed PV capacity has
grown from 700 MWp in 2000 to 305 GWp in 2016 (the 435-fold of the starting value!).
It can be assumed that this development will go on. As the prices of solar modules still
go down from year to year (see Chapter 11), photovoltaics more and more not only
becomes an ecological but also an economical alternative to fossil energies.

The possible future development in photovoltaics and its contribution to electric
energy consumption is dealt with in Chapter 11.
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Solar Radiation

The basis of all life on the Earth is the radiation from the Sun. The utilization of
photovoltaics also depends on the availability of sunlight. For this reason, we will
devote this chapter to the characteristics and possibilities of solar radiation.

2.1 Properties of Solar Radiation

2.1.1 Solar Constant

The Sun represents a gigantic fusion reactor inside which each of four hydrogen
atoms is melted into one helium atom. In this atomic fusion, temperatures of around
15 million °C are created. The energy freed is released into space in the form of
radiation.

Figure 2.1 shows the Sun—Earth system more or less to scale. The distance between the
two space bodies is approximately 150 million km and other dimensions can be taken
from Table 2.1.

The Sun continuously radiates an amount of P
which the Earth receives only a small fraction.

In order to calculate this value, we assume there is a sphere around the Sun that has
a radius of r =rg;. At this distance, the amount of radiation from the Sun has already
spread over the whole area of the sphere. Thus, at the position of the Earth, we get the
following power density or irradiance.

=3.845 % 10%° W in all directions, of

Sun

_ Radiation power Py, 3.845 x 10%° W

Es= = = 1367 W m™2.
47 -(1.496 x 10" m)?

Area of sphere 4.7 - T

(2.1)

The result of 1367 W m™2 is called the solar constant.

The solar constantis 1367 W m~2. It denotes the irradiance outside the Earth’s atmosphere.

2.1.2 Spectrum of the Sun

Every hot body gives off radiation to its surroundings. According to Planck’s law of
radiation, the surface temperature determines the spectrum of the radiation. In the case

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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Figure 2.1 Determination of the solar constant.
Table 2.1 Characteristics of the Sun and the Earth.
Properties Sun Earth
Diameter dg,, =1392520km Ao = 12756 km
Surface temperature Tg,,=5778K T oren = 288K
Temperature at center 15000000 K 6700 K
Radiated power Py, =3.845 X 10 W
Distance Sun—Earth rge = 149.6 Mio km —
2.2 .
__— AM 0 — Spectrum (outside the atmosphere)
—_ 21
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Figure 2.2 Solar spectrum outside and inside the atmosphere.

of the Sun, the surface temperature is 5778 K, which leads to the idealized Black Body
Spectrum shown in Figure 2.2 (dashed line). The actual spectrum measured outside the
Earth’s atmosphere (AM 0) approximately follows this idealized line. The term AM 0
stands for Air Mass 0 and means that this light has not passed through the atmosphere.
If the individual amounts of this spectrum are added together in Figure 2.2, then the
result is an irradiance of 1367 W m~2, which is the previously mentioned solar constant.

However, the spectrum changes when sunlight passes through the atmosphere. There
are various reasons for this:

1. Reflection of light: Sunlight is reflected in the atmosphere, and this reduces the
radiation reaching the Earth.
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Figure 2.3 Explanation of the term Air Mass: The number x represents the extension of the path
compared to the vertical distance through the atmosphere, here for the location Berlin [18].

2. Absorption of light: Molecules (O,, O;, H,O, CO,, ...) are excited at certain
wavelengths and absorb a part of the radiation causing “gaps” in the spectrum
especially in the infrared region (see, for instance, Figure 2.2 at A =1400 nm).

3. Rayleigh scattering: If light falls on particles that are smaller than the wavelength,
then Rayleigh scattering occurs. This is strongly dependent on wavelength (~1/4%)
so shorter wavelengths are scattered particularly strongly.

4. Scattering of aerosols and dust particles: This concerns particles that are large
compared to the wavelength of light. In this case, one speaks of Mie scattering.
The strength of Mie scattering depends principally on the location; it is greatest in
industrial and densely populated areas.

2.1.3 Air Mass

As we have seen, the spectrum changes when passing through the atmosphere. The
effect is greater, the longer the path of the light. For this reason, one designates the
different spectra according to the path of the rays through the atmosphere. Figure 2.3
shows the principle: The term AM 1.5 means, for example, that the light has traveled
1.5 times the distance in comparison to the vertical path through the atmosphere.

At a known Sun height angle y of the Sun, the AM value x gives:

1
sinyg

(2.2)

The Sun has different heights, depending on the time of day and year. Figure 2.3
shows on which days in Berlin the respective AM values are reached (always a noon
Sun position).

The standard spectrum for measuring solar modules has established itself at the AM
1.5 spectrum as it arrives in spring and autumn and can be viewed as an average year’s
spectrum.

2.2 Global Radiation

2.2.1 Origin of Global Radiation

Various effects, such as scattering and absorption, cause a weakening of the AM
0 spectrum from space. In the summation of the AM 1.5 spectrum in Figure 2.2,
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Figure 2.4 Origin of global radiation: It is the sum of the direct and diffuse radiation.

we receive only 835W m~2. Thus, of the originally available 1367 W m~2, the Earth
receives just 61% as so-called direct radiation. However, due to the scattering of light in
the atmosphere, there exists a further portion: Diffuse radiation (see Figure 2.4).

Weak radiation portions arrive from all directions of the sky and are added to diffuse
radiation. The sum of both types of radiation is called global radiation.

EG = EDirect + EDiffuse‘ (23)

On a nice, clear summer’s day it is possible to measure on a surface vertical to the radi-
ation of the Sun a global radiation value of Eg = Eg;c = 1000 W m™2. This is the reason
why, in the definition of the standard test conditions for solar modules (see Section 1.5),
one uses an enhanced AM 1.5 spectrum by the factor 1000/835 =1.198. This, then, has
a total irradiance of exactly Eqr = 1000 W m~2 and is thus suitable for determining the
peak power of a solar module.

@ In reality, why do not irradiances higher than 1000 W m~2 occur?

@ In individual cases, higher global radiation can occur. This is mostly the case in
mountainous regions such as the Alps. Besides the reduced atmospheric
density, reflection from snow and ice can occur. However, one also sometimes
measures radiation values up to 1300 W m~2 in flat country. This occurs in
sunny weather, and bright light clouds around the Sun increase the diffuse
portion. This effect is called cloud enhancement.

2.2.2 Contributions of Diffuse and Direct Radiation

The contribution of diffuse radiation to global radiation is often underrated. In Germany,
when viewed over the whole year, diffuse radiation makes a greater contribution than
direct radiation. For evidence of this, see Table 2.2. This shows the average monthly
radiation H (irradiated energy) on a flat surface in various locations.
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Table 2.2 Total radiation over the year on a horizontal level for various places in kW h (m? d)=' [19].

Place Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec X
Glasgow H, ... 006 023 049 118 166 160 138 103 060 025 0.0 0.03 071
55.7°N Hpigse 039 081 145 223 283 3.11 297 246 173 1.00 0.51 029 1.65
4.5°W H 0.45 1.04 1.94 3.41 4.49 4.71 4.35 3.49 2.33 1.25 0.61 0.32 2.36
Hamburg H,.. 013 037 074 149 218 232 201 182 110 0.52 0.18 0.10 1.08
53.6°N Hpygse 040 078 135 2.04 2.55 2.79 2.67 2.26 1.63 099 0.51 0.31 1.52
10.0°E H 0.53 1.15 2.09 3.53 4.73 5.11 4.68 4.08 2.73 1.51 0.69 0.41 2.60
London H,. 017 036 0.82 136 188 208 191 172 124 0.61 026 0.12 1.04
51.6°N Hpige 048 084 143 206 256 279 268 228 170 1.08 0.61 0.38 1.57
0.0°W H 0.65 1.20 2.25 3.42 4.44 4.87 4.59 4.00 2.94 1.69 0.87 0.50 2.61
Munich  Hj, ., 036 075 1.28 183 243 262 269 226 171 0.89 0.38 024 145
48.4°N Hpge 067 105 1.60 218 261 281 271 235 1.82 124 075 055 1.70
11.7°E H 1.03 1.80 2.88 4.01 5.04 5.43 540 4.61 3.53 2.13 1.13 0.79 3.15
Marseille Hj ., 101 134 240 324 4.03 478 503 4.24 3.05 1.76 105 079 272
43.3°N Hpge 079 111 149 190 216 218 202 1.85 1.58 124 0.87 0.70 1.49
54°E H 1.80 2.45 3.89 5.14 6.19 6.96 7.05 6.09 4.63 3.00 1.92 1.49 4.21
New York H, ., 0.84 135 1.88 243 3.04 325 3.17 3.03 234 1.68 0.74 0.57 2.03
40.8°N Hpgee 1.03 137 1.85 231 262 274 268 237 198 151 112 091 1.87
74.0°W H 1.87 2.72 3.73 4.74 5.66 5.99 5.85 5.40 4.32 3.19 1.86 1.48 3.90
Cairo Hpieor 216 294 380 4.60 541 595 582 534 4.50 3.56 248 192 4.04
30.1°N Hpgee 126 147 176 199 205 2.01 199 1.89 173 150 1.30 1.18 1.68
31.2°E H 3.42 4.41 5.56 6.59 7.46 796 7.81 7.23 6.23 5.06 3.78 3.10 5.72
Miami Hpieoe 203 250 3.16 3.82 3.54 3.07 3.36 3.23 272 250 210 190 2.82
25.9°N Hpgee 146 171 196 217 242 2.54 247 236 217 183 1.53 137 2.00
80.1°W H 3.49 4.21 5.12 599 596 5.61 5.83 5.59 4.89 4.33 3.63 3.27 4.82
Quito Hppoor 1.97 207 220 210 206 2.05 227 233 198 196 212 1.87 2.08
0.2°S Hpigse 2-16 227 235 223 206 1.96 199 213 228 228 218 211 2.17
78.5°W H 4.13 4.34 4.55 4.33 4.12 4.01 4.26 4.46 4.26 4.24 4.30 3.98 4.25
Sidney Hppeoo 338 301 274 225 181 1.72 186 254 3.17 3.57 348 3.67 2.76
33.9°S Hpigse 2-56 227 1.81 1.34 098 0.80 0.86 1.07 148 1.97 243 261 1.68
151.2°E H 5.94 5.28 4.55 3.59 2.79 2,52 2.72 3.61 4.65 5.54 591 6.28 4.44
Buenos Hpeor 438 357 299 220 168 1.26 141 1.88 262 3.11 3.93 432 2.77
Aires

34.6°S Hpiguee 239 217 174 1.31 097 0.84 090 1.17 1.56 2.03 235 250 1.66
53.4°W H 6.77 5.74 4.73 3.51 2.65 2.10 2.31 3.05 4.18 5.14 6.28 6.82 4.43

In Hamburg, the average diffuse radiation Hpg,,, is 1.52kWh (m? d)~' against
a Hp;oee of 1.08KWh (m? d)~!. Thus, diffuse radiation contributes almost 60% to
the annual global radiation. In Munich, the position is somewhat different. Diffuse
radiation here only contributes 54%.
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Figure 2.5 Radiation for a year on a horizontal level for the sites of Hamburg and Munich.

Thus, to summarize:

In Germany, diffuse radiation makes a slightly higher contribution to global radiation than
direct radiation.

In locations to the south of Germany, the position is different: In Marseille and Cairo,
the direct radiation of 65% and 71%, respectively, contributes to the main portion of
global radiation.

In Figure 2.5, the data for Hamburg and Munich are shown again graphically. What
can be derived from this? First, it is obvious that it is more worthwhile to operate
a photovoltaic plant in Munich than in Hamburg. The average global radiation of
H=3.15kW h (m? d)~! provides over a whole year (365 days) an annual total of

H=315kWh@m?d)™"-365da! =1150 kW h (m? a)~".

The corresponding year’s total in Hamburg is only 949 kW h m~2 per annum.

Furthermore, it can be seen that the diffuse radiation in Munich is only slightly higher
than in Hamburg. The higher global radiation in Munich is achieved mainly due to
greater direct radiation. The reason for this is easy to guess: The higher position of the
Sun in Munich. But obviously the height of the Sun has hardly any influence on the
diffuse radiation.

The extent of the difference in daily courses of direct and diffuse radiation is shown
in Figure 2.6. Here the radiation for a sunny day and a cloud-covered summer’s day are
shown.

On a sunny day, direct radiation clearly dominates, whereas on a cloud-covered day, it
plays practically no role compared to diffuse radiation. Yet the cloud-covered day with
3.7 kW h m~2 still brings more than half the radiation of the sunny day. This shows how
profitable even cloud-covered days can be for photovoltaic usage.

2.2.3 Global Radiation Maps

In order to be able to estimate at planning stage the yield of a photovoltaic plant,
it is necessary to obtain the data of the global radiation at the planned site. The
most important characteristic for this is the year’s total H of the global radiation
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Figure 2.6 Radiation on two summer days in Braunschweig: The cloud-covered day provides a good
half of the radiation energy of the sunny day [20].

on a horizontal level. Nowadays, global radiation maps are available that show this
characteristic in high resolution. The basis of these is many years of measurements by a
dense network of measuring stations, satellite pictures, and simulation tools. Figure 2.7
shows an example of this type of map from the German Weather Services.

It can be clearly seen that the annual radiation energy increases from the north to the
south. The values range from 900 to 1150 kW h (m? a)~!. On average, one can assume
1000 kW h (m? a)~! for Germany. This unusual unit can be bypassed by means of a very
clear model, the Model of Sun full load hours:

We assume that the Sun can only have two conditions:

1. It shines with “Full load”: E = E¢;c = 1000 W m™
2. Itis fully “Switched off”: E =0.

For how long must the Sun shine with full load for it to provide a radiation of
H=1000kW h (m? a)~! on the Earth’s surface, for instance?
H 1000 kW h (m?*a)™!
Ege 1000 W m—2

The Sun would need 1000 full load hours to provide the same optical energy as it
actually provides in a year (8760 h).

=1000ha™t. (2.4)

In Germany, the Sun provides approximately 1000 full load hours.

In other countries, the situation is in part much better. Figure 2.8 shows the radiation
situation in Europe. Radiation is mostly in the region of 1000-1500kW h (m? a)~!.
Extreme values are found in Scotland with only 700 and in southern Spain with
1800kW h (m? a)~L.

An overall picture is provided in Figure 2.9, which shows a world map of radiation.
The highest radiation is naturally found in the region of the equator with values of up to
2500 full load hours.
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Figure 2.7 Global horizontal radiation in Germany [21].

2.3 Calculation of the Position of the Sun

2.3.1 Declination of the Sun

Within a year, the Earth travels around the Sun in an almost perfect circle. Because
the axis of the Earth is tilted, the height of the Sun changes over the course of a year.
Figure 2.10 shows this connection for the summer and winter changes.
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Figure 2.8 Global radiation map of Europe. Radiation is between 700 kW h m~2 in Scotland and
1800 kW h m~2 per year in southern Spain. Source: Reproduced with permission of GHI Solar Map ©
2017 Solargis.
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Figure 2.9 World map of global radiation. Source: Created by Meteonorm, www.meteonorm.com.


http://www.meteonorm.com
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Equator
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Figure 2.10 Influence of the Earth’s axis tilt on the noonday solar altitude y y,, for summer and
winter solstices. There is a different value depending on the latitude ¢.

In summer, the North Pole is tilted toward the Sun so that large angles of the sun
(often called the solar altitude) exist. The maximum solar altitude y y,, (noon) can be
determined with simple angle consideration:

Vs vy = 113.4° — . (2.5)

The angle ¢ is the geographic width (latitude) of the site being considered. It is exactly
the opposite for the winter solstice, the axis of the Earth slants away from the Sun, and
therefore, there is only a noonday solar altitude of

Ys_min = 66.6° — ¢. (2.6)

Example 2.1 Solar altitude at Miinster

A PV plant is to be erected at Miinster (latitude ¢ =52°). In the middle of June, the
solar altitude is 113.4°—52° = 61.4°. In the middle of December, the value is 66.6°—52° =
14.6°. |

The solar altitude of the winter solstice is especially important in planning photo-
voltaic plants.

A photovoltaic plant should be structured if possible so that there are no shadows at noon
even on the shortest day of the year (21.12).

Figure 2.10 shows only the two extreme cases of the Sun declination 6. This is
understood to be the respective tilt of the Earth’s axis in the direction of the Sun. This
changes continuously over the year as can be seen in Figure 2.11. With the aid of this
picture, the Sun declination can be determined for each day of the year.

2.3.2 Calculating the Path of the Sun

In the case of possible shadows, it is helpful in planning the details of the plant to know
the path of the Sun on certain days. In order to make the calculation simple, we use the
so-called local solar time (LST) or solar time. This is the time in which at noon the Sun
is exactly in the south and has thus reached its highest point of the day. In principle, it
is therefore the time that a sundial would show at the site.
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Figure 2.11 Sun declination for the year (365 days).

Coordinated Universal Time (UJTC) would, however, be referenced to the zero
meridian at Greenwich. Thus, it would only be correct with the LST at those places that
are situated along 0° longitude.

The difference between both times can be roughly determined from the respective
geographic location A as the Earth rotates once in 24 h (360°) and thus 1 h corresponds
to just 15°.

A
15°°
What is ignored here is that LST does not only depend on the rotation of the Earth
but also on the Sun’s declination and the elliptical path of the Earth around the Sun.

LST=UTC+1h-

(2.7)

Example 2.2 LST in Belfast
You are in Belfast and would like to find out the LST. Your wristwatch shows noon.
Belfast has a longitude of A =-6.0°.

—6°
15°
Thus LST is 11:36 h: You will have to wait almost another half hour until the Sun
reaches its highest point.
In the case of other time zones, the respective clock time must first be converted to

world time in order to use Equation (2.7). Thus, for instance, noon Middle European
Time (MET) would correspond to a World Time of 11:00. [ ]

LST=12h+1h- =12h—-60 min- 0.4 =11 : 36 h.

We will now calculate the path of the Sun for certain days. For this purpose, Figure 2.12
shows the angle definitions for describing the position of the Sun. This shows the Sun’s
azimuth ag as well as the solar altitude yg and depicts the displacement of the Sun
from the south. Positive values show western deviations and negative values the eastern
displacements.

Remarks: This definition of the Sun’s azimuth is the most common one in the field
of photovoltaics. However, some simulations make use of the definition according to
DIN. There, north is defined with 0° and then added in a clockwise direction (east — 90°,
south — 180°, etc.). We will also insert the hour angle @ as an abbreviation: This calculates
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Figure 2.12 Calculation of the Sun’s position with

the dimension of solar altitude y, and Sun’s
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Figure 2.13 Sun path diagram for the town of Miinster (geographic latitude ¢ = 52°): The time used is
local solar time (LST).

the LST into the respective rotation position of the Earth:
® = (LST —12) - 15°. (2.8)

Now the position of the Sun can be determined from the latitude ¢ and the Sun
declination é:

sinyg =sin¢ - siné + cos¢ - cos 6 - cos w, (2.9)
sin g = $089 SiN@ (2.10)
Cos Yg

Figure 2.13 shows a Sun path diagram calculated according to this equation. It shows
the path of the Sun for the town of Miinster on different days of the year. On 21 June and
21 December, the determined maximum and minimum solar altitudes already shown in
Example 2.1 are reached. The time entered is the LST so the Sun reaches its highest
position at noon.

These types of diagrams help to show up possible shadows caused by trees, houses, or
similar and to estimate their effects on the plant’s yield (see Chapter 10).

The website www.textbook-pv.org contains an Excel file that can be used to determine
and print out the Sun path diagram for any desired latitude.


http://www.textbook-pv.org
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Figure 2.14 Radiation situation with tilted surfaces: The radiation is made up of the direct, diffused,
and reflected radiation.

2.4 Radiation on Tilted Surfaces

Photovoltaic plants are mostly installed on pitched roofs so that the module is at an angle
of attack f to the horizontal. Also in the case of flat roofs or ground-mounted plants, it
is usual to tilt the modules in order to achieve a higher annual yield.

2.4.1 Radiation Calculation with the Three-component Model

Figure 2.14 shows the radiation relationships in the case of a suitable solar module
surface (or more generally, a solar generator). Besides the direct and diffuse radiation,
there is still a further radiation component: The radiation reflected from the ground.
These add themselves to an overall radiation Eg,, on the tilted generator.

EGen = EDirect,Gen + EDiffuse,Gen + EReﬂ,Gen' (211)

We will now look at the calculation of the individual components in more detail.

2.4.1.1 Direct Radiation

Let us consider the case that direct sunlight shines on a tilted solar module. For this
case, the left sketch of Figure 2.15 shows how solar radiation impinges on a horizontal
surface Ay;. The optical power P, of the impinging radiation is

POpt = Epirect-11 - An- (2.12)

If a solar generator were arranged exactly vertically to the solar radiation, then it would
be possible to take up the same power on a smaller surface Ay, c,:

POpt = EDirectJ-[ : AH = EDirect,Vertical : AVertical' (213)

The strength of the radiation Ep .. verica 1S therefore, increased by the factor
Ap/Avyeriicas compared to the horizontal strength of radiation. This increase can be
seen in Figure 2.15 in that the light rays are closer together on the vertical surface in
comparison to the horizontal surface.

Figure 2.15b shows the general case: a solar generator tilted by the angle . For
determining the strength of the radiation in the generator level, a pair of trigonometric
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Figure 2.15 Influence of the solar generator tilt on direct radiation.
equations are used:
AVertical = AH - sin Vs» (214)
A\/ertical = AGen - sin X- (215)

The complementary angle y can be calculated by the sum of the angles in the triangle
and as subsidiary angle:

x=rs+ph (2.16)
Using Equations (2.13)—(2.16), we then derive

sin(yg + f)

- (2.17)
sinyg

EDirect,Gen = EDirectJ—[ :

It must be noted that this equation applies only for direct radiation.

Example 2.3 Radiation on a tilted solar module
Assume that on a clear summer day the Sun is at a solar altitude of 40° in the sky. On
flat ground, the irradiance is measured at Ep,.., ;; =700 W m~2. What angle of attack is
ideal for a solar module, and what yield can be expected when the diffuse radiation and
reflection of the ground are ignored? ]
For this case, Figure 2.16 shows Equation (2.17) as a diagram. With an increasing
angle of the solar module, the irradiance increases continuously up to an angle of
p=50° (thus an angle 90° —y). Here the irradiance reaches a maximum value of
Epirect Gen = 1089 W m™2. The solar module power can thus be increased by more than
50%.

2.4.1.2 Diffuse Radiation

The calculation of the diffuse radiation of tilted surface can be much simplified. For this
purpose, we make a simple assumption that the diffuse radiation from the whole sky is
approximately of the same strength (the isotropic assumption: Figure 2.17a). Thus the
strength of radiation of a solar generator at an angle g is calculated as follows:

1
EDiffus,Gen = EDiffus,H : 5 : (1 + cos ﬂ) (218)
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Figure 2.16 Example of dependency of the irradiance (direct radiation) on a tilted solar module for a
solar altitude of y =40°.
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Figure 2.17 Isotropic assumption for diffuse radiation on a tilted surface. Only half the radiation can
be used in the case of a vertically standing solar generator.

Starting with a horizontal generator (f = 0°), the radiation is reduced until at (§ =90°)

itis:
EDif’f _H
EDiffus,Gen = 2llS . (219)

In this case, the solar generator is vertical so that only the left-hand side of the sky can
be used (Figure 2.17b).

The isotropic assumption is only to be understood as a rough approximation. Thus,
the sky around the Sun is mostly brighter than in the region of the horizon. More refined
models are used in modern simulation programs in order to achieve greater degrees of
accuracy.

2.4.1.3 Reflected Radiation
As shown in Figure 2.14, a part of the global radiation is reflected from the ground and
can act as an additional radiation contribution to the solar generator.

In the calculation of this portion, the main problem is that every ground material
reflects (or more exactly: scatters) differently. The so-called albedo (ALB) value describes
the resulting reflection factor. Table 2.3 lists the ALB value of some types of ground.

The large range of the given values shows that simulation of the reflected radiation is
accompanied by large uncertainties. If the ground is not known, then the standard value
of ALB =0.20 is often entered into the simulation program.
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Table 2.3 Albedo value of different types of ground [22].

Material Albedo (ALB) Material Albedo (ALB)

Grass (July, August)  0.25 Asphalt 0.15
Lawn 0.18,...,0.23  Concrete, clean 0.30
Unmown fields 0.26 Concrete, weathered  0.20
Woods 0.05,...,0.18  Snow cover, new 0.80, ...,0.90
Heath surfaces 0.10, ...,0.25  Snow cover, old 0.45, ...,0.70

__ 1000
900 Fresh snow

cover
800
00 (ALB=0.85)

600
500
400 v
300 Lawn surface
200 == —— " (ALB=02)

100 — o
O L1 /__’/
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Generator tilt angle s (°)

i -2
Irradiance Ergy gen (W M

Figure 2.18 Reflected radiation as an example of lawn and fresh snow for various degrees of tilt of the
solar module (E; = 1000 W m~2).

An isotropic assumption is again made for the calculation of the reflected radiation
on the tilted generator.

Exeten = 5 + (1 = os ) - ALB. (220)

Figure 2.18 shows the results for the case of ground covered with lawn and fresh
snow. In the case of flat solar modules (f =0), the portion of the radiation reflected by
the ground is zero and then rises continuously. At #=90°, half the available reflective
radiation reaches the solar generator. This is the case of facade plants where solar mod-
ules are fixed to the vertical walls of a house. If one goes beyond 90°, then the part of
the reflection radiation continues to rise, but the top face of the solar module now faces
down, which obviously is not the optimum for overall radiation.

2.4.2 Radiation Estimates with Diagrams and Tables

The equations and characteristic values described are meant as an aid to understanding
the features and limits of the use of solar radiation. However, simulation programs are
always used today for detailed planning of photovoltaic plants, and they work with
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Figure 2.19 Radiation diagram for estimating the suitability of a roof for the city of Berlin given as the
radiation sum Hin kW h (m2 a)~" [23].

refined models and detailed weather information in order to create very exact yield
forecasts (see Chapter 10).

Radiation diagrams and tables are of help for a rough estimate of the radiation on a
pitched roof. Figure 2.19 shows such a diagram for the city of Berlin.

A relatively broad maximum of the radiation total for a south-facing roof (azimuth
a =0°) and a roof slope of approximately 35° can be clearly seen. The direction does not
make much difference in the case of a lesser slope (e.g. = 15°). If, however, the roof is
relatively steep (e.g. = 60°), then a south—west direction leads to a reduction in radiation
to less than 1050 kW h (m? a)~L.

A somewhat more accurate estimate of the deviation of the roof slope and orientation
from the optimum can be found in Table 2.4 for the example of Berlin. The radiation
amount here was standardized on the maximum values o =0° and = 35° so that the
deviations can be read directly in percentages.

For instance, the yield of a facade plant (§ =90°) that is aligned directly south is only
72% of the optimum. A horizontal surface, however, still yields 86% of the optimum.

Even a northern roof can be used for solar energy due to the relatively high diffuse
portion of the radiation. In the case of a roof orientated exactly to the north with a roof
inclination of 35°, for example, it still receives about 57% of the optimally orientated
south roof.

Appendix A lists more diagrams like those in Table 2.4 for different locations
worldwide.

Figure 2.19 and Table 2.4 only show the different incidental radiation dependent on
the alignment and the roof pitch. In reality, though, soiling also plays a certain role. Thus,
soiling of the solar module is reduced with increasing inclination angle. Added to this is
the fact that a larger angle of attack ensures that snow in winter can slide off more easily
and thus more solar energy can be harvested. In the case of facade plants, shading by
trees and other houses also plays a large role.
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Table 2.4 Effect of the orientation and inclination of a roof on the incidental annual global radiation
(Simulation with PV-SOL for Berlin).

ngle of slope g

| 0 ] 5° | 10° [ 15° [ 20° | 25° | 30° [ 35° ] 40° | 45° | 50° | 55° ] 60° | 65° | 70
88.4 826 78.3 73.8 69.5 65.2 61.0 56.8 52.8 49.0 454 42.0 39.3 37.3 857
8.4 826 78.3 73.8 69.5 65.2 61.0 56.8 52.8 48.9 45.3 42.0 39.3 37.4 3538
88.4 826 784 739 69.5 653 61.1 57.0 52.9 49.2 45.6 424 39.7 37.8 36.2

826 784 741 69.8 655 61.4 57.3 534 49.6 46.1 42.9 40.4 38.6 37.0

743 70.1 65.9 61.8 57.8 53.9 50.2 46.8 43.8 41.5 39.7
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83.0 79.1 752 711 67.0 63.1 59.3 556 522 49.2 46.6 5 426 35
83.1 79.4 75.7 71.7 67.8 64.0 60.3 56.8 53.6 50.8 48.4 46.3 44.4 42.4 40.7 39.0 37.
833 79.9 76.2 725 68.7 65.0 61.5 582 553 52.7 50.3 48.2 46.1 44.2 424 40.5 38.
83.5 80.3 76.8 73.3 69.7 66.3 63.0 59.9 57.1 54.6 52.3 50.2 48.2 46.1 44.2 422 40. 4
83.7 80.7 775 742 709 67.6 646 61.7 59.1 56.6 54.4 522 50.1 48.1 46.1 44.0 42.0 40.0
84.0 81.2 783 752 721 69.1 66.3 636 612 58.7 56.5 54.4 52.2 50.2 48.0 459 43.8 41.7
842 81.7 79.0 76.3 73.5 70.7 68.1 65.6 63.3 61.0 58.7 56.5 54.4 52.3 50.1 47.9 457 43.5
845 823 79.9 773 748 724 70.0 676 654 63.3 61.0 58.9 56.6 54.4 523 49.9 47.7 453
84.8 829 80.7 785 76.3 741 719 69.7 67.6 654 63.3 61.2 59.0 56.7 54.4 52.0 49.6 47.2
85.1 83.5 81.6 79.7 77.7 758 73.7 71.8 69.8 67.7 65.6 63.5 61.3 59.0 56.6 542 51.6 49.2
854 84.1 82.6 80.9 79.2 77.4 757 738 72.0 70.0 68.0 65.8 63.6 61.2 58.8 56.4 53.7 50.9
85.7 84.7 83.5 821 80.7 79.1 77.6 758 74.1 722 70.2 68.1 659 63.5 61.0 58.5 55.8 52.9
86.0 85.3 84.4 83.3 82.1 80.8 79.4 779 76.3 744 725 70.4 68.0 658 632 60.4 57.7 54.9
86.3 86.0 85.3 84.5 83.6 825 81.3 799 784 76.6 747 72.6 70.2 679 653 624 59.6 56.6
86.7 86.6 86.2 85.7 85.0 84.1 83.1 81.8 804 78.7 76.8 74.7 72.4 69.9 67.4 645 61.4 58.3
87.0 87.2 87.2 86.8 86.4 85.7 84.8 83.7 823 80.7 78.9 76.8 745 71.9 69.2 66.4 63.3 60.0
87.2 87.8 88.0 88.0 87.8 87.2 86.5 855 84.2 827 80.9 78.8 76.5 739 71.0 68.0 64.9 61.6
87.6 88.3 88.8 89.1 89.1 88.8 88.2 872 86.1 846 828 80.6 784 75.8 729 69.7 66.5 63.1
87.8 88.9 89.7 90.1 904 90.2 89.7 88.9 87.8 86.3 84.6 826 80.0 775 746 71.4 68.0 64.4
88.1 89.5 90.5 91.1 915 91.5 91.2 90.5 894 88.0 86.3 84.3 81.8 79.0 76.2 729 69.4 65.7
88.4 90.0 91.2 921 926 928 925 919 910 89.6 87.8 859 83.5 80.6 77.5 742 70.7 66.9
88.6 90.4 91.9 93.0 93.6 94.0 939 933 924 912 89.3 872 849 821 789 755 71.8 67.9
88.8 90.9 925 938 946 951 951 945 938 925 90.9 886 86.2 83.4 802 76.6 72.8 68.9
89.0 91.3 931 945 955 96.0 96.1 95.7 949 93.7 92.1 899 87.3 845 812 77.7 73.7 69.6
89.3 91.6 93.6 95.2 96.2 96.9 97.1 96.8 96.0 94.7 93.1 91.0 88.5 855 82.1 785 745 70.2
89.3 91.9 94.0 95.7 96.9 97.7 979 97.7 97.0 95.7 94.0 91.9 89.3 86.4 83.0 79.2 752 70.8
89.5 922 945 962 97.5 982 986 984 977 966 949 926 90.0 87.1 836 79.8 757 712
89.6 924 947 96.6 98.0 98.8 992 99.0 98.3 97.1 95.6 934 90.7 87.6 84.1 80.3 76.0 715
89.7 92.6 95.0 96.9 98.3 99.2 996 994 98.7 97.6 95.9 93.8 91.2 88.1 84.5 80.6 76.3 71.8
89.8 92.7 95.1 97.1 98,5 99.5 99.7 99.1 97.9 96.2 94.0 914 884 84.9 80.9 76.5 72.0
89.8 92.7 952 97.1 98.7 99.6 999 99.3 982 965 943 916 885 850 81.0 76.8 72.1
89.8 92.7 95.1 97.1 98.5 99.5 99.7 99.1 97.9 96.2 94.0 914 884 84.9 80.9 76.5 72.0
89.7 92.6 95.0 96.9 98.3 99.2 996 994 98.7 97.6 95.9 93.8 91.2 88.1 84.5 80.6 76.3 71.8
y 4 947 96.6 98.0 988 99.2 99.0 98.3 97.1 956 934 90.7 87.6 84.1 80.3 76.0 71.5
895 922 945 962 97.5 982 986 984 977 966 949 926 90.0 87.1 836 79.8 757 712
89.3 91.9 94.0 95.7 96.9 97.7 979 97.7 97.0 95.7 94.0 91.9 89.3 86.4 83.0 79.2 752 70.8
89.3 91.6 93.6 95.2 96.2 96.9 97.1 96.8 96.0 94.7 93.1 91.0 88.5 855 821 785 745 70.2
89.0 91.3 93.1 945 955 96.0 96.1 95.7 949 93.7 921 89.9 87.3 84.5 812 77.7 73.7 69.6
88.8 90.9 925 938 946 951 951 945 938 925 90.9 886 86.2 83.4 802 76.6 72.8 68.9
88.6 904 91.9 93.0 93.6 94.0 939 933 924 912 89.3 872 849 821 789 755 71.8 67.9
88.4 90.0 91.2 921 926 92.8 925 919 91.0 89.6 87.8 859 83.5 80.6 77.5 742 70.7 66.9
88.1 89.5 90.5 91.1 915 915 91.2 90.5 89.4 88.0 86.3 84.3 81.8 79.0 762 729 69.4 65.7
87.8 88.9 89.7 90.1 90.4 90.2 89.7 889 87.8 86.3 84.6 82.6 80.0 775 746 714 68.0 64.4
87.6 88.3 88.8 89.1 89.1 88.8 882 87.2 86.1 846 82.8 80.6 784 758 729 69.7 66.5 63.1
87.2 87.8 88.0 88.0 87.8 87.2 86.5 855 84.2 827 80.9 78.8 76.5 73.9 71.0 68.0 64.9 61.6
87.0 87.2 87.2 86.8 86.4 85.7 84.8 83.7 823 80.7 78.9 76.8 745 719 69.2 66.4 63.3 60.0
86.7 86.6 86.2 85.7 85.0 84.1 83.1 81.8 80.4 78.7 76.8 74.7 724 699 67.4 645 614 58.3
86.3 86.0 85.3 84.5 83.6 825 81.3 79.9 784 76.6 747 72.6 70.2 679 653 624 59.6 56.6
86.0 85.3 84.4 83.3 82.1 80.8 79.4 779 763 744 725 70.4 68.0 658 632 60.4 57.7 54.9
85.7 84.7 83,5 821 80.7 79.1 776 758 741 722 70.2 68.1 659 63.5 61.0 58.5 55.8 52.9
854 84.1 82.6 80.9 79.2 77.4 757 738 72.0 70.0 68.0 65.8 63.6 61.2 588 56.4 53.7 50.9
85.1 83.5 81.6 79.7 77.7 758 73.7 718 69.8 67.7 65.6 63.5 61.3 59.0 56.6 542 51.6 49.2
84.8 829 80.7 785 76.3 741 719 69.7 67.6 654 63.3 61.2 59.0 56.7 54.4 52.0 49.6 47.2
845 823 79.9 77.3 74.8 724 70.0 67.6 654 63.3 61.0 58.9 56.6 54.4 52.3 49.9 47.7 453
842 81.7 79.0 76.3 73.5 70.7 68.1 65.6 63.3 61.0 58.7 56.5 54.4 52.3 50.1 47.9 45.7 43.5
84.0 81.2 783 752 721 69.1 66.3 63.6 612 58.7 56.5 54.4 522 50.2 48.0 459 43.8 41.7
83.7 80.7 775 742 709 67.6 646 61.7 59.1 56.6 54.4 522 50.1 48.1 46.1 44.0 42.0 40.0
83.5 80.3 76.8 73.3 69.7 66.3 63.0 59.9 57.1 54.6 54.3 50.2 48.2 46.1 442 422 404 384
833 79.9 76.2 725 68.7 65.0 61.5 582 553 52.7 50.3 48.2 46.1 442 424 40.5 38.8 37.0
83.1 79.4 75.7 71.7 67.8 64.0 60.3 56.8 53.6 50.8 48.4 46.3 44.4 424 40.7 39.0 37.2 35.6
83.0 79.1 752 711 67.0 63.1 59.3 55.6 522 49.2 46.6 44.5 42.6 409 39.2 375 359 344
82.8 78.9 747 70.6 66.4 62.4 585 54.7 51.1 47.8 451 43.0 41.0 39.3 37.8 36.2 346 332
827 78.6 743 70.1 659 61.8 57.8 539 50.2 46.8 43.8 41.5 39.7 38.0 36.5 35.1 33.6 322
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Figure 2.20 Yields of fixed and tracked photovoltaic plants on two different days. Source: IBC Solar AG.

2.4.3 Yield Gain through Tracking

Basically, it is possible to increase the yield of a photovoltaic plant in that the solar
generator actively tracks the Sun (see Chapter 6). The tracking, however, only increases
the direct radiation portion, whereas the diffuse radiation remains almost the same.
Figure 2.20 shows this in an example of the daily yield of a tracking and a fixed
photovoltaic plant on two different days. On the sunny day, the tracking brings an
energy yield of almost 60%. In the case of the overcast day, the yield of the tracking plant
provides approximately 10% less than the fixed plant. The reason is that the tracking
modules are relatively steep in the morning and afternoons and, therefore, receive less
diffuse radiation.

As we have seen, the portion of the diffuse radiation of the yearly global radiation in
Germany is more than half. For this reason, the yield of tracking in our lines of latitude
of approximately 30% is limited. For this reason, the utilization of tracking should
be well thought through because of the substantial mechanical and electrical effort
required. A compromise may be a single-axis tracking plant that can easily achieve
a yield of 20% (see Chapter 6). In southern countries with a high degree of direct
radiation, the situation is much better: Here, two-axis tracking plants can achieve more
than a 50% increase in yield.

2.5 Radiation Availability and World Energy Consumption

In concluding this chapter, we will also consider the potential of solar radiation.

2.5.1 The Solar Radiation Energy Cube

As we have seen in Section 2.1, the Sun shines continuously on the Earth with a power

density of 1367 W m~2. Approximately 1000 W m~2 of this arrives inside the atmo-

sphere. We can simply roughly calculate the energy arriving on Earth W, . For this,

we calculate the cross-sectional area Ap,,, of the Earth’s sphere as shown in Figure 2.21.
The total optical power Pr, , radiated by the Sun on the Earth is then

2
P e oA B % g one 107w 2.21
Earth = ©STC " Afarth = Lstc - —— = L X . (2.21)
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Solar radiation Cross sectional area Ag,y, Figure 2.21 Cross-sectional area of the Earth for
determining the total incidental radiation
T energy.
dEarth

Over the whole year, the Earth receives radiation energy of
Wearth = Prarn + £ = 1.278 X 107 W - 8760 h = 1.119 x 10" kW h. (2.22)

This number only tells us something if, for instance, we use it in relationship to the cur-
rent yearly world energy consumption. From Figure 1.3, we can see that this is approx-
imately 13 billion tons of oil equivalent. After conversion into kilowatt hour (Table 1.2)
we get

74 18
Earth _ 1.119X10 kW h — 7401, (2.23)

Wiwora  1.512 % 10 kW h

The Sun sends us more than 7000 times the energy that we use in a year.

This relationship is clearly seen in the energy cube depicted in Figure 2.22. The yearly
solar incidental radiation is represented by the large cube; the small blocks of world
energy usage at the bottom-right look tiny compared with the large solar cube. Also
interesting in the same figure is the comparison of the annual solar radiation with the
reserves of fossil and nuclear energy carriers. It must be mentioned here that with these
cubes at the bottom left, the reserves still available are included, whereas the large solar
radiation cube is available again every new year.

Annual solar 800 km
radiation to Earth =

DI 800 km

Uranium

Overall available

y /
m‘ reserves

Annual world
energy demand

Coal

s

Figure 2.22 Estimate of the potential of solar energy: The yearly solar radiation outnumbers
worldwide energy demand more than 7000-fold [18].




Figure 2.23 The Sahara Miracle: The area necessary to meet the total world energy demand is only 800 km x 800 km.



Figure 2.24 Distribution of the necessary area over the whole world: For example, 200 squares with side lengths of 85 km are needed.



Solar Radiation

2.5.2 The Sahara Miracle

Now we will not be able to make use of all the energy radiating onto the Earth. Therefore,
we will look at the case from another point of view and ask ourselves:

What area would be necessary in order to supply the whole primary consumption of
the world with photovoltaics?

To find a solution, let us assume that the solar modules would be erected in the Sahara.
The best solar modules available on the market have an efficiency of 22%. As a pre-
cautionary measure, we will take a total system efficiency of #,.,, = 10%. In this way,
the losses from cables, inverters, and transmission lines as well as the distance between
module rows are more than covered.

According to Figure 2.9, the Sahara annually supplies approximately 2500 kW h m~2
radiation energy. With an efficiency of 10%, it is thus possible to obtain electrical energy
of approximately 250 kW h m~2.

For covering the worldwide primary energy consumption W4, we would thus need
an area of

Ao Wwona  _ 1.512x10" kW h
T 250kWhm=2 " 250 kW h m—2

= 6.048 X 10" m? = 6.048 x 10° km>.
(2.24)

This would result, for instance, in a square of approximately 778 km per side. In order
to estimate the size, Figure 2.23 shows a square of 800 km x 800 km, which is about
7% of the size of the Sahara’s surface. Thus, this area is sufficient to cover the Earth’s
primary energy consumption with photovoltaics. In this way, one could really speak of
a “Sahara Miracle.”

In practice, of course, it would malke no sense to concentrate the photovoltaic power
plants at one site in the world. In that case, humankind would only have energy during
daytime in the Sahara. To get a continuous energy flow, the installation of PV plants
along the equator could be a good idea. A rough calculation shows that this strip only
needs a width of about 15 km.

More practical is the scenario in Figure 2.24. Here the PV plants are distributed over
many countries to achieve short cable lengths and a decentralized structure. As the mean
yearly radiation sum a value of 1000 kW h (m? a)~! can be assumed. This results in, for
example, 200 squares with side lengths of 85 km.

In Chapter 11, we will consider the future role of photovoltaics in more detail.
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Fundamentals of Semiconductor Physics

Typically, solar cells consist of semiconductors. In order to understand how solar cells
work, we will first deal with the structure and properties of semiconductors. This
is associated with the consideration of the p—n junction and the optical features of
semiconductors.

3.1 Structure of a Semiconductor

3.1.1 Bohr’s Atomic Model

To start off, we will consider an individual atom. According to Bohr’s atomic model,
an atom consists of a nucleus and a shell. The nucleus contains protons and neutrons,
whereas the shell contains electrons, which orbit the nucleus. The protons are positively
and electrically charged with an elementary charge of +¢, and the electrons are nega-
tively charged with a charge of —¢. The size of the elementary charge is 1.6 X 1071? A's. As
the number of protons in the nucleus is equal to the number of electrons (the so-called
atomic number), an atom is electrically neutral on its outside.

The simplest atom we know of is the hydrogen atom (Figure 3.1). It has the atomic
number 1, and thus has only one proton in the nucleus and one electron in the shell.

Niels Bohr recognized that electrons can only circulate in very particular paths
(so-called shells) around the nucleus and defined this in his first postulate.

Bohr's first postulate:
There are only certain discrete shells permitted for an electron.

Each of these shells stands for a particular path radius that represents the respective
energy state of the electron. The shells are designated with the letters of K, L, M, and
so on. In Figure 3.1, the possible energy states for the hydrogen atom are shown. In the
basic state, the electron is situated on the K-shell. If the electron is moved to the L-shell,
then energy of 10.2 eV (electron volts) is necessary. In order to separate the electron
completely from the atom (thus to transport it into “infinity”), the so-called ionizing
energy W of 13.6 eV must be used.

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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Figure 3.1 Structure and energy model of the hydrogen atom.
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Figure 3.2 Schematic depiction of the emission (a) and absorption (b) of light.

What happens in the transfer from one shell to another? This is described in the
following postulate:

Bohr’s second postulate:
The transfer of an electron from one shell to another occurs under the emission or absorp-
tion of electromagnetic radiation.

The frequency [ of this radiation is thus determined by the following equation:
AW =W, - W, |=h-f (3.1)

with W, energy before the transfer; W,, energy after the transfer; 4, Planck’s constant;
h=6.6Xx1073* W s2

In order to determine the wavelength /1 from the frequency f, the following equation
is used:

i=2 (3.2)
f
with c,: speed of light in a vacuum, ¢, =299.792 km st 3 x 108 m s1.

In order to better understand Bohr’s second postulate, consider Figure 3.2: Panel (a)
shows how the electron from the L-shell falls onto the K-shell. The energy released by
this is radiated in the form of light as a photon. This process is called light emission.
A light packet of a particular wavelength (“light particle”) is known as a photon.

The opposite case is shown in Figure 3.2b: A light particle hits an electron and is
“swallowed.” The energy released in this lifts the electron from the K-shell to the L-shell.
This process is called the absorption of light.

Example 3.1 Light emission
An electron of a hydrogen atom falls from the M-shell to the L-shell. What will be the
wavelength of the radiated light?
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Calculation:
AW =W, -W,=121-102eV=19eV=h-f

. -19
>f= 19¢V._19V:-16 XBiO AS _ 0461 x 10 s~ = 461 x 10' Hz.
h 6.6 X 107" W s2
The wavelength is calculated again by
¢ _ 3-10°ms!
[ 461x10" Hz

The light radiates at 651 nm and thus in the red region. [ ]

A= =6.508 X 1077 m = 650.8 X 10™° m ~ 651 nm.

3.1.2 Periodic Table of Elements

Table 3.1 shows a section of the Periodic Table of elements. The rows of the table provide
the highest shells that are occupied by electrons. The value is also obtained from the
respective column of an element. This is understood to be the number of electrons in
the outer shell and is often called the valence. For instance, we recognize that the noble
gas helium (He) has two electrons and thus fully occupies the K-shell. In the following
lithium (Li), the K-shell is also occupied; the third electron is situated on the L-shell.
The electrons of the outermost shell are called valence electrons as they are decisive in
the bonding of atoms.

Example 3.2 Valence electrons of silicon

The element silicon (Si), which is extremely important for photovoltaics, has the
atomic number 14 and is situated in main Group IV. The K- and L-shells are full, and
there are four electrons in the topmost shell. The Si atom thus possesses four valence
electrons. We can also say that silicon is four-valent or “tetravalent.” [

3.1.3 Structure of the Silicon Crystal

When the electrons of neighboring atoms make fixed connections, then a regular
lattice structure can be formed. Such a structure is called a crystal. With silicon, each
valence electron makes a connection with an electron of the neighboring atom. The
lattice formed in this way is shown in Figure 3.3 as a sphere and as a two-dimensional
depiction.

In this, the atomic nucleus together with all internal shells is drawn as a circle. The
correct designation is Si*", as the 14 protons in the nucleus together with the 10 electrons
on the inner shells result in 4x positive charge. The combination of the Si** ion with
the four surrounding electrons forms the whole silicon atom. At the same time, one
recognizes that each Si atomic nucleus is surrounded by eight valence electrons. This is
called the noble gas configuration as they are comparable with the noble gas argon that
also has eight electrons in the outer shell (see Table 3.1).

3.1.4 Compound Semiconductors

The lattice considered up to now is made up exclusively of silicon, an element in
Group IV. It is possible, however, to combine elements of different main groups. A
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Table 3.1 Extract from the Periodic Table of elements.

Main Group/valence Shell
I I 111 v \% VI VII VIII
H He K
Hydrogen Helium
1 2
Li Be B C N (¢] F Ne L
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine ~ Neon
3 4 5 6 7 8 9 10
Na Mg Al Si P S Cl Ar M
Sodium Magnesium Aluminum = Silicon Phosphorous  Sulfur Chlorine  Argon
11 12 13 14 15 16 17 18
K Ca Ga Ge As Se Br Kr N
Potassium  Calcium Gallium Germanium  Arsenic Selenium  Bromine  Krypton
19 20 31 32 33 34 35 36
Rb Sr In Sn Sb Te ] Xe O
Rubidium  Strontium Indium Tin Antimony Telluride  [odine Xenon
37 38 49 50 51 52 53 54

The number under the element name is the atomic number.
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Figure 3.4 Lattice of compound semiconductors of the example GaAs and CdTe.

well-known representative of the material connection is gallium-arsenide (GaAs),
which can ensure high efficiencies in solar cells. It consists of trivalent gallium and
pentavalent arsenic atoms and is thus called a I1I/V-semiconductor. Figure 3.4 shows
the structure: The crystal contains at the same in equal parts gallium and arsenic
atoms that always include their valence electrons in the connection so that the result
is again the, especially, stable noble gas configuration. Besides III/V-semiconductors,
II/VI-semiconductors are also of interest. Figure 3.4 shows this in the example of
cadmium-telluride (CdTe).

3.2 Band Model of a Semiconductor

3.2.1 Origin of Energy Bands

Meanwhile, we know that there are defined, discrete levels of energy for the electrons
of an individual atom. What happens if we make a thought experiment and bring two
atoms close together? There occurs a mutual coupling of the atoms. The result is that
the energy conditions change and each state divides into two individual states (see
Figure 3.5). An analogy to this phenomenon can be seen from classical mechanics. If
one couples two harmonic oscillators (e.g. two guitar strings), then the result is two new
resonance frequencies. In the case of three coupled atoms, the result is always three
new levels. If one views a semiconductor crystal, then a practically infinite number of
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1Atom: AW 3 Atoms: 4 W n Atoms: a W
l Energy ————— %& Energy

levels

Figure 3.5 Origin of the energy bands in a semiconductor crystal: The coupling of the atoms leads to a
spreading of the energy levels. For n — oo, this results in continuous energy bands.

T=0K: AW Conduction band T>0K: AW Conduction band
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Figure 3.6 Valence and conduction bands for silicon: With rising temperatures, individual electrons
rise into the conduction band.

atoms can be coupled together. Individual levels will hardly still be recognized and in
this case one speaks of energy bands. The energy bands show all the energy states that
are permitted for an electron.

The highest band still occupied by electrons is decisive for the electrical relationship
of a solid-state body. As this is occupied by the valence electrons, it is called the valence
band (see Figure 3.6). The first unoccupied band is called the conduction band. In order
to enter into the conduction band, an electron must first overcome the forbidden zone.
The width of the forbidden zone decides the amount of energy needed to move out of
the valence band into the conduction band. This is also called the bandgap AW ,. It is the
result of the difference of the lowest allowed level of the conduction band W and the
highest allowed level of the valence band W,. In the case of silicon, the bandgap is at
AW =1.12¢V. The index “G” stands for the term bandgap.

What does this mean for the electrical behavior of the crystals? In the case of the
zero absolute temperature (7 = 0K), the valence electrons remain fixed in their bonds.
In this case, the crystal is unable to conduct electrical current as no free charge carriers
are available.

The absolute zero temperature of T=0K (Kelvin) corresponds to a temperature of
9=-273.15°C.

If the temperature is now increased, then the electrons start to move due to heat
oscillations. If the temperature is increased further, then individual electrons can
loosen from their bonds and become available in the crystal as free electrons. In the
band model, this corresponds to the case where these electrons are lifted out of the
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Figure 3.7 Depiction of energy bands of insulators (a), semiconductors (b), and metals (c).

valence band, overcome the forbidden zone, and arrive in the conduction band. They
become conductor electrons and increase the conductivity of the crystal.

3.2.2 Differences in Isolators, Semiconductors, and Conductors

After we have made the acquaintance of semiconductors, we will expand to other
materials. For this purpose, Figure 3.7 shows the comparison of the band scheme of
insulators, semiconductors, and metals. In the case of insulators, the forbidden zone
is very big. Insulators are typically materials whose bandgap is greater than about
3 eV. This means that almost no free electrons are available even at high temperatures.
Semiconductors at low temperatures also act as insulators. At medium temperatures,
however, conductivity is increased until at very high temperatures (e.g. over 200 °C)
they become good conductors (thus the term semiconductor).

Metals are a special case. With these, we can say in simplified terms that their valence
and conduction bands overlap so that they possess a high degree of conductivity even
at low temperatures.

Table 3.2 shows the bandgaps of various materials.

3.2.3 Intrinsic Carrier Concentration

We will now study the processes in the semiconductor crystal more closely. Figure 3.8a
shows the generation of a free electron in the crystal as well as in the band model. As
soon as an electron is released from its bonds, there is a gap in the crystal called a
hole. The whole process is called electron—hole pair generation. The reverse process
can be seen in Figure 3.8b: The free electron falls back into the hole, and this is called
electron—hole pair recombination.

The generation and recombination of electron—hole pairs occur continuously in the
crystal. Depending on the semiconductor material and the current temperature, there
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Table 3.2 Comparison of the bandgaps of various

materials.
Bandgap
Material Type of material AW (eV)
Diamond Insulator 7.3

Gallium arsenide ~ Semiconductor 1.42

Silicon Semiconductor 1.12
Germanium Semiconductor 0.7
(a) Electron—hole pair generation: (b) Electron—hole pair recombination:
[ ] [ ] [ ] 4 ,Conduction band [ ] [ ] °
/
D@, ] ooy Jiy

° - H °/” °
o@oo@»@o WV-@ o@oo@n@o Wy

Valence band

Figure 3.8 Thermal generation and recombination of electron-hole pairs: In a timed average, there is
an average number of free electrons as well as holes, the intrinsic carrier concentration.

is an average number of free electrons as well as holes, known as the intrinsic carrier
concentration ;.

The index “i” stands for intrinsic. It indicates that this is an undoped semiconductor
(see Section 3.4).

The intrinsic carrier concentration can be determined by means of the following
equation:

AWG

n; = NO e e 2kT (33)

with N: effective density of states; for silicon: Ny~ 3% 10 cm™ and k: Boltzmann
constant; k=1.38 X 1072 Ws K1 =8.62 x 107> eV K.

To a certain extent, the effective density of states N, gives the number of free electrons
that can be generated in the extreme case (at extreme high temperature). In this, for the
sake of simplicity, we have assumed that the effective density of states of the electrons
is the same as one of the holes. Each generated free electron leaves a hole in the crystal
lattice. Therefore, n; describes the number of free electrons as well as the number of
holes.

Example 3.3 Intrinsic carrier concentration
We calculate the intrinsic carrier concentration of silicon at room temperature
(9=25°C). First, we calculate the absolute temperature T in Kelvin:

T =273.15K+ 25K =298.15K.

Now, we insert all values into Equation (3.3):
1.12eV

— =1.06%10° cm™ ~ 10'° cm™3.
2-8.62x107° eV K-1.298.15 K

n=N,-e
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3.3 Charge Transport in Semiconductors

3.3.1 Field Currents

Figure 3.9 shows a crystal of silicon that has an electric voltage V applied to it. As in a
plate capacitor, this voltage leads to an electrical field F in the crystal:

F= % (3.4)

By means of this field, the negatively charged electrons are accelerated in the direction
of the positive pole of the voltage source. Thus, there is a flow of current through the
semiconductor, which is called field current (sometimes drift current). However, the
electrons in the crystal repeatedly collide with the atomic nucleus, are decelerated and
accelerated again by the field. In a timed average, they achieve a certain average drift
velocity vp,.

The quotient from these achieved drift velocities vy, for an applied field F is called the
mobility p of the electrons:

Vb
= —. 3.5
HUN F (3.5)

In Figure 3.9, the electrons are moving from left to right through the crystal.
Then they flow through the outer circuit from right to left. The arrow of the
current /, however, points in the opposite direction. Isn’t there a mistake?

@ The figure is correct. The electrical current is conventionally defined as the
flow of a positive charge. Thus, it has the opposite direction of the flow of the
negatively charged electrons.

It is easy to understand how an increase in temperature affects the crystal: The greater
the temperature, the stronger the oscillations of the crystal lattice. This increases the
probability that the accelerated electrons collide with the atomic nuclei.

The average drift velocity and thus the mobility of the electrons decrease.

Electric field F

A

!

e Length / >l

Figure 3.9 Current transport through the silicon crystal: The electrons are repeatedly decelerated by
collisions with the atomic nucleus and then accelerated again.
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The number of electrons in the volumes of the crystal from Figure 3.9 is N:
N=n-volume=n-A-1I (3.6)

with #n: electron concentration; A: cross-sectional area of the crystal; /: length of the
crystal.

These electrons are pushed by the electrical field through the crystal in the time
At = [ /vy, with Equation (3.5) for the field current /., this results in

I Charge ¢g-N
™ "Time ~ At
with #: carrier concentration.
If the current is now divided by the cross-sectional area, the result is the current

q-n-A'é=q'n'A~VD=q~A-n-;4N-F (3.7)

density jp:
.
je=G=a n uy-F. (3.8)

Besides the current transport by the electrons, there is also current transport through
holes in the semiconductor. Consider Figure 3.10 for better understanding: Because of
the applied electrical field, an electron jumps into a neighboring free space. In this way,
the hole is basically moved in the opposite direction. A similar comparison, for instance,
is a soccer stadium. If there is an empty seat at the end of a row and one spectator after
the other moves to the next empty seat, then the empty seat “moves” in the opposite
direction.

It is obvious that the hole mobility is lower than that of the electron. For the mobility
of the hole, electrons must move one after the other to free spaces, which occurs much
slower than the movement of a free electron in the crystal. In silicon, hole mobility
with approximately 450 cm? (V s)7! is therefore only a third of the electron mobility py
of 1400 cm? (Vs)~1.

3.3.2 Diffusion Currents

Besides the field current, there is also a second type of current in semiconductors: The
diffusion current. This comes from the differences in concentration in which the neces-
sary energy is provided by the thermal lattice movement. As soon as there is an increased

T
1
7 4 32 —~—
8r0- 3 2 o Hole
® Q\ ; ®
6™®7 5
/]\ "~ Bond of two
{) {) electrons

A

Electric Field F

o 0 0 o o o o ° ° o ° o ° o o o
1. MMM ofMMM M . MM _ MM , M _MAOM
nemeweenerT T T oo INETTI0E 00 e

Figure 3.10 Transport of current by means of holes. The electrons move to the right one after the
other. Therefore, there is a “hole movement” in the opposite direction. The situation is comparable to
the movement of people along a row of seats.
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Figure 3.11 Explanation of the diffusion current on a heap of sand. If the vibrator is switched on at a
time t =0, then the sand heap flows apart. The highest “sand particle flows” occur at the steepest
places of the heap.

concentration of charge in a place in the crystal (e.g. generated by light, see Section 3.6),
then a diffusion current flows until the increased charge carrier concentration is equal-
ized again. The magnitude of the diffusion current is proportional to the gradient (thus
the equalization) of the particle concentration r(x):

d
jop=—q-D- ZSC) (3.9)

with j,: diffusion current density; g: elementary charge; D: diffusion constant.

For better understanding, we will consider the analogy of a sand heap (Figure 3.11).
This lies on a board that is shaken by a vibrator. The sand flows apart due to the vibration.
The largest flows of sand will be on the steep sides, whereas the sand particles in the
middle practically sink straight to the bottom.

Thus, the slope of the sand heap height n(x) gives the amount of the “sand heap flow.”
After 55, the sand heap has already become wider and flatter, and consequently, the
particle flows are less. The process continues until the “sand concentration differences”
have been fully reduced, and the sand is therefore completely evenly distributed.

3.4 Doping of Semiconductors

As we have seen, to start off with, semiconductors are poor electrical conductors.
They have achieved their particular importance in that their conductivity can be
influenced in a targeted manner. For this purpose, one introduces foreign atoms into
the semiconductor crystal (doping).

3.4.1 n-Doping

One speaks of n-doping when, instead of the original atom, one installs an atom from
Group V (see the Periodic Table in Table 3.1). An example is phosphorous. This atom
has one valence electron more than silicon and at the same time an additional proton
in the nucleus. If this is inserted into a silicon lattice — as shown in Figure 3.12 — then
the result is like the “Musical Chairs.” Four valence electrons enter into a bond with the
neighboring atom: The fifth finds no open bond. Instead, it is so weakly connected to the
atomic nucleus that it is available as a free electron at room temperature. This becomes
quite clear when viewing the band diagram: The doping atom generates an additional
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Figure 3.12 n-Doping of semiconductors; one of the five valence electrons of the phosphorous atom
is not necessary for the bond and is therefore available as a free electron. Because of the doping there
is a new energy level in the band diagram just below the conduction band edge.

energy level just below the conduction band edge. Only a very low energy (e.g. 1/50 €V)
is required to lift the affected electron into the conduction band. The built-in foreign
atom is called a donor atom from the Latin donare: To give or present. The donor atom
more or less “presents” the crystal lattice with a free electron. As the donor atom is only
bound to four electrons and at the same time has five protons at the nucleus, in total,
this is a site-fixed positive charge.

Due to the n-doping, the concentration # of the free electrons rises drastically. At
the same time, many of these electrons possess free bonds so that there are almost no
holes left. In the case of the n-semiconductor, the electrons are therefore designated
as majority carriers and the holes as minority carriers. The concentration of the free
electrons in n-doped semiconductors is practically only determined by the density N,
of the donor atoms: n= Np,. These increase the conductivity of the crystal and almost
turn the semiconductor into a conductor.

3.4.2 p-Doping

The second possibility of changing the conductivity of the semiconductor is by
p-doping: Here, for instance, trivalent boron atoms are inserted (Figure 3.13). In
this case, there are only three valence electrons available so that one bond remains

o ®) w  Conduction band

o Acceptor levels AWg

/.
0 I

Valence band “Free” holes

Figure 3.13 Example of p-doping of a silicon crystal with a boron atom: One of the four links remains
open as the boron atom can only offer three valence electrons. A neighboring electron moves into this
binding and thus “generates” a hole.
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incomplete. A neighboring electron moves into this open bond so that again a noble
gas configuration is available for this boron atom. Now there is a missing electron on
a neighboring place, and thus a hole is formed. In this hole, conductance becomes
possible. The trivalent atom is also designated as an acceptor atom, after the Latin
acceptare: Acceptance. In a certain sense, this atom accepts an electron of the crystal.
Then the acceptor atom represents a fixed negative charge as it only possesses three
protons in its nucleus.

In practice, the doping densities (donor density N and acceptor density N ,) are very
low: For instance, only every hundred-thousandth silicon atom is replaced by a doping
atom. Yet the conductivity of the material can be increased by many factors of 10.

3.5 The p-nJunction

Why are we going into such details of semiconductors? They conduct electrical
current so poorly and must be doped in order to conduct as well as simple
metals!

@ In fact, the main reason for the victory march of semiconductor electronics is
that the combination on n- and p-doping can create components with very
special features. An important fundamental of almost all components is the
p-n junction, which represents a diode in its technical realization.

3.5.1 Principle of Method of Operation

Figure 3.14 shows the principle processes in a p—n junction. The left crystal is n-doped
and the right one p-doped. Both regions are electrically neutral. Thus, on the left side,
the number of free electrons is equal to the number of fixed positive donor atoms. The
right side corresponds to this where the positively charged holes compensate for the
negative charge of the acceptor atoms.

n-Doped p-Doped
So5ed Symbol explanation:
N — [— -Dope
n-Doped : : p-op @ Free electron
@ Hole

Electric Field F. ~+ Fixed positive charge
n-Doped T+ + | - - p-Doped — Fixed negative charge

I [

s+ -

H_J

Space charge region

Figure 3.14 The p-n junction: Electrons flow from the n-side to the p-side where they occupy the
holes. On the n-side, fixed positive charges remain behind; on the p-side, fixed negative charges are
generated.
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Let us now assume that both regions have just been connected. On the n-side, there
is a surplus of free electrons. These diffuse due to the concentration gradient as a
diffusion current to the right into the p-doped region, and there they recombine with
the holes. In reverse, holes diffuse from the right to the left into the n-region where
they recombine with the electrons. Thus, there are almost no free electrons and holes
in the neighborhood of the junction that the fixed charges could compensate for.
Because of the rising number of excess fixed charges in the junction region, an electrical
field eventually comes into existence. This field again leads to the electrons being
pushed to the left and the holes to the right. Finally, a new balance is built up in which
diffusion and field current cancel each other and a space charge region exists at the p—n
junction.

This space charge region causes a potential difference between the right and left
borders of the space charge region, which is called the diffusion voltage V/,.

In Figure 3.14, we make use of a new drawing convention: Free charge carriers are
shown with a border and fixed charges without a border.

We have already made the acquaintance of a good model for the diffusion

@ current, the sand heap. If we vibrate this long enough the sand becomes fully
flat. This should really be the same with the p-n junction: If we wait long
enough after combining the two regions, then the electrons should distribute
themselves throughout the crystal evenly, or is it not so?

E Here it must be noted that there is a decisive difference between the sand
particles and the electrons: Sand particles have no charge! The electrons are
subjected to the influence of the field of the space charge region and are
“pulled back.” In this way, the flowing apart is slowed down and finally comes
to a stop.

In the example shown, the left- and right-hand sides of the space charge region are the
same size. This is because each electron that wanders from the left to the right side leaves
a fixed positive charge behind on the left side and generates a negative fixed charge
on the right (neutrality condition). The doping in technical diodes is often carried out
asymmetrically. Figure 3.15 shows this for the example N, =2N,: The negative region
extends twice as far as the p-region because the individual doping atoms are further
apart there. The designation n* denotes a strong n-doping.

XN Xp=2-Xy
[e—>
.| Strongly I+ + - -
Np =2 - Npj: + -
Np=2-Np: n-doped n : 44 _ _ : p p-Doped
AN J

Y
Space charge region

Figure 3.15 Asymmetric doping of the p—n junction: The space charge region extends mainly into the
low doping region.
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3.5.2 Band Diagram of the p—n Junction

We will now determine the size of the diffusion voltage. One possibility for this is
through Fermi energy, the maximum energy occupied by an electron at 0K, named
after the Italian physicist and Nobel Prize winner Enrico Fermi (1901-1954).

Fermi energy W, is generally defined so that the probability for the occupation of this
energy level is exactly 50%.

Somewhat clearer (if not physically quite correct) we can describe Fermi energy such
that it tells us the average energy of the electrons of a crystal. Thus, for instance, the
Fermi energy of an undoped semiconductor is in the middle of the forbidden region
as every electron in the conduction band generates a hole in the valence band, and
the quantity of possible energy conditions in the conduction and valence bands is
the same. However, as soon as the semiconductor is n-doped, then the number of
electrons in the conduction band rises and with this so does the Fermi energy W
(see Figure 3.16a).

The reverse case occurs in p-doping: There are hardly any free electrons, and most
of the electrons are situated in the valence band so that W is just above the valence
band edge.

If the p- and n-regions are now brought together, then the Fermi energy in thermal
equilibrium must be at the same level in both regions. As shown in Figure 3.16b, a
potential step ¢ - V, builds up that corresponds to the band distance but is reduced
about both the Fermi differences AW, and AW ,:

q-Vp=AWg; - AW, — AW, (3.10)
(a) p and n separated
[ p
AW¢ AW
We =g~ Se—— F F
TAW1 T el AW {AWQ = kT In(Ny/N) 4 1Ye
Loy |

(b) p and n connected

P+ + i
' i

Figure 3.16 Determination of the diffusion voltage V, of a p-n junction by means of the Fermi
energies of n- and p-doped sides [24].
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The Fermi differences are calculated by

N,

AW, =k-T-In <—°> (3.11)
ND
N,

AW2=k-T-ln<—0>. (3.12)
NA

Here the dimension N is the effective density of states of the electrons and holes as
they have already been applied in Equation (3.3).
Thus, the result is

N, N,
q-VDzAWG—k-T-ln<—O>—/('T-ln<—0> (3.13)
Np N,

Ng
:AWG—k-T~lr1 5
Np - N,
N2
>q-Vo=AW,—k-T-1 9 ) 3.14
q D G n<ND-NA) ( )

Example 3.4 Diffusion voltage of a p—n junction
We consider an asymmetric p—n junction with N, = 10 cm =3 and N, = 10'®* cm~3. The
result for the diffusion voltage is

3x 10" cm®)?
q-Vp=112eV-862x107°eVK™": 298.15KIn ( 1( cn;ls) > ’
10" ¢cm~3 x 10'° ¢cm-3

=112-041eV =0.71eV.

Therefore, we obtain a diffusion voltage of approximately 0.7 V. ]

3.5.3 Behavior with Applied Voltage

If we apply a small positive voltage 1/ to the p—n junction, then the electrons are driven
by the voltage source into the n-region (Figure 3.17a). However, in the region of the
junction, they are prevented by the field of the space charge region from moving into
the p-region. They back up at the left border of the space charge region and reduce this
by the neutralization of the positive fixed charges. The same occurs on the right side
with the interlinkage of the holes and fixed negative charges. The reduction of the space
charge region also leads to a smaller diffusion barrier voltage V. This results in a small
current via the p—n junction.

If we increase V, then the space charge region is further reduced until finally it
almost completely disappears. Now a strong current can flow, the “diode” becomes a
relatively good conductor. The voltage required for this corresponds to the diffusion
voltage V},. As the diode conducts with applied positive voltage, we speak of “forward
voltage.”

The case of applied negative voltage (“reverse voltage”) is shown in Figure 3.17b.
Because of the external voltage, the space charge region is enlarged somewhat as free
charge carriers are taken out at the borders. Only a minimal reverse current flows in
the nA region.
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Figure 3.17 Behavior of the p-n junction with applied voltage: When V rises, the space charge region
is reduced and a rising current can flow. In the case of reverse voltage, the diode blocks and the space
charge region are enlarged. (a) Positive voltage (forward voltage). (b) Negative voltage (reverse
voltage).

3.5.4 Diode Characteristics

For deriving the characteristics, we look at p—n junction without external circuit. In
this case, the total current must be zero. Thus, the total sum of the diffusion current
density j and the field current density j; must be zero, This again means that in temporal
average the same number of charge carriers of both types flow to the right as also to
the left.
With Equations (3.8) and (3.9), we can state that
dn(x)
dx -
This equation is valid for the electrons as well as the holes. A solution for this system
of differential equations can be found by means of a longer calculation and simplified
assumptions (for instance, see [25]). The result is the so-called diode or Shockley
equation.

je=jp=>q-nx) - pu-Flx)=-q-D (3.15)

I=1I- (eﬁ - 1) (3.16)

with Ig: saturation current of the diode; V1: thermal voltage.
The saturation current I is determined by

-Dy - n? -Dyp, - n?
15=A-(q NI T > (3.17)

Ly Ny = Lp-Np

with Ly, Lp: diffusion lengths of the electrons or holes.

Therefore, it depends on the concrete structure (doping, area of the junction, etc.) of
the p—n junction and is typically in the nA to pA region. The diffusion lengths L, and
L, define what distance a free particle travels on average in the foreign region until it
recombines. This dimension will be discussed in greater detail in Section 4.2. The size of
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Figure 3.18 Buildup, symbol, and I/V characteristic curve of a p—n diode: In the forward direction, an

exponential increase follows out of the Shockley equation. Above the threshold voltage V,,, we see a
strong rise of the current. In the reverse direction, there are high currents in the case of exceeding the
breakthrough voltage V.

thermal voltage V. used in Equation (3.16) can be determined by means of the following
equation:
V= k-T (3.18)
q

Example 3.5 Thermal voltage at room temperature
The following thermal voltage occurs at room temperature (7' = 300 K):

kT _862x107°eVK!-300K

y
g q

=25.89 mV =26 mV. |

At room temperature (T =~ 300 K), the thermal voltage is approximately 26 mV.

The typical characteristic curve of a p—n diode as shown in Figure 3.18 can be
taken from the Shockley equation. The exponential function results in a seeming
kink in the characteristic after which the current rises drastically. This occurs at the
threshold voltage V7, that corresponds approximately in amount to that of the diffusion
voltage V.

If one applies a strongly negative voltage to the semiconductor diode, then the elec-
trical field is increased in the space charge region. This accelerates the available free
electrons.

If the negative voltage is increased further, then at some point the electrons reach such
a high speed that they knock further electrons out of the crystal bonds. These in turn
are also accelerated and increase the effect. Thus, we speak of an avalanche effect or
avalanche breakthrough. At a later point, we will return to our knowledge of the p—n
junction when dealing with solar cells.

3.6 Interaction of Light and Semiconductors

3.6.1 Phenomenon of Light Absorption

We learned of the effect of light absorption on individual atoms when discussing Bohr’s
atomic model (see Section 3.1.1). The behavior of the semiconductor is similar. In place
of the individual energy levels, however, the bandgap AW ; is decisive here for the
absorption behavior.
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Figure 3.19 Principle of light absorption in the semiconductor. (a) The photon is absorbed only with
sufficient light energy and an electron is raised into the conduction band. (b) Incidental light radiation
into a semiconductor crystal: Due to absorption in the material, the light intensity sinks with
increasing penetration depth.

3.6.1.1 Absorption Coefficient

Figure 3.19 shows the effect of light absorption in the semiconductor crystal. Incident
light photons lift individual electrons from the valence into the conduction band. In
order to trigger this effect, the energy Wy, of the photons must be greater than the
bandgap:

W, =h-f =AW, (3.19)

What is the effect of the light absorption in the solid-state body? Figure 3.19 shows
the incidence of a light ray in a semiconductor crystal. In passing through the crystal, the
irradiance E sinks continuously due to absorption. The course of the irradiance in the
absorbing material can be described by means of a decaying exponential function:

E(x)=E, - e~ (3.20)

with E;: irradiance at x = 0; a: absorption coefficient.

The absorption coefficient @ indicates the absorption “ability” of the respective
material. Occasionally use is made of the penetration depth x,. This describes accord-
ing to which light path the intensity has decayed by 1/e times (thus approximately
37%). The connection between the two quantities is given by the following equation

(see Exercise 3.3):
Xp = —. (3.21)
a
Example 3.6 Penetration depth of silicon
In the visible spectrum (4A=600nm), crystalline silicon (c-Si) has an absorption

coefficient of approximately 4000 cm™!. With Equation (3.21), the result from this is a
penetration depth of 2.5 pm. [ ]

3.6.1.2 Direct and Indirect Semiconductors
In order to understand why different materials possess greatly different absorption
coefficients, we must study the interactions between light and the semiconductor
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crystal more closely. A semiconductor crystal is a system of coupled oscillating lattice
particles and for this reason the energy of the lattice oscillations cannot take on every
desired state. Similar to a photon, these lattice oscillations can also be allocated to a
particle character. Such a particle is called a phonon. With this model, we can describe
the optical generation of an electron—hole pair as an impact process for which both
energy as well as conservation of momentum must apply. An incidental photon has a
relatively high energy but only a low momentum. In contrast, a phonon has low energy
but at the same time high momentum.

Semiconductor materials are divided into two groups: Indirect and direct semicon-
ductors. With an indirect semiconductor (e.g. Si), the minimum of the conduction
band edge is situated at a different crystal momentum to the maximum of the valence
band edge (Figure 3.20).

This means that an electron—hole pair can only be formed with the participation of a
phonon. In the case of a direct semiconductor, however, no phonon is necessary as here
the minimum of the conduction band and the maximum of the valence band exist with
the same crystal momentum (Figure 3.21).

In order to really understand these processes, we should go into the details of
solid-state physics (see, for instance, [26]). Instead, we will select a simple mechanical
model for description. Let us view Figure 3.20 again. The x axis now shows the

W Atom nucleus Hole Fixed electron
e |z/- 4
oL _lol=-""lo' " @)

IAWG I I I I

Wa

=
I
iz

Crystal direction (crystal impulse)' Free electron

Figure 3.20 Simple model for understanding an indirect semiconductor: In order for it to absorb the
photon, the electron must change its energy as well as its direction of oscillation.

Atom nucleus

Hole Fixed electron
O/—OéO-éO

Crystal direction (crystal impulse)' Free electron

Figure 3.21 Situation in the direct semiconductor: A free electron can be generated by means of
absorption in that it changes only its energy but not its direction of oscillation.
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oscillation direction of an electron. We see that the minimum of the conduction band
is positioned in a different oscillation direction to the maximum of the valence band. If
a photon with energy Wy, > AW is to lift an electron into the conduction band, then
the electron must not only change its energy but also its oscillation direction at the
same time.

In the crystal model, on the one hand, we show this by depicting the holes not as
circles but as slots. On the other hand, we represent a free electron as a sphere swinging
to-and-fro, which can only exist when it achieves a diagonal oscillation direction. This
only occurs when the electron collides with the nucleus of an atom (more or less when
it takes up an additional momentum from the lattice).

As this coincidence is relatively unlikely, a photon moves comparatively far into an
indirect semiconductor crystal before it is absorbed. For this reason, indirect semicon-
ductors like silicon or germanium only possess a low absorption coefficient.

The position is different with a direct semiconductor (Figure 3.21). The absorption of
a photon can take place in that the electron is torn out of its bond without the direction
of oscillation being changed. The result is that absorption is relatively probable and thus
a high absorption coefficient is given. Table 3.3 lists the absorption properties of various
direct and indirect semiconductors.

The strongly differing absorption behavior of individual semiconductors is shown
even more clearly in Figure 3.22. In the case of direct semiconductors, the absorption
coeflicient rises steeply above the bandgap energy. In crystalline silicon, however, the
rise is much more moderate, resulting overall in a relatively low absorption coefficient.

3.6.2 Light Reflection on Surfaces

3.6.2.1 Reflection Factor

We will consider two materials with different refractive indices n, and n, (see
Figure 3.23a). The refractive index 7 of a material indicates by which factor the speed of
light is reduced compared to its speed in a vacuum: n = ¢,/c. If the ray of light falls on an
interface between two materials, then reflection results. The strength of the reflection
is given by the reflection factor R [30]:

R== (3.22)
with E,: incident irradiance; Ey: reflected irradiance.

Table 3.3 Comparison of the absorption coefficients of different
materials for light of wavelength 600 nm [27-29].

Absorption
Bandgap coefficient  Penetration
Material Type AW; (eV)  a(cm™) depth X, (pm)

c-Si Indirect 1.12 4000 2.5
a-Si Direct 1.7 40 000 0.25
CdTe Direct 1.45 37 000 0.3

GaAs Direct 1.42 47 000 0.2
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Figure 3.22 Absorption coefficient of different semiconductor materials versus photon energy: The
direct semiconductors show a steep rise in absorption above the bandgap energy [27-29].
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Figure 3.23 Reflection of light on the interface between two media: The reflection can be reduced
with the use of an antireflection layer (b).

For vertical incidental radiation, the reflection factor is calculated according to the
following equation:

2
n,—n
R:< ! 2> ) (3.23)
n, +n,
Example 3.7 Reflection on a silicon surface

In the case of silicon, the refractive index is in the visible spectrum at approximately
n=3.9 [31]. If a ray of light (» = 1) impinges vertically on the silicon surface, this results
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in a reflection factor of
_ 2 _ 2
R= (1 39) - <ﬂ> = 0.35 = 35%.
1+3.9 4.9
Thus, approximately one-third of the light is reflected. [

If, instead of a vertical, one selects a flat incidence of radiation, then the reflection
factor rises further. This effect can be seen well on a pane of glass: The more we turn a
pane of glass to look at it as flat, the more it acts as a mirror.

3.6.2.2 Antireflection Coating

The incidental reflection must be reduced in order to achieve a high degree of efficiency
in a solar cell. A standard means of doing this is antireflection coating. Figure 3.23b
shows the principle: A material of thickness d is inserted between the two media. At
the interface, there is a reflective ray Ey;. There is also a reflection at the transition
from #ng to n, that appears at the surface with the strength Ey,. The trick is to make the
layer d so thick that the ray 2 is displaced by 180° phase compared to ray 1 so that the
reflective radiations cancel each other out due to interference.

I can just imagine that the two reflecting rays could cancel each other out. This
doesn't bring anything useful, as in this way no more light penetrates the
semiconductor, or is this not the case?

E First of all, we must admit that the right-hand sketch of Figure 3.23 does not
mirror the actual case accurately enough. In fact, the ray reflected at the border

layer nq/n, is partly reflected again at the front border layer ng/n,. This results in
an infinite number of continuously weakening to-and-fro reflections. The rays
moving downward have a phase displacement of 360° to each other and
superimpose themselves constructively (for details see [30]). As a result, in the
optimum case actually the whole of the incidental light penetrates into the
semiconductor.

The conditions for the optimal layer thickness can be determined as follows:

d=

c2-m+1) (3.24)
4-ng

withm:0,1,2,3, ...

In matter, the speed of light ¢ and thus the wavelength compared to that in a vacuum
is reduced: A, = 4/ng. The layer thickness must therefore correspond to an uneven
multiple of a quarter wavelength:

!
d=%-(2-m+1). (3.25)

The remaining reflection factor can now be calculated according to the Fresnel
equations [30]:

ny —n, - n, ’
R=( -0 (3.26)
n;+n, - n,
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Figure 3.24 Spectral progression of reflection for uncoated and, for silicon oxide or silicon nitride,
coated silicon: For both materials, the reflection factor can be clearly reduced compared with bare
silicon.

From Equation (3.26), it can be seen that the reflection factor even reaches zero, when
the refractive index ng is at the geometric average of the two other indices:

g = \/Hy - Hy. (3.27)

In reality, however, a complete prevention of reflection is not achievable. Thus,
Equation (3.27) cannot be fulfilled optimally as only a few suitable materials are
available for antireflection coatings.

Example 3.8 Antireflection coating with SiO,

In the case of silicon, the refractive index of ng = 1/3.9 =197 is optimum. The
easy-to-use material silicon oxide (SiO,) has a refractive index of 1.46. With

) 2
Equation (3.26), this gives a reflection factor of R = <%) = 8.6% [

Silicon nitride (SizN,) is much better and is used today as the standard material for
antireflective coatings of solar cells. It possesses a refractive index of 2.0, which again
leads to a remaining reflection factor of less than 1%.

However, it has to be kept in mind that a selected layer thickness can always function
only as the optimum for one single wavelength. But with solar cells, we want to utilize the
largest possible region of the Sun’s spectrum. Mostly, the layer thickness is defined for
minimal reflection at A =600 nm. Figure 3.24 shows the result: With the use of a Si;N,
layer, the reflection disappears almost completely at 600 nm and rises at the borders of
the viewed spectral region by up to 34%.

A third limitation must be noted, that the considerations made here apply only to
vertical incidence. In a flat incidence, the path difference changes between the two
reflected rays so that an increased reflection also applies here. In Chapter 4, we will
discuss further possibilities for reducing the reflection.
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Structure and Method of Operation of Solar Cells

The basis of photovoltaic power generation is solar cell. For this reason, this chapter
will deal with its structure and function in greater detail. We will pay special attention
to the question of how to achieve a higher degree of efficiency and present the current
efficiency records of solar cells.

4.1 Consideration of the Photodiode

A good foundation for understanding the solar cell is the photodiode.

4.1.1 Structure and Characteristics

We can represent a photodiode in the simplest case as a p—n junction that is illuminated
from the side (Figure 4.1).

Penetrating photons are absorbed, and they generate free electron—hole pairs. These
are separated again by the electrical field prevailing in the space charge region and
“brought home”: The electrons to the n-side and the holes to the p-side. There they are
majority carriers, which reduce the probability of undesired recombinations. Now the
generated power can be drawn off at the contacts. As it is generated by photons, it is
called the photocurrent /..

We will assume that every absorbed photon also leads to an electron—hole pair and,
therefore, makes a contribution to the photocurrent. Thus, photocurrent /;,;, is propor-
tional to the irradiance E:

I, = const - E. (4.1)

The resulting characteristic curve is shown in Figure 4.2.

Provided that no light shines on the photodiode, it behaves like a normal p—n junc-
tion. With a reverse voltage, only a small reverse current flows, which is called the dark
current. As soon as light shines on the diode, a photocurrent that is independent of
the voltage V is added to the diode characteristic curve. Because it flows in the reverse
direction, it displaces the depicted I/V curve downwards. The use of the photodiode
in quadrant III is called photodiode operation as photodiodes are typically operated
with applied reverse voltage in order, for instance, to serve as detectors for optical data
receivers. In quadrant IV, the photodiode is operated as a solar cell — with positively

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
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Figure 4.1 Illuminated p-n junction: The free electrons and holes generated by light absorption are
separated from the field of the space charge region and “brought home.”
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Figure 4.2 Symbol and characteristic curves for a photodiode.

applied voltage, the result is a negative current. In the depicted load reference-arrow
system, this means that energy is not used from the device but that energy is generated.

In the load reference-arrow system, the voltage V is applied to the device and then the
current / flowing from the voltage source to the component is counted as positive.

In principle, one could also dispense with the p—n junction in the diode. Also

@ in a silicon crystal without a junction, the absorption of light would lead to
the generation of electron-hole pairs. Could one also use this external
generation of electrical energy?

E Of course, electron-hole pairs are also generated in an illuminated
semiconductor without a junction. This increases the carrier concentration
and, therefore, the conductivity of the crystal. Thus, we have a
light-dependent resistor (LDR). Although this can be used for the
measurement of light (e.g. in a twilight switch), it cannot be used for the
generation of electrical energy as no voltage is established due to the lack of
a p—n junction.
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Figure 4.3 Equivalent circuit of the photodiode.

4.1.2 Equivalent Circuit

The electrical behavior of the photodiode can be expressed by the Shockley equation
(3.16) in combination with the photocurrent:

[=1Iy— Iy, =I- (e"_r - 1) — Ly, (4.2)
where the dimension /g is the saturation current mentioned in Chapter 3:
D D
Iy=A-q-n?- NP ). (4.3)
' Ly-Ny  Lp-Np

Equation (4.2) can be illustrated by an electrical equivalent circuit (Figure 4.3), where
a current source with the strength I, is combined with a passive diode. We will return
to this equivalent circuit when considering the solar cell.

4.2 Method of Function of the Solar Cell

4.2.1 Principle of the Structure

What is the structure of a solar cell? Figure 4.4 provides information on this. Basically,
like the photodiode, it consists of a p—n junction. This is asymmetrically doped: At the
bottom is the p-base and at the top the heavily doped n*-emitter. The terms base and
emitter come from the starting times of the bipolar transistors and have been adopted
for solar cells. If light penetrates the cell, then every absorbed photon generates an

Busbar Light incidence
(current collecting rail)

Front contact

Negative contact Anti-reflection coating

n*-Emitter

Space
charge region

p-Base

Positive contact Hole

Back contact

Free electron

Figure 4.4 Typical silicon solar cell.
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electron—hole pair. The particles are separated from the field of the space charge region
and moved to the contacts: The holes through the base to the bottom back contact and
the electrons through the emitter to the front contacts.

These are small metal strips that transport the generated electrons to the current col-
lector rail (busbar). If a load is connected to the two poles of the solar cell, then this can
draw off the generated electrical energy.

4.2.2 Recombination and Diffusion Length

Before we consider the method of operation of the cell in greater detail, we must
acquaint ourselves with the behavior of the minority charge carriers. With incident
light, electron—hole pairs are generated by the absorption of photons, and these are
then available as “surplus” charge carriers. When the source of light is switched off, the
particles recombine after a short time in order to re-create the starting condition.

The mechanism of greatest importance to us is defect recombination. It occurs when
the theoretically ideal crystal is impure because of foreign atoms, crystal structure
errors, and so on. In this case, the forbidden zone is no longer empty but has additional
levels (Figure 4.5). Thus, an iron atom in a silicon crystal, for instance, leads to a level in
the middle of the forbidden zone, but a sulfur atom is situated only 0.18 eV below the
conduction band. For an electron, additional levels represent something like step levels
over which a descent into the valence band becomes simpler and thus more probable.
The level of the sulfur atom is easy for the electron to reach from the conduction band,
but then it must still bridge almost the whole of the bandgap of 1.12 — 0.18 eV =0.94 eV.
With an iron atom, however, the step height is reduced to 0.56 eV so that the recombi-
nation probability is extremely large. The recombination centers caused by the foreign
atoms are also called traps. In addition to foreign atoms, crystal errors such as empty
lattice places or crystal displacements also lead to increased recombination.

A crystal surface is also a disturbance of the ideal, infinitely extended crystal. The
electrons of the outer atoms do not find bonding partners and remain as open bonds.
These then lead to undesired surface recombinations.

From these considerations, it becomes clear that a crystal used for solar cells should
be single crystalline as far as possible and of a high degree of purity. In order to compare

AW
We
s A‘_OJB eV
0.55 eV
112ev .""-__0.94 eV Fe
; : 0.57 eV
N : :

Figure 4.5 Recombination of electron-hole pairs in the case of impurities: The energy levels of the
foreign atoms form “step levels,” which increase the probability of an electron transferring from the
conduction to the valence band.
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various materials, one measures the carrier lifetime of a particular material sample. The
carrier lifetime 7,; defines how long a generated electron exists on average until it recom-
bines again. Depending on the quality of the silicon and the doping concentrations, it
falls within the milliseconds to microseconds range.

A more useful parameter is the diffusion length L, which describes the distance that
a generated electron travels in the semiconductor until it recombines again. It can be
calculated from the lifetime of the carrier:

Ly =+/Dy -1y (4.4)

where Dy is the diffusion constant of the electron; Dy, = 35 cm? s7! for c-Si.
Typical numerical values for silicon, for instance, are between 50 and 500 pm.

4.2.3 What Happens in the Individual Cell Regions?

The situation in the interior of the solar cells is shown in greater detail in Figure 4.6. As
we have already seen in Section 3.6.1, light is absorbed differently for different wave-
lengths. Blue light has the highest absorption coefficient with penetration depths of less
than 1 pm; infrared light, in comparison, has penetration depths of more than 100 pm.
For this reason, we will look more closely at the generation of photocurrent at different
depths in the cell.

4.2.3.1 Absorption in the Emitter

Let us consider Photon (). It is absorbed in the highly doped emitter. Because of the
high degree of doping, the diffusion length is extremely short so that the generated hole
probably recombines before reaching the space charge region. The particularly highly

Light incidence Anti-reflection layer

:1?9_"- - _ﬁo;o

n*-Emitter v
SRR, TS S S S S S S I R,
Space charge I _ \ | _ _ _ i
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.\ __________________________________ '. —x=1pm
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e ©
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Figure 4.6 Cross-section of a solar cell: Each individually generated electron-hole pair has a different
chance of making a contribution to the photocurrent.
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doped upper edge of the emitter is also, occasionally, called the dead layer in order to
emphasize that this is where the highest recombination probability is situated.

4.2.3.2 Absorption in the Space Charge Region

What happens to Photon 2)? Absorption takes place within the space charge region.
The field prevailing in the space charge region separates the generated electron—hole
pair and drives the two charge carriers into different directions. The electron is moved
to the n-region and from there, further to the minus contact of the solar cell. The hole
is moved in the opposite direction. It must travel a relatively long way through the base
to the plus contact. As it is in the p-region during this movement, the probability of
recombination is slight. Thus, practically all generated electron—hole pairs can be used
for the photocurrent.

4.2.3.3 Absorption Within the Diffusion Length of the Electrons

Photon (3) is absorbed only deep in the solar cell. The generated electron is not situ-
ated in an electrical field but diffuses as a minority charge carrier with little motivation
throughout the crystal. If, by chance, it arrives at the edge of the space charge region,
then it is pulled to the n-side by the prevailing field, where it can flow as a majority car-
rier to the contact. As the electron was still generated within the diffusion length, the
probability that it can maintain itself up to the space charge region is relatively high.

4.2.3.4 Absorption Outside the Diffusion Length of the Electrons

Photon (@) is a true loser and is absorbed only in the lowest region of the solar cell.
Although the electron diffuses through the p-base, it recombines with a hole before
it can reach the space charge region. Thus, although an electron—hole pair is formed
due to light absorption, an electron and a hole are “eliminated” afterward. Thus, the
absorbed photon (4) has contributed nothing to the photocurrent. As no electric energy
was produced in this case, the crystal has only become a bit warmer due to the energy
conservation law. This confirms the importance of good crystal quality for high effi-
ciency. Only in this way is a long diffusion length achieved so that absorbed infrared
light rays can even be used deep in the cell.

Figure 4.6 shows how the generated electrons flow outward via the upper
contacts and the holes downward. Would the available electrons and holes in
cells be used up at some stage?

E This is a misunderstanding regarding the concept of the holes. In fact, the
holes are only positions in which the electrons are missing; see Section 3.3.1.

In the solar cell, it means that electrons flow away at the upper contact
through the outer current circuit and then return into the cell at the lower
contact. There the holes coming from the other side meet with the electrons.
These holes in reality are electrons that “slip” in the opposite direction. An
electron flowing from the bottom of the cell fills a hole so that this
electron-hole pair can then be “regenerated” by means of light absorption.
Therefore, electrons and holes are not “used up.”
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Figure 4.7 Effect of the back-surface field: The generated electrons are stopped by the layer-forming
potential step at the pp+ interface and driven back into the p-region [14].

4.2.4 Back-surface Field

A special danger for the electrons that are generated in the lower region of the solar cell is
the metal semiconductor interface, as massive surface recombinations can occur there.
A common trick for avoiding this danger is the application of a highly doped p+-layer
between the metal and the semiconductor. This is achieved, for instance, by doping with
boron or aluminum atoms.

How does this trick work? Because of the concentration gradient, holes flow out of this
highly doped p*-layer into the p-region and leave site-fixed negatively charged acceptor
atoms behind. The generated electrical field is called back-surface field (BSF). It acts as
an electric mirror that returns the electrons generated by means of absorption in the
direction of the space charge region. The probability of an undesired recombination at
the rear of the cell is thus greatly reduced.

To gain a better understanding of this effect, an alternative way of viewing it is shown
in the band diagram in Figure 4.7. Analogous to Figure 3.16, we first consider what Fermi
energy the individual regions of the cells possess. After the merger, the result is the
depicted band process. At the transition of the p+ to the p-layer, the resulting small
potential step that prevents the electrons from moving further up to the back contact
can be seen. In addition to being an electric mirror, the BSF function has a further advan-
tage. The whole of the voltage drop at the cell is now divided into the potential level at the
actual p—n junction and the additional level at the pp™ interface. The resulting reduced
voltage at the p—n junction leads to a reduced dark current and then finally to an increase
in the open-circuit voltage V5 [32].

4.3 Photocurrent

On the one hand, the size of the photocurrent depends on the number of incident pho-
tons that are absorbed by the solar cell. On the other hand, the electron—hole pairs
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Figure 4.8 Light absorption in the solar cell.
Irradiance E(x)
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generated by light absorption must be separated and brought home safely. We will look
at the conditions for this more closely.

4.3.1 Absorption Efficiency

Figure 4.8 shows the light absorption of a solar cell similar to that in Figure 3.19. One
part Ey of the overall irradiance E; is reflected at the surface (see Section 3.6.2). Thus
the portion E; =(1—R) - E, penetrates into the cell. The intensity of the light is now
weakened by absorption by passing through the cell according to Equation (3.20). At the
bottom end, E, = E(x = d) = E, e"*? still remains. The difference E,,, = E, — E, gives the
proportion of light absorbed in the cell.

We define the absorption efficiency 7, as the relationship between the number of
absorbed photons and the number of photons incident from outside:

Number of absorbed photons  Nen abs  Ex,s  Ey — E,

= = =—" 4.5
abs = Number of incident photons Ny, E, E, (45)

After inserting the above equations, we obtain
Maps = (L= R) - (1 — &™), (4.6)

where R = reflection factor; @ = absorption coefficient.

Naps can reach values of almost 100%. For this, on the one hand, the reflection on the
surface must be reduced (e.g. by means of an anti-reflection layer; see Section 3.6.2). On
the other hand, the cell should be made thick enough that for x =d almost no photons
are left over. The problem here is that the absorption coefficient is strongly dependent
on the wavelength. Light in the near-infrared region is absorbed relatively weakly.

Example 4.1 Absorption of infrared light

Infrared light with a wavelength 4 =1000 nm has an absorption coefficient of approxi-
mately 50 cm™; according to Equation (3.21), this corresponds to a penetration depth
of 200 pm. For a cell thickness of 200 pm, a proportion of 1/e ~37% is lost as unused

(assume R =0). If one wishes to make the cell thick enough that a maximum of 1% of the
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light is lost, then the minimum thickness according to Equation (4.6) is

In(1 — 0.99
099 =1—ed el =1-099 4= 2L=099 g, pm. n

The cell in the example would, therefore, be approximately 900 pm thick. In addition to
the high cost of producing such a cell, there would still be the problem that the electrons
generated in the depth of the cell would recombine on the way to the space charge region.
A better solution is, for instance, to provide the back of the cell with an optical reflector.
In this way, the optical path distance can be doubled for the same thickness of cell.

4.3.2 Quantum Efficiency

Even if it were successful in driving the absorption efficiency up to 100%, not all
electron—hole pairs generated would contribute to the photocurrent. For this rea-
son, the external quantum efficiency 7, is defined as the relationship between the
electron—hole pairs usable for the photocurrent and the overall incident photons:

_ Number of usable electron-hole pairs  Ngp 47)
= Number of impinging photons Ny, '
In addition to the external, we also define the internal quantum efficiency #,,,, where

the losses caused by reflections are not considered:

MExt
= . 4.8
r/lnt 1 _ R ( )

Naturally, its value is always greater than that of the external quantum efficiency.

4.3.3 Spectral Sensitivity

The spectral sensitivity S(41) shows which photocurrent is generated with the incidence
of a particular optical power:

S(A) = Loy . (4.9)

POpt

The connection between the two quantities can easily be found when the current is
interpreted as a charge Q per unit time and the optical power as optical energy W,
per unit time:

Q
S(A) = Ipp, _ A Newp - q _NEHP

Popy vz—otp‘ C Np,-(h-f) Ny,

9 _ 4
e T e e (4.10)
A

Here we have kept in mind that the external quantum efficiency is dependent on the
wavelength. This follows, on the one hand, out of the wavelength dependence of
the absorption coefficient and, on the other, from the fact that the refractive index of
the semiconductor changes with the wavelength.

The prefactor g/(h - ¢) consists only of natural constants and can be combined to give

-19
1 _ 1.6 x 10"As _ 0808, _A 1 A

h-c 36x102* W s-3x10° m s W pm 124 pm W
(4.11)
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Figure 4.9 Spectral sensitivity of two solar cells: In the blue and infrared regions, the measured curves
deviate especially strongly from the ideal line [33, 34].

Thus, finally, for spectral sensitivity we have

A A
_ A _ 4.12
S 124 pm W Mixa(4) (412)

Figure 4.9 shows the measured curve of the spectral sensitivity of a c-Si standard
solar cell and also a high-efficiency cell (see Section 4.7). The ideal curve for the case
of 7, = 100% is also shown. It is noticeable that the quantum efficiency in the region of
blue light (400—500 nm) is relatively poor. This is because blue light is absorbed mostly
in the n*-emitter and a large proportion of the holes generated recombine there with-
out contributing to the photocurrent. In the infrared region, #p,, is reduced again as the
absorption occurs only in the lower region of the solar cell. Above 1100 nm, the energy
of the light photons becomes too small to overcome the bandgap of the silicon and for
this reason S(1) collapses relatively suddenly.

4.4 Characteristic Curve and Characteristic Parameters

The characteristic curve of a solar cell corresponds to the principle of a photodiode.

However, with a solar cell, the generator reference-arrow system is mostly selected (see
Figure 4.10).

In the generator reference-arrow system, the voltage V is measured at the energy source
and counts the current / flowing from the energy source to the load as positive.

Compared with Figure 4.2, the voltage is maintained and only the prefix of the cur-
rent is reversed. The generation of energy now takes place in the first quadrant, and
mostly for this reason, only the characteristic curve of the first quadrant of the solar cell



Structure and Method of Operation of Solar Cells

Generator reference-arrow system: Characteristic curve: Iy
/ o Solar cell operation
g II. .
v ©
//"VSZ '8 \
—O - >
v
Solar cell symbol: Q
/'EZ ~ M. IV.
O
Figure 4.10 Characteristic curves for a solar cell in the generator reference-arrow system.
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Figure 4.11 Characteristic curve for a solar cell and its associated simplified equivalent circuit.

is shown. Instead of the symbol for the photodiode, the special solar cell symbol has
become standard (see Figure 4.10), and we will use it in the following.

A typical solar cell characteristic curve is shown in Figure 4.11, including the equiv-
alent circuit that we have become acquainted with from the photodiode. We will call
this the simplified equivalent circuit as it describes the behavior of real solar cells only
approximately (see Section 4.5).

The characteristic curve equation, similar to Equation (4.2), is

IZIPh_IDZIPh_IS'<eTVT_1>' (4.13)

However, we have introduced an ideality factor 7 into the exponent that permits us
to model real solar cell curves better. The ideality factor is usually between 1 and 2.

We will consider the individual points of the characteristic curve in Figure 4.11 in
more detail in order to derive various parameters of solar cells from them.

4.4.1 Short-circuit Current /g

The short-circuit current /g is delivered by the solar cells when it is short circuited at
its connections; the voltage V is thus 0. From Equation (4.13) this results in

e =1(V=0)=1Iy, —Ig- (e = 1) = I, (4.14)
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We can thus define:

The short-circuit current /s is equal to the photocurrent /p,.

This is also immediately clear from the equivalent circuit: An external short circuit also
short-circuits the internal diode so that I, =0 applies. In this way, the whole photocur-
rent Ip,,, can be removed outside. From Equation (4.1), we already know that the photon
current is proportional to the irradiance E. Therefore, we can immediately derive:

The short-circuit current /s of a solar cell is proportional to the irradiance E.

4.4.2 Open-circuit Voltage V

The second extreme case occurs when the current becomes zero. In this case, the result-
ing voltage is called the open-circuit voltage V.

In order to determine the open-circuit voltage, we resolve Equation (4.13) according
to V and set [ =0. The result is I, =g

I

VOC=V(1=0)=m-VT-1n<%+1>. (4.15)
s

With very small currents, the value of 1 for I4./I; can be ignored so that, in a simplified

manner, the equation becomes

Isc
Voc=m-Vy- In T | (4.16)
s

The dependence of the open-circuit voltage is thus much lower than that of the
short-circuit current:

The open-circuit voltage V- of a solar cell varies only with the natural logarithm of the
irradiance E.

4.4.3 Maximum Power Point (MPP)

The solar cell provides different capacities depending on the actual working point in
which it is operated. The operating point at which the maximum power is provided
is called the maximum power point (MPP). As the power of a working point always
corresponds to the surface area V' - I, this area must be the maximum in the case of the
MPP. This case is shown in Figure 4.11. The current and voltage values associated with
the MPP are I,,;pp and V;pp. In Figure 4.12, also the power curve P=V - [ is depicted.
It reaches its maximum at the MPP.

4.4.4 Fill Factor (FF)

The fill factor (FF) describes the relationship between MPP power and the product of the
open-circuit voltage and short-circuit current (see Figure 4.12). As depicted, FF shows
the size of the area under the MPP working point compared with the area V¢ - Ic:

FE = Vier * Ivipp _ Pyipp . (4.17)
Voc ' Isc Voc : Isc
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Figure 4.12 The fill factor describes the relationship of the red bordered to the green bordered area.

The FF is a measure of the quality of a cell; typical values for silicon cells are between
0.75 and 0.85 and between 0.6 and 0.75 in the region of thin-film materials.

For the FF, an approximation equation for the function of the open-circuit voltage is
used (“idealized FF”) [35]:

1+In (% +0.72)

Yoc
VT+1

FF = (4.18)

4.4.5 Efficiencyn

The efficiency of a solar cell describes what proportion of the optical power Py, incident
on the cell is output again as electrical energy Py pp:
_ Pyipp _ Pypp _ FF - VOC'ISC

- - , 4.19
Poy E-A E-A (4.19)

where A = cell area.
Typical efficiencies of crystalline silicon cells are between 15% and 22%. The calcula-
tion of the efficiency is described in greater detail in Section 4.6.

4.4.6 Temperature Dependence of Solar Cells

A rise in temperature of a semiconductor causes an increase in the thermal movement
of the electrons built into the crystal lattice. From Section 3.2, we know that in this case
more and more electrons are torn from their bonds and move into the conduction band
and that therefore the intrinsic carrier concentration 7, increases.

Higher intrinsic carrier concentrations again lead to an increase in saturation
current [g.

How does this affect the solar cell? According to Equation (4.16), the increased satu-
ration current leads to a reduction in open-circuit voltage. For calculating this, we insert
Equations (3.3) and (4.3) in Equation (4.16), resulting in

I I AW,
Voc=m- Vg ln<£>=m-VT-ln<£>+m- =5 (4.20)
I B q
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The constant B is expressed by

D D
B=A-q-Ng-< Ny P >

(4.21)
Ly-Ny  Lp-Np

If Equation (4.20) is differentiated with respect to T, then, applying Equation (4.20)
again, the result is

Yoc _m-k 1 (Isc) _ Yoc=m AWs/q (4.22)
dT q B T
For a typical solar cell, we obtain (m = 1)
AV, —
oc _06 V12V _,. v K (4.23)

AY 300 K
In this derivation, we have not taken into account that the bandgap and the intrinsic
carrier concentration of the semiconductor are also temperature-dependent. A more
accurate derivation gives [36]
AVoc _ VOC_AWGO/‘]_Y‘VT’ (4.24)
AY T
where AW, =Bandgap at T'=0; for silicon: AW, =1.17 eV; y = temperature param-
eter; typically y = 1-4.
Thus, for the Si cell we obtain (y =3)
AVie
AY
For a typical open-circuit voltage of 600 mV, the temperature coefficient TC(V 5) is
thus approximately —0.4% K.

=-23 mV K. (4.25)

The open-circuit voltage V. of a Si solar cell is reduced by 2.3 mV K=, which corresponds
to a temperature coefficient of approximately —0.4% K.

The position is different in the case of a short-circuit current /.. The reduction of
the bandgap has the effect that even energy-poor photons still have enough energy to
be absorbed and to generate an electron—hole pair. For this reason, the short-circuit
current Iy increases slightly with increase in temperature, for instance, by 0.06% K-!.

Figure 4.13 shows the temperature dependence of a monocrystalline cell as an example
of the Bosch M-3BB solar cell. With an increase in temperature, the open-circuit voltage
and thus also the MPP are clearly displaced to the left.

How can | imagine in a descriptive way why the bandgap of the
semiconductor is reduced with increase in temperature?

E The crystal expands with a rise in temperature. This also increases the mean
spacing between the atoms (lattice constant). As a result, the attractive force
of the positively charged atom nuclei on the negatively charged electrons is
reduced, which in practice corresponds to a reduction of the bandgap.
Although this explanation does not quite cover the physical causes, it is still
fairly descriptive.
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Figure 4.13 Temperature dependence of an Si solar cell on the example of the Bosch M-3BB solar cell:
The circles indicate the position of the MPP [37].

The question of how the temperature changes the power is of interest especially for the
user of solar cells and solar modules. As the decay of the open-circuit voltage is much
greater than the slight rise in I, the power Py, also decreases. Added to this is the
fact that according to Equation (4.18), the FF is dependent on V,/V1: an increase in
temperature increases V. and thus reduces the FF. All the three effects finally result in
a temperature coefficient TC, of the power of

APMPP

— Y = _04to-05% KL
A9 - Pypp © ¢

TC(Pypp) = (4.26)

The power of an Si solar cell decreases by 0.4-0.5% per kelvin temperature change.

Roughly, one can say that the power of a solar cell is reduced by approximately 5% with
an increase of temperature of 10 K. As solar modules with full sunlight can easily reach
a temperature of 60 °C, this means a clear loss of power compared with the assumed
25 °C normally assumed in the data sheets of solar modules.

4.5 Electrical Description of Real Solar Cells

4.5.1 Simplified Model

This model (see Figure 4.14a) is already known from Figure 4.11 and Equation (4.13):

1=1Ph—1D=1Ph—IS-<eW—1>. (4.27)
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Figure 4.14 (a) Simplified and (b) standard equivalent circuits for electrical description of solar cells
and solar modules.

4.5.2 Standard Model (Single-diode Model)

The standard model, also called the single-diode model, goes deeper into electrical losses
in the solar cell (Figure 4.14b). The series resistance, R, describes especially the ohmic
losses in the front contacts of the solar cell and at the metal-semiconductor interface. In
contrast, leak currents at the edges of the solar cell and also any point that short circuits
of the p—n junction are modeled by the shunt resistance, R, .

For deriving the characteristic curves of the standard model, the current I becomes
I=1Iy, — Iy —Ig, and we find I, as

|4 V+I1-R
Iy =-2=—""3% (4.28)
Ry Ry
This gives the characteristic curve equation of the standard model:
V+I-Rg V+I- RS
[=1Iy —1I- (e e 1) _Irs (4.29)
Ry

This equation can only be solved numerically as the current I appears on both the left-
and the right-hand sides.

The influence of the series resistance on the I/V characteristic curve is shown in
Figure 4.15a. With increase in R, the curve flattens and the FF decreases signifi-
cantly. The situation is similar in the case of falling values of the shunt resistance R,
(Figure 4.15b). Here even the open-circuit voltage is affected as the rising shunt current
I, causes the diode voltage V' to drop.

4.5.3 Two-diode Model

In the derivation of the Shockley Equation (3.16), it was assumed for the sake of sim-
plicity that there would be no recombination in the space charge region. Especially for
semiconductors with larger bandgaps, this leads to deviations between actual and sim-
ulated characteristic curves.

In these cases, one makes use of the two-diode model in which the diffusion current
is modeled by means of a diode with an ideality factor of 1 and a recombination current
through an additional diode with an ideality factor of 2 (Figure 4.16).

The characteristic curve equation can be determined in a similar manner to
Equation (4.29):

Ity — 1 (e —1) o1, - (e —1) = LEL RS 430
=y —dg (e —l)—lyp-ler — T TR, (4.30)
S
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Figure 4.15 Influence of series resistance, R, (a) and shunt resistance, Ry, (b), on the solar cell
characteristic curve: The fill factor decreases significantly with an increase in R; and a decrease in Ry,,.

Figure 4.16 The two-diode model for possible R I}
exact modeling of the solar cell characteristic :|—>—O
curve.

len

In addition to the three equivalent circuits presented, use is also occasionally made
of the effective characteristic curve model. This corresponds to the standard model
but without the use of shunt resistance Rg,. Also, negative values are permitted for
the variable of the series resistance in this model in order to be able to achieve a

good approximation quality of measured curves. Details of this can be found in
[14].
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454 Determining the Parameters of the Equivalent Circuit

If the measured I/ V characteristic curve of a solar cell is available, then the parameters of
the simplified equivalent circuit can be derived from it. As described in Section 4.4.1, the
photocurrent I, may be set equal to the short-circuit current /¢.. In addition, one first
takes the diode ideality factor 1 as 1. The saturation current /g can then be determined
from Equation (4.16):

I = I - e Voc/ Vi, (4.31)

However, the agreement of the curve calculated from these parameters with the orig-
inal measured curve is usually poor, the reason being that the ideality factor of real
solar cells is greater than 1. Here the only help is a simulation of the progression of the
curve (e.g. with Excel, Mathematica, etc.) with variations of the two parameters m and
I until the best possible agreement between simulation and measured curve is reached.
Figure 4.17 shows an example of the measured curve of a solar module. Figure 4.17a also
shows a simulated curve based on the simplified equivalent circuit. Here, there is still a
clear deviation between measurement and simulation even after the optimization of the
parameters.

The approximation quality with the use of the standard equivalent circuit is much bet-
ter. In the example in Figure 4.17b, there is practically no longer any deviation between
measurement and simulation.

The really good starting values for Rg and Ry, are obtained from the curve gradient
in the short-circuit and open-circuit points. For this purpose, we will now consider the
short-circuit point: here the largest part of Ip,;, flows to the outside so that the voltage
V) in Figure 4.14b becomes small.

The current I, over the diode can therefore be ignored. The remaining characteristic
curve equation compared with Equation (4.29) is

V+1-Rg
[=fpy — 25 (4.32)
Sh

— ey B i o
- L .....____.____/Measured - % _~Measured
o Simulated curve ~ N V¢ ol Sjmilated GHive e
d (simplified equivalent circuit) (simplified equivalent circuit)
ul ]
g,.i Hen|
i‘:i g.":
al 5l
-\-i =
ol 2l

(a) (b)

Figure 4.17 Simulation of the curve of a solar module with PV-Teach: The simplified equivalent circuit
achieves an inadequate agreement with the measured curve, whereas the standard equivalent circuit
shows an almost perfect fit.
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The slope of the curve is found from the differentiation

R
£=0_L__5.£_ (4.33)
dv Rq, Ry dV
Resolving the equation according to d//dV gives
ds 1
—_— = 4.34
dV R+ Ry, ( )
In general, Ry < Ry, applies so that we finally write
dv
Ry = —— . (4.35)
Sh a7 v

Thus, the shunt resistance R, can be determined directly from the slope of the tangent
of the short-circuit point (Figure 4.18).

A similar treatment is applied for the open-circuit case: Here the voltage V1, is large,
but the diode becomes very low resistant so that in Figure 4.14b the current I, can be
ignored compared with Ig,. The remaining equation from Equation (4.29) is now

[=1Iy —1I- <e i — 1) . (4.36)

We differentiate this with respect to the current and rearrange it for dV'/dI. Here we
take into account that V' is dependent on the current I:

di) LRy 1 dv

L =1=0-1].-em1 . | —+R.), 4.37

a A ( a S> (4.37)

dv m-Vp Vs

v _ _p.— ce 4.38

ar s (4.38)
At the open-circuit point, V = V5. and I =0 apply, hence the equation simplifies to

m-Vy _Yoc
d_v = RS + T e mVr = RS' (4‘39)
a1 V=Voc S

The second term of the sum has been ignored here. This represents the forward resis-
tance of the diode, which at the open-circuit point is typically significantly lower than
R. The series resistance can thus be determined in that the gradient of the open-circuit

rFy /
lsc AV

AV
Rgp=- FL/:O

Figure 4.18 Determination of Ry and R, from the solar cell characteristic curve: The two resistances
can be determined from the gradient of the short-circuit or open-circuit point.
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Figure 4.19 Screenshot of PV-Teach: Measured solar module curves can be simulated with different
equivalent circuits.

point is measured (see Figure 4.18). In Section 8.2, we will find a somewhat more accu-
rate method of determining Rg.

Instead of the ideality factor, a second saturation current as a second unknown variable
will be used in the case of the two-diode equivalent circuit. A practical proposal for
determining the parameters of the equivalent circuit is given in [38].

An aid to understanding and comparing the different equivalent circuits is provided by
the software PV-Teach (see Figure 4.19). It offers the possibility of loading measured /—V/
curves of solar cells and solar modules and to approximate them with different models.
Moreover, different modules can be defined with data sheet values to compare them
with the simulated curves. In addition to the manual input of the different equivalent
circuit parameters, there exists an option for automatic optimization of the parameters
to achieve the best possible approximation between measured and simulated curves.

PV-Teach is offered as a free download at www.textbook-pv.org.

4.6 Considering Efficiency

The efficiency of solar cells is a deciding parameter for using solar energy efficiently and
economically. We will now, on the one hand, consider what upper limits physics places
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on the efficiency and, on the other, learn about techniques for approaching these upper
limits.

4.6.1 Spectral Efficiency

A fundamental limit of the efficiency of a solar cell is the fact that every semiconductor
material has a bandgap AW ;. The wavelength at which light is just absorbed is called
the bandgap wavelength A5:
h-c
Ag = N (4.40)

The portion of the solar spectrum that lies above A thus cannot be used for providing
electrical energy. We call this portion transmission losses (see Figure 4.20).

On the other hand, the radiation below A represents photon energies that are larger
than the bandgap necessary for absorption. This surplus energy is given by impacts on
the crystal lattice; we call these thermalization losses.

It is now interesting to find out what electrical energy can theoretically be won from
the solar spectrum with a semiconductor of bandgap AW ;. First, we will consider the
maximum possible current density j,,,, that an ideal solar cell with a radiation of an AM
1.5 (air mass 1.5) spectrum can generate.

Ny, is the number of photons that can impinge within a time interval A¢ on an area
A. It can be determined from the spectral irradiance E,(4) in that we divide the optical
energy W, of the radiation at a given wavelength by the energy of a single photon W,
of this wavelength. Then we have to integrate over all wavelengths:

® W,(A © A.E,(A)- At . S
Ny, = 14 -d/l:/ *«u:“‘ At/ E,(A)- A-dA.
0 th(l) 0 TC h-c 0

(4.41)

We assume as an idealized case that every photon in the cell is absorbed and an
electron—hole pair is generated that contributes to the current density. This, however,
does not apply to photons whose energy is less than the bandgap so that we only integrate
up to the bandgap wavelength A:

Charge ¢q-Npy, q Ao
j = = = — E,(A)-A-dA 4.42
e = N T AL A h-c/o 2 (4.42)
A > Ag: Transmission: A < Ag: Thermalization: \

N\
WCTW w

A \Q_
AWg ‘ IA Wq
Wy C) Wy

(a) (b)

Figure 4.20 Loss mechanisms due to unsuitable energy of the photons: In the case of too little photon
energy, the electron cannot be raised to the conduction band. If the energy is too great, then a portion
of it is given up to the lattice as heat energy.
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Figure 4.21 Standard spectrum with an irradiance of 1000 W m~2 based on STC [39].

As a standard AM 1.5 spectrum, we use a spectrum that is enhanced by a fac-
tor of about 1000/850 =1.1976 with respect to the curve shown in Figure 2.2 (see
Figure 4.21). Thus it possesses an overall power density of 1000 W m~2 as required for
STC conditions.

Figure 4.22 shows a diagram! created with Equation (4.42). It shows the maximum
possible current density as a function of the bandgap AW for the two spectra AM 0
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Figure 4.22 Maximum possible current density j,,,, depending on the bandgap.

1 The calculations for this and the following diagrams were carried out using the finely resolved solar

spectra of the American standard ASTM-G173-03 [ASTM]. These correspond to the international standard
Norm IEC 60904-3, Edition 2, of 2008.



Structure and Method of Operation of Solar Cells

and AM 1.5. Naturally, ji,, increases for semiconductors with small bandgaps as these
can also make use of light in the deep infrared region.

It is noticeable that the AM 1.5 curve has kinks and flat parts in some places. This is
due to the irregular course of the AM 1.5 spectrum in which whole wavelength regions
are filtered out in the atmosphere. For silicon, there is a maximum current density of
Juiax = 44.1 mA cm™ for an AM 1.5 spectrum.

After establishing what the maximum current is, we need to determine the dimension
of the maximum possible voltage as a function of the bandgap. We assume that our ideal
solar cell manages to give up the full energy of each photon to the outer electric circuit.
The maximum possible voltage is then

VMax = AVVG/q (4'43)
The maximum electrical power Py, of the cell is
Pr = Vitax * Ivtax = Viax * Iviax * A- (4.44)

With this, we are in a position to calculate the so-called spectral efficiency ns of the ideal
solar cell [40]:

p El VMax ] Max

1= g = (4.45)
With Equation (4.42), this results in
ne = AWe 1 /AG E (1) A-di. (4.46)
E h-c J,

Figure 4.23 shows the spectral efficiency for AM 0 and AM 1.5 calculated with this
equation. For decreasing values of AW, we can again see a rise produced by the increas-
ing current density from Figure 4.22. However, below 1 eV this rise is overcompensated
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Figure 4.23 Spectral efficiency of the ideal solar cell.
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Figure 4.24 Spectral losses in a c-Si solar cell.

by the decreasing voltage AW /q. We thus have an optimum that reaches a value of
almost ng =49% for the AM 1.5 spectrum. With a bandgap of 1.12 eV, silicon is placed
almost exactly at this optimum.

For the sake of clarity, Figure 4.24 shows the losses due to transmission and ther-
malization in an ideal Si solar cell. Photons above 1120 nm have too little energy to
be absorbed. Because the AM spectrum above this wavelength has an irradiance of
193 W m~2, there are transmission losses of 19.3%. In the short-wavelength region,
things are different: Here, only a maximum energy in the amount of the bandgap can
be used by the energy-rich photons. The calculation shows losses due to thermalization
of 31.7%. The sum of both types of losses is 51%, hence a maximum of 49% of the solar
radiation can be used. This corresponds exactly to the previously calculated spectral
efficiency.

4.6.2 Theoretical Efficiency

There are two things that have yet to be considered in the discussion on efficiency:

1. In areal solar cell, it is not possible to use the full voltage V', =AW /q.
2. Because of a FF, that is, <100%, the current /,;pp is smaller than I and the voltage
V upp is smaller than V5 (see Figure 4.12).

Both limitations refer to the fact that a real solar cell also has a p—n junction. All other
properties of the cell are meant to remain ideal (especially, each incident photon with
W, > AW is absorbed and contributes to the photocurrent). Under these conditions,
we define the theoretical efficiency 7, as [40]

Pypp
= . 4.47
Uy A ( )
With Equation (4.17), this results in
P Voo ke Voo Vi ke _pp Voo Y o

LA Ve E A V. E e
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With the use of Equation (4.45), we can directly determine a connection with the
already calculated spectral efficiency #g.

ny = FF - “//OC . (4.49)
Max

We, therefore, require a high open-circuit voltage and a large FF. By way of
Equation (4.16), the open-circuit voltage depends on the saturation current Ig; the
smaller this is, the higher is the achievable open-circuit voltage. The saturation
current again depends on the bandgap. This can easily be proved when we consider
Equation (4.3): The determining dimension is the intrinsic carrier concentration #;,
which, according to Equation (3.3), is determined exponentially on the bandgap. The
result is the dependence

jo=Kg-e it (4.50)
where j; is the saturation current density.

In the literature, for the lower limit of the constant K a value of 40 000 A cm~2 is given
[40, 41].

Figure 4.25 shows the theoretical efficiency calculated with Equations (4.18), (4.49),
and (4.50) as a function of the bandgap energy. A noticeable deterioration of efficiency
can be seen in comparison with Figure 4.23. A maximum value of 71 =30.02% is given
for an energy of 1.38 eV; thus InP and GaAs are very near to optimum. For silicon, there
is still a good value of 28.6%.

The theoretical efficiency of 28.6% is the upper limit of the achievable efficiency of a cell
of crystalline silicon (assumption: only one p-n junction).
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Figure 4.25 Theoretical efficiency as a function of the bandgap energy.
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Figure 4.26 Types of losses in a solar cell.

4.6.3 Losses in Real Solar Cells

After having determined the theoretical limits of the maximum achievable efficiency
discussed in the previous section, we will now find out how to come as near as possible
to these limits. For this purpose, we will first consider the optical and electrical losses
that occur. An overview of this is shown in Figure 4.26.

4.6.3.1 Optical Losses, Reflection on the Surface
As we have already seen in Chapter 3, the refractive index step of air on silicon causes
a reflection of approximately 35%. Help is obtained with an anti-reflective coating that
lowers the average reflection of an AM 1.5 spectrum to around 10%. A further measure
is texturing of the cell surface: The surface is etched with an acid in order to roughen
it. In the case of monocrystalline silicon, with anisotropic etching processes (e.g. with
potassium hydroxide, KOH) pyramid structures can also be fabricated. The results are
pyramids with an angle at the top of 70.5° (Figure 4.27).

What does this texturization yield? Figure 4.27 shows how incident rays partly pene-
trate the cell and are partly reflected. According to the Fresnel equations, the strength
of the reflection factor R can be determined from the angle of incidence «; [30]:

. 2
R(@) = (%) , (51)
where the exit angle o, can be determined by the law of refraction:
n, -sin a; =mn, -sin a,. (4.52)
However, the reflected ray is not lost; it impinges on the surface of the cell where once

again part of the light is reflected. The light is, therefore, given a “second chance” in a way.

Figure 4.27 Reduction of overall reflection by means of
texturing: Giving light “a second chance.”

,-70.5°
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Table 4.1 Remaining reflection losses for antireflection layer and texturization

[24, 36].

Antireflection coating Texturization Average reflection factor (%)
No No 30

Yes No 10

No Yes 10

Yes Yes 3

Overall, more light penetrates the cell, and in the case shown, the improvement is more
than 20% compared with the simple vertical incidence. As a result, the short-circuit
current is increased and thus the efficiency of the cell. Table 4.1 shows the remaining
reflection factor losses for the combination of anti-reflection layer and texturization.

Shading by Means of Contact Finger 'The current generated by the solar cell must be led
via the contact fingers to the connection wires. The cross-section must not be too small
in order to ensure that they possess a low ohmic resistance.

The shading losses increase with greater finger width; the usual widths are
100-200 pm. Broader strips serve as current collectors, the so-called busbars.
These are tapered at the ends, because that is where the current density is at its lowest
(see Figure 4.28).

A further possibility for optimization is to make the contact fingers narrow and high
instead of broad and flat. The contacts are “buried” in the semiconductor material so
as not to create additional shadows in case of an oblique incidence. To accommodate
these buried contacts, small grooves are first cut in the cell surface by means of lasers
and these are then filled with an Ni—Cu mixture (Figure 4.29). The shading losses can be
reduced by approximately 30% [35].

Losses Through Transmission Long-wavelength light possesses little absorption. Thus, for
instance, the penetration depth of light with a wavelength of 1000 nm already lies in the

EE Tapering

Busbar Contact finger

Figure 4.28 Front contacts of a solar cell with contact fingers and current collector rails (busbars).
Source: Q-cells.
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Figure 4.29 Comparison of standard contacts with the buried contact technology: The shading losses
can be significantly reduced.

Figure 4.30 Depiction of light trapping:
The obliquely refracted rays are reflected on
the rear side and thus travel a longer path
through the semiconductor.

range of the currently normal cell thickness of 150—-200 pm. Without further measures,
this leads to transmission losses.

A further improvement can be achieved by means of the texturization shown in
Figure 4.27. As can be seen from Figure 4.30, the vertical incident light rays are refracted
in an oblique path to the bottom and thus travel a longer way through the cell. An
additional improvement would be to use a reflecting material at the bottom of the cell
for which the normal aluminum bottom contact layer is well suited as it provides a
reflection factor of more than 80% [42].

4.6.3.2 Electrical Losses and Ohmic Losses

There are electrical losses in the contact fingers on the top side of the cell. Narrow
and high contacts (in the optimum case as buried contacts) help in this. In addition,
ohmic losses can occur in the semiconductor material as the conductivity of the
doping material is limited. High currents must be led to the front contacts, especially
with thin emitters. An increase in the n-doping brings an improvement but also
leads to stronger recombination in the doped area. Finally, there are also losses at the
metal-semiconductor junction. The reason for this is that in bringing the metal and
the semiconductor together, a potential step is caused (so-called Schottky contact). This
acts like a p—n junction and thus reduces the achievable cell voltage. Here extremely
high doping is of help (e.g. N = 10?° cm™3) leaving such a narrow space charge region
that it can be tunneled through by the electrons [24, 36]. Figure 4.31 shows one such
structure. The n**-doping is only applied in the immediate surroundings of the metal
contact in order to reduce recombination losses.
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Figure 4.31 Structure for preventing a Schottky Contact AR layer Highly doped region
contact: The high doping permits tunneling of (oxide)
the electrons from the semiconductor to the
metal contact.

n*-Emitter

p-Base

Recombination Losses 'The various reasons for recombination of generated charge carri-
ers in the semiconductor volume have already been discussed in Section 4.2.2. Added
to this in real cells are recombinations at surfaces that are created by the open bonds at
the border of the crystal lattice. A means of reducing the recombination at the bottom is
the BSF discussed in Section 4.2.4. At the top, one attempts to cover the largest possible
area with an oxide that saturates the open bonds and thus passifies them. As is shown
in Figure 4.31, the antireflection layer (e.g. of Si;N,) is used for this. At the same time,
the n**—n*-layer at the front contact leads to a “front surface field” that keeps the holes
away from the contacts.

4.7 High-efficiency Cells

In the following, we will consider some examples of current high-efficiency cells.

4.7.1 Buried-contact Cell

The best-known high-efficiency cell is the buried-contact cell that was developed in
the 1980s by Professor Martin Green at the University of New South Wales (UNSW)
in Australia. Martin Green is a true luminary in the field of cell development and has
repeatedly achieved world records for efficiency. Figure 4.32 shows the structure of the
buried-contact cell. The pits cut by a laser in which the front contacts have been inserted
are clearly visible. Around the contacts the n**-regions for preventing the Schottky con-
tact can be seen. At the bottom is the p*-layer for forming the BSF. A feature is that the
cell was also texturized at the bottom. The light rays arriving there are thus reflected
back and travel a particularly long way through the cell (light trapping).

The cell concept was developed by BP Solar under license and subsequently released
for mass production under the name Saturn Cell. This possesses an efficiency of 17.5%
on a surface area of 150 cm? [43].

4.7.2 Point-contact Cell (IBC Cell)

Figure 4.33 shows a point-contact cell developed at Stanford University.

A noticeable feature is that both the negative and positive contacts are positioned on
the rear side of the cell, hence no shading occurs. This is possible as good-quality silicon
is used. Thus, the diffusion length is so long that almost all charge carriers find their way
to the rear side without recombining. As the whole of the front side is passivated, there
is hardly any recombination there.
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Figure 4.32 Buried-contact cell (more accurately: Laser grooved buried contact: LGBC cell).Source:
Reprinted with kind permission of Martin Green.

Negative contact
collector rail

Positive contact
collector rail

Sunlight

Figure 4.33 View of the point-contact cell: All contacts are positioned on the rear side of the cell and
can thus be made as thick as desired [44].

A special trick is used on the rear side: An oxide layer is also inserted between the con-
tacts and thessilicon. This is drilled through by laser only at certain points and then a local
emitter is diffused in. The surface recombination is, therefore, reduced to a minimum.

A similar trick can be used for the plus contacts. Here a p* island is diffused through
the drilling hole (not to be seen in Figure 4.33). Between the respective n* and p™*
regions, a space charge region is established, which guarantees charge separation of the
produced electron-hole pairs.

This technology has been marketed for several years by SunPower Corporation, first
under the name A-300 and now as an improved version called the Maxeon cell. The cells
with a dimension of 13 X 13 cm achieve an efficiency of 24%!

In addition to the term “point-contact cell” for back-contact cells in general, the name
IBC-cell (interdigitated back contact) has also been established, as the plus and minus
contacts mutually mesh into each other.



Structure and Method of Operation of Solar Cells

4.7.3 PERL and PERC Cell

The current efficiency champion again comes from the UNSW in Australia. As shown
in Figure 4.34, the passivated emitter rear locally diffused (PERL) cell also uses the prin-
ciple of the rear-side point contacts. The front side features regular texturization in the
form of inverted pyramids — a very effective measure of good light trapping. The upper
passivating layer is made up of two layers of silicon oxide and silicon nitride and acts as
an anti-reflective double layer.

The cell achieves a short-circuit current of 42 mA cm~2 and an open-circuit voltage of
714 mV. With the FF of 83%, this results in a record efficiency of 25% [45, 46]. However,
this cell is only a laboratory cell, with an area of merely 2 cm?.

Approximately 100 process steps were required for the manufacture of the record
cell, which is an unacceptable effort for industrial production. Suntech produces a
much simplified cell on the principle of the PERL concept under the name “Pluto.” The
upper side is structured similarly to the cell in Figure 4.34. This leads to a remarkably
small reflectance factor of only 1%, although only a single antireflection layer is used. At
first, the cells were produced with a “normal” backside (totally covered with aluminum
with BSF). In that format, efficiency at least of 19% was achieved. Since then, further
development of the PERL concept (backside passivation with local through-contacts)
with cells with an area of 155 cm? has led to efficiencies of more than 20% [46, 47].

Nowadays, numerous other companies have developed a related concept with
the name passivated emitter and rear cell (PERC). In this case, instead of the local
point-shaped contacts, stripe-shaped contacts are applied (see Figure 4.35). After
the production of grooves in the backside passivating layers with a laser, aluminum
paste can be applied on all of the backside so that the grooves are also filled. With
the subsequent “firing” of the cell, a local BSF is established (see Section 5.1.3). In
addition to the passivation, the SiO,/SiN, layers also offer relatively good reflection
of the infrared light arriving at the bottom so that it gains a “second chance” of being
absorbed.

The German company SolarWorld has already achieved cell efficiencies of 21% and
declares that efficiencies of up to 24% will be possible in the future.

180
160

140
\

100 \
80
60
40
p* p-Silicon ot p* 20
= [— = 0

Oxide Inverted pyramids

-
N
o

T

Current (mA)

0O 01 02 03 04 05 06 07 038
Rear contact Oxide Voltage (V)

(a) (b)

Figure 4.34 PERL cell together with I/V characteristic curve. Source: After [35]. Reprinted with kind
permission of Martin Green.
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Figure 4.35 Construction of the PERC cell: As the back contact only reaches the base at a few spots,
the result is only minor surface recombination and thus a high efficiency of the cell. Source: After [48].

Finally, the spectral sensitivity of a high-efficiency cell should be discussed (similarly
to a PERL cell) (dashed line in Figure 4.9). In a wide wavelength region, it achieves
almost the ideal value that corresponds to an external quantum efficiency of 100%. In
the short-wavelength region, this is much better than the standard cell as there is no
dead layer due to the surface passivation and very small n** areas. Above 800 nm, it
works especially effectively as the infrared light travels through the cell several times by
means of light trapping and is thus also absorbed.
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Now that we have become experts in the method of operation of solar cells, we will
look in more detail at how solar cells are produced out of crystalline silicon. Then we
will make the acquaintance of cells of alternative materials such as amorphous silicon or
gallium arsenide. Finally, ecological aspects of individual technologies will be handled.

5.1 Production of Crystalline Silicon Cells

The workhorse of photovoltaics is the silicon solar cell. For this reason, we will deal with
its production from sand via the silicon, the wafer, and cell processing up to the finished
solar module in detail.

5.1.1 From Sand to Silicon

The first step is the conversion of quartz sand into high-grade silicon for the production
of wafers.

5.1.1.1 Production of Polysilicon
The starting point of the solar cell is silicon (from the Latin silicia: gravel earth). After
oxygen, it is the second most common element on Earth. However, it almost never comes
in its pure form in nature, but mostly in the form of silicon oxide (quartz sand). There-
fore, in the truest sense, silicon is like the sand at the beach.

First, the silicon is reduced in an electric arc furnace with the addition of coal and
electrical energy at approximately 1800 °C (Figure 5.1):

Si0, + 2C — Si +2CO.

Thus, we obtain metallurgical silicon (Metallurgical Grade: MG-SI) with a purity of
approximately 98%. The designation is because this type of silicon is also used in the
production of steel. For use in solar cells, the MG-Si must still go through complex clean-
ing. In the so-called silane process, the finely ground silicon is mixed in a fluidized bed
reactor with hydrochloric acid (hydrogen chloride, HCI). In an exothermic reaction this
results in trichlorosilane (SiHCl;) and hydrogen.

Si + 3HCI — SiHCl, + Si + H,.

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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Figure 5.1 Production of polysilicon from quartz sand. (a) Production of metallurgical silicon.
(b) Processing to highly purified polysilicon (Solar Grade).

Now the trichlorosilane can be further cleaned by means of repeated distillation. For-
tunately, the boiling point is only at 31.8 °C. The reclamation of the silicon takes place
in a reactor (Siemens reactor) in which the gaseous trichlorosilane with hydrogen is
fed past a 1350 °C hot thin silicon rod. The silicon separates out at the rod as highly
purified polysilicon. This results in rods, for instance, of length 2 m with a diameter of
approximately 30 cm (Figure 5.1).

The polysilicon should have a purity of at least 99.999% (5 nines, designation 5N) in
order to be called Solar Grade Silicon (SG-Si). However, for a normal semiconductor
technology used in the production of computer chips, and so on, this degree of purity
would be insufficient; here a purity of 99.9999999% (9N, Electronic Grade: EG-Si) is
normal.

As the Siemens process is relatively energy-intensive, the search has been on for
years for alternatives to cleaning silicon. One possibility is the use of fluidized bed
reactors (FBR) in which the purest silicon is continually separated. This is achieved by
blowing small dust-shaped silicon seed crystals into the reactor instead of using seed
rods. These then grow with the help of trichlorosilane and hydrogen to small silicon
spheres. The FBR have higher production rates and a 70% lesser energy usage than
the Siemens reactor [49]. However, processing is difficult and requires much skill and
experience.

Very promising is the production of directly purified silicon (Upgraded Metallurgical
Grade: UMG-Si), for which there are now different versions. For instance, the process of
the 6N-Silicon Company consists in that MG-silicon is melted in liquid aluminum. This
is already possible in practice at 800 °C in contrast to the much higher “normal” melt-
ing point of silicon at 1414.°C. Then one allows the melt to cool so that silicon crystals
are formed. The foreign atoms such as boron or phosphorous are taken up by the alu-
minum. However, after cooling, the silicon is contaminated with aluminum that must be
extracted in further steps. The production of UMG silicon requires only approximately
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half the energy effort of the Siemens process. However, the desired purity does not yet
approach that attained by the Siemens process [50].

The structure of the polycrystalline silicon is too poor for it to be used directly in solar
cells. Therefore, in the following, we will consider the two most important processes for
improving the properties of the crystal.

5.1.1.2 Production of Monocrystalline Silicon

The Czochralski process (CZ process) is the process that has been used most for pro-
duction of monocrystalline silicon (see also Section 1.6.1). For this purpose, pieces of
polysilicon are melted in a crucible at 1450 °C, and a seed crystal, fixed to a metal rod,
is dipped into the melt from above. Then, with light rotation, it is slowly withdrawn
upward whereby fluid silicon attaches to it and crystallizes (Figure 5.2). Thus, eventu-
ally, a monocrystalline silicon rod (ingot) is formed, whose thickness can be adjusted
by the variation of temperature and withdrawal speed. Rods with a diameter of up to
30 cm and a length of up to 2 m can be produced with this method. For photovoltaics,
the diameter is typically 5-6in (12.5-15 cm).

If the crystal quality still needs to be improved, then the Float-Zone (FZ or Zone Melt)
process can be used instead of the CZ process. Here, a seed crystal is placed under a ver-
tical hanging polysilicon rod (Figure 5.3). Then an induction coil is slowly pushed from
below upward over the rod. In this, the silicon is only melted in the induction zone so
that the monocrystal forms from the bottom upward. Because any existing contami-
nants are driven upward with the melt in the crystallization, the zone process achieves

Quartz glass T Monocrystal

O/ Heating

O OO0O0O

Figure 5.2 Production of monocrystalline silicon rods by means of the Czochralski process. Photo
source: PVA Crystal Growing Systems GmbH.
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Figure 5.3 Principle of the float-zone process: The upward moving heating ring melts the polysilicon
only locally so that impurities are driven upward during crystallization.
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Figure 5.4 Production of multicrystalline ingots.

a particularly high crystal quality. However, FZ-Si is significantly more expensive than
CZ-Si, and for this reason, it is used for photovoltaics only in exceptional circumstances.
The PERL world record cell mentioned in Section 4.7, for instance, was established with
FZ silicon.

5.1.1.3 Production of Multicrystalline Silicon

The production of multicrystalline silicon is much simpler. Figure 5.4 shows the
principle: Pieces of polysilicon are poured into a graphite crucible and brought to a
melt, for instance, using induction heating. Then the crucible is allowed to cool from
the bottom by the heating ring slowly pulled upward. At various places on the bottom
of the crucible, small monocrystals are formed that grow sideways until they touch
each other. With the vertical cooling process, the crystals grow upward in a column
(columnar growth). At the boundary layers, crystal displacements are formed that
later become centers of recombination in the cell. For this reason, one tries to let the
monocrystals become as large as possible. The column structure also has the advantage
that minority carriers generated by light do not have to cross over a crystal boundary
in the vertical direction.

Because of the poorer material quality of multicrystalline silicon, the efficiency of solar
cells made from this material is typically 2-3% below that of monocrystalline solar cells.

After the crystallization of the whole melt, the silicon block (ingot) is divided into
cubes (bricks) of 5 or 6 in along the edges.

@ What exactly is the difference between multicrystalline and polycrystalline
silicon?

@ Polycrystalline silicon is of poorer crystal quality than multicrystalline
material; the diameter of the monocrystals contained is in the micro to
millimeter region. With multicrystalline material, one speaks of monocrystals
in the order of millimeters to 10 cm [51]. If the monocrystals are larger than
10 cm, then monocrystalline silicon is present. However, this clear difference is
not always reflected in the literature.
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Figure 5.5 Production of multicrystalline wafers: After the fragmentation of the ingots into individual
bricks, they are cut into wafers with the wire saw.

5.1.2 From Silicon to Wafer

5.1.2.1 Wafer Production
After production, the ingots must be sawed into individual sheets (wafers). This is mostly
done with wire saws that remind one of an egg cutter (Figure 5.5). A wire with the thick-
ness of 100—140 pm moves at high speed through a paste (slurry) of glycol and extremely
hard silicon-carbide particles and carries these with it into the saw gap of the silicon. This
is more a grinding or lapping process rather than sawing. The saw gap is at least 120 pm.
Unfortunately, the silicon chips cannot be recycled with sufficient purity. With the
current wafer thicknesses of 180 um, there are saw losses (often called kerf losses)
that are almost as large as the used parts. First, producers use saw wires encrusted
with diamond particles in order to refrain from the use of silicon-carbide particles.
In this case, it should be possible to clean the silicon chips and to use them for new
wafers [52].

5.1.2.2 Wafers from Ribbon Silicon

If pulling the wafers directly from the melt is successful, then the saw losses can
be completely prevented. This is the idea of the ribbon silicon. In the so-called
Edge-Defined-Film-Fed-Growth process (EFG process) from the Schott Solar Com-
pany, a former of graphite is dipped into the silicon melt (Figure 5.6). The fluid silicon
rises in the gap by means of capillary force and can be “docked” on a longitudinal seed
crystal and pulled upward as a thin sheet.

In the real process, an octagon-shaped gap is used and eight-cornered tubes of 6 m
with a diameter of 30 cm and silver-thin wall thickness of only 300 pm are pulled. The
production of a tube takes about 5 h. These tubes are then cut into individual wafers of
12.5 cm by means of lasers.

Although the EFG process with the elimination of the saw losses promises clear
advantages, the Schott Solar decided in 2009 to shut down the production of EFG
wafers. Apparently, the company could not follow the industry trend to larger and
thinner wafers. Added to this was a relatively slow pulling speed in order to achieve a
sufficient crystal quality.

A second process for producing silicon film has been developed by the Evergreen
Solar Company under the name String-Ribbon that resembles the principle of the soap
bubble. Two parallel heated wires are pulled upward through the Si melt. In doing so,
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Figure 5.6 Production of wafers according to the EFG process: The wafers are pulled without sawing
directly from the melt. Photos — Schott Solar AG.
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Figure 5.7 Process steps for producing standard cells.

a “soap skin” of silicon forms between the two and hardens as multicrystalline silicon
in the air. Evergreen states that their process has the lowest use of energy of all wafer
production processes.

5.1.3 Production of Standard Solar Cells

In the following, we will consider the typical steps for producing a modern silicon cell
(see Figure 5.7). First, the already-doped wafers are dipped into an etching bath in order
to remove the contaminants or the crystal damage on the surface (damage-etching).
Then follows texturizing of the surface (e.g. by means of etching with potassium solvent).
The formation of the p—n junction is then achieved by the formation of the n*-emitter by
means of phosphorous diffusion. This is a relatively energy-intensive process as temper-
atures of 800—900 °C are required. In the next step, the deposition of the antireflection
coating of silicon nitride (Si;N,) is carried out, which causes a passivation of the surface
at the same time.
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Figure 5.8 View of a monocrystalline cell after the respective production steps.

The application of the contacts occurs in the screen printing process. For this
purpose, a mask with slits is placed on the cell, and metal paste is brushed on. In
this way, it is placed on the wafer only at particular positions. The formation of the
rear-side contacts occurs in two steps. First, the soldering contact surfaces of silver
paste are applied in order later to solder the connection wires to them. Then the rest
of the rear side is fully covered with aluminum. The front-side contacts are applied
in the next step. Here, too a silver paste is used in order to achieve a low series
resistance.

The subsequent contact firing of the cells (~800°C) ensures the hardening of the
pastes and the “firing” of the antireflection layer between the front contact and emitter.
Besides this, the firing achieves a diffusion of the Al atoms from the rear contact
into the base in order to generate the required p*-layer for the back-surface field (see
Section 4.2.4). Because of the phosphorous diffusion, the border regions of the cell
are also n-doped whereby the p—n junction is basically short-circuited. Thus, as a last
step, an edge insulation of the cell is carried out (etching or laser cutting process). The
production process of the solar cell is completed with the measurement of the I/V
characteristic curve under standard test conditions in order to allocate the cell to a
quality class. Figure 5.8 shows the views of a monocrystalline cell after the respective
production steps.

The use of silver for solar cell contacts is certainly quite expensive. Are there
alternatives to this?
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E In fact, the cost of the silver is a real hurdle in the further reduction of
production costs. Meanwhile, there are many promising attempts to do
without silver. One of the many attempts by producers is to use copper.
However, copper diffuses into the cell already at room temperature and
generates traps there (see also Section 4.2.2). Attempts are now being made
to use nickel, which acts as a barrier between copper and the Si emitter [53].

Silver is also used on the rear side. Normally, this is coated with aluminum
over the whole surface for the back-surface field. Unfortunately, the
zinc-covered cell-connector strips cannot be soldered directly to aluminum,
which is the reason why silver has been used up to now. A new process
makes use of zinc contact strips that are connected directly with aluminum.
Thus, besides the silver paste, a screen-printing step also falls away in the
production [54].

The solar cell in the earlier figures always has a p-doped base and an n-doped
emitter. Could one not do this just as well the other way around?

E Nowadays, it is common practice that cell producers purchase wafers, which
are entirely doped with boron and then dope them in a well-known process

with phosphor for the emitter. However, these p-type cells have an
important disadvantage: together with contaminants (e.g. chrome or iron),
boron forms complexes that again form additional recombination centers.
Added to this is the problem of the oxygen that enters the melt during
the production of the wafer. The metastable boron-oxygen complexes
that form from this lead to additional recombination centers with the
incidence of light. In this way, depending on the quality of the material, the
efficiency is reduced by about 7%, for example, within a month of operation
(degradation) [55].
Meanwhile, an increasing number of producers are changing to n-type cells,
as these problems do not occur there. In this case, the base is typically
doped with phosphor, and aluminum or boron can be used as the doping
material for the emitter. However, special measures must be taken
in order to passivate the surfaces [56]. For instance, cells that use n-type
wafers are the point-contact cell (see Section 4.7.2) and the HIT cell
(see Section 5.4.1).

The next production step is the integration of the solar cells into the solar module and
we will consider this in the following sections.
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Figure 5.9 Structure of a glass—foil (a) as well as a glass—glass module (b).

5.1.4 Production of Solar Modules

In order to make solar cells manageable for power supply, they are integrated into solar
modules. Figure 5.9 shows the principle of the structure of a glass-foil solar module.
The individual cells are connected electrically in series into a cell string by means of gal-
vanized copper strips. This string is bedded between two sheets of Ethyl-Vinyl-Acetate
(EVA), a transparent plastic. To finish off, a glass sheet of 4 mm thickness is placed on
the front side and a rear-side foil on the rear side. This sandwich is then heated in a lam-
inator under vacuum up to 150 °C. The EVA material softens and flows around the cells
and then hardens again.

The rear-side foil is for protection from moisture and is also an electric insulator. It is
made up of a layered film of polyvinyl fluoride and polyester and is mostly designated
a Tedlar foil, a trade name of the DuPont Company. The edge of the module must be
sealed (e.g. by means of adhesive tape) before being inserted into the aluminum module
frame.

An alternative to the glass-foil module is the glass—glass module (Figure 5.9). For
architectural reasons, this is often used on facades or for integration in roofs. The sec-
ond sheet of glass is for increasing mechanical stability, as there is no metal frame. In the
last years, there is a new trend to glass—glass modules. This is due to the fact that, mean-
while, very stable glass sheets of only 2 mm thickness are available. Thus, a glass—glass
module is not heavier than a conventional one with 4 mm front glass. At the same time,
these modules offer a whole slew of advantages. The back glass provides a vapor proof
and insensitive sealing of the module. As the cells are positioned symmetrically between
the two glass panes, bending leads only seldom to cell cracks. Some manufactures are
convinced in such a way of their glass—glass modules that they offer a power guarantee
of up to 30 years.

Figure 5.10 shows the individual steps in the production of a solar module.
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Figure 5.10 Steps for producing a solar module. Photos - Solar-Fabrik AG.

The features of solar modules are described in Chapter 6, and questions on optimum
cell circuitry are discussed in greater detail. In the following, we will look at alternative
cell technologies.

5.2 Cells of Amorphous Silicon

As we have learned in Chapter 3, direct semiconductors possess an extremely high
absorption coefficient. With them, it is possible to absorb sunlight in a “thin film cell” of
one micrometer. The best-known thin film material is amorphous silicon, which we will
now examine.

5.2.1 Properties of Amorphous Silicon

If one deposits silicon out of the gas phase onto a carrier material, then an extremely
irregular structure of silicon atoms is formed (amorph: Greek: without structure). It
consists of a multitude of open bonds that are called dangling bonds. They form recom-
bination centers for electron—hole pairs and make the material unsuitable for solar cells.
The trick is to add hydrogen for passivation during the deposition in order to saturate
the dangling bonds.

The structure of the material designated as a-Si:H is shown in Figure 5.11a. Unfor-
tunately, not all bonds can be saturated as this would require the hydrogen portion
to be increased to such an extent that the optical properties of the material would be
impaired [58]. Depending on the hydrogen portion, the crystal structure of a-Si:H pos-
sesses a direct bandgap in the region of AW = 1.7-1.8 eV [59]. As can be seen in Figure
3.22, the absorption coefficient is one or two factors above that of c-Si. At a wavelength
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Figure 5.11 Structure of the a-Si lattice and depiction of the Plasma-Enhanced Chemical Vapor
Deposition (PECVD) for producing a-Si thin film cells [57].

of 600 nm, the penetration depth is only 0.25 pm. Thus, cell thicknesses of 0.5 pm are
sufficient to absorb a large part of sunlight.

5.2.2 Production Process

For the production of a-Si thin film cells, use is mainly made of Plasma-Enhanced Chem-
ical Vapor Deposition (PECVD), see Figure 5.11b. The starting gases, silane (SiH,) and
hydrogen (H,), flow into the approximately 200 °C hot process chamber, and there enter
into a strong high-frequency field. This accelerates individual electrons that in their turn
separate the molecules of the starting gases by means of impact ionization into their
constituent parts (SiHj, etc.). The charged particles form plasma that contains highly
reactive ions, which react with the substrate surface and settle there. This layer of a-Si:H
continues to grow with further addition of the two process gases. The process would also
function without the plasma enhancement (normal gas phase deposition — CVD) but
then one would require temperatures of more than 450 °C for breaking up the starting
gases, and this would strongly limit the selection of substrate materials.

Typical deposition rates are in the region of 0.2 nms™'. The production of a 0.5 pm
thick a-Si-H layer takes about 40 min. This time is actually too long for mass pro-
duction; desirable would be a reduction by a factor of 10. Many promising new
processes are available for this (for instance, Very-High-Frequency-PECVD as well as
Hot-Wire-CVD) with high deposition rates, which, however, often increase the number
of defects in the a-Si:H [58].

5.2.3 Structure of the Pin Cell

The typical structure of an a-Si thin film cell produced with the PECVD process in shown
in Figure 5.12.

A glass sheet is coated over its whole area with a transparent electrode of conducting
oxide called Transparent Conducting Oxide — TCO; a technology that is also used in the
production of flat screens. Typical materials are indium-tin oxide (ITO) or zinc oxide
(ZnO). Connected to this is a sandwich of p-doped, intrinsic (undoped), and n-doped
amorphous silicon. The final coat is a thin rear contact of aluminum or silver. The sur-
prising thing is the low material usage for the cell: The layers applied to the glass have
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Figure 5.12 Structure of the thin film cell: The overall thickness of the deposed material is less than
2pm.

T+ - Figure 5.13 Results of the build-up as a pin cell:
i i ! > : P The space charge region extends practically over
Jan F . the whole of the intrinsic region.

a combined thickness of less than 2 pm. The structure shown in Figure 5.12 is called a
superstrate cell, as the glass sheet on which the layers are deposited lie above the rest of
the cell in sunlight (super: Latin for over).

As far as possible, the light absorption should occur in the intrinsic layer as the
electron—hole pairs in doped materials recombine within a few nanometers. For
this reason, one adds carbon to the p-region, and this increases the bandgap to
approximately 2 eV so that the a-SiC:H layer is almost transparent.

The probability of recombination is also very large in the undoped a-Si. The generated
minority carriers must be “brought home” as quickly as possible (see Section 4.2). This
is achieved by building up pin cells that generate a large electric field, which separates
the particles as soon as they are generated and transports them to their home area.

For a better understanding of the operating method of the pin cell, Figure 5.13 shows
the space charge region (compare with Figure 3.14). Analogous to the normal p—n junc-
tion, the electrons diffuse out of the n-region into the intrinsic region and leave positive
donator atoms behind.

As they can find no holes for recombination there, they “roll” further until they drop
into holes in the p-region, and there they form negative space charges. The result is the
formation of a constant electric field over the whole i-area.

The thin film cells are also called drift cells or field cells as the optically generated
minority carriers flow here as pure field current. However, we had named the c-Si cells
diffusion cells: There the particles diffuse into the space charge region where they then
flow as field current into the home region.

Could one interchange the layer sequence of an a-Si cell just as well? A nip
instead of a pin?
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@ Basically, yes. However, in a-Si:H, the mobility of the holes, and therefore the
drift velocity, is smaller by one order of magnitude than the electrons [60].
After generation, they take longer to arrive in the p-region and are in special
danger of recombination. This is the reason for the advantage of the pin
structure. As the absorption of light occurs mainly in the upper half of the
i-layer (see Figure 4.8), the generated holes so do not have far to go to the
p-layer.

5.2.4 Staebler-Wronski Effect

The large bandgap of 1.75 eV has the result that light above approximately 700 nm can
no longer be absorbed. Because of these transmission losses, the theoretically possi-
ble efficiency is 26% (see Figure 4.25). In fact, the record efficiency of real cells is only
around 10%. Standard cells achieve approximately 7—8%. Besides the high concentration
of defects of the a-Si and the shunt resistance of the TCO layer, an important reason
is that newly produced cells degrade under the influence of light. Figure 5.14 shows
this in the example of two pin cells that were exposed to full sun radiation for more
than 10000h at AM 1.5 (light soaking) after production. After approximately 3000 h,
the power reduction was 29%, then 37%, and then stabilized.

The cause of the degradation is the Staebler—Wronski effect, named after the two sci-
entists who first described it in detail in Ref. [62]. The reason is in the strained Si—Si
crystal bonds that are caused by the irregular crystal structure. In the recombination
of the electron—hole pairs generated by light, these weak bonds are “split open” and,
as new dangling bonds, form new recombination centers for the minority carriers (see
Figure 5.15). The split-open bonds also represent additional space charge regions that
can weaken the built-in field in the pin cells.
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Figure 5.14 Light degradation measurement of two s-Si pin cells on different thicknesses: Within
3000 h with full-light radiation, the power is reduced by up to 37% [61].
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Figure 5.15 Depiction of the Staebler-Wronski effect: With incident light, the weak bonds in the
crystal are split open [58].

After a certain light radiation time, all the weak bonds are split open so that the effi-
ciency of the cell stabilizes itself.

The exact method of operation of the effect is not yet fully understood. However, a
method for reducing this has been found. Thus, the additional crystal defects can be
healed by means of tempering (from 150 °C) and the Staebler—Wronski effect can be
reversed [63]. In addition, Figure 5.14 shows that thinner i-layers are subject to less
degradation than thick layers. The reason for this is in the larger electric field that brings
the electron—hole pairs safely home even in the case of the existence of disturbing space
charge regions [57].

When the layers are made ever thinner, don’t you think that then not enough
sunlight would be absorbed? Or do you think otherwise?

@ Of course, transmission losses rise with thinner i-layers. However, there is a
trick we have seen in Chapter 4 that helps light trapping by means of
texturizing. For this purpose, both the TCO layers and the rear-side electrode
are roughed so that the light path is significantly lengthened and layer
thicknesses of 250 nm become possible.

5.2.5 Stacked Cells

In order to significantly increase the efficiency, the Sun’s spectrum must be used more
effectively. For this purpose, two pin cells of materials of different bandgaps are stacked
into a tandem cell optimized to a particular spectral range. Figure 5.16 shows this by
means of two examples.

In the case of the tandem cell, an additional a-SiGe layer is applied on top of the a-Si
absorber layer. Depending on the portion of germanium atoms, this alloy can possess
a bandgap between 1.4 and 1.7 eV. Also depending on the wavelength, incident light is
absorbed at different depths: Short-wavelength light (“blue”) above 1.7 eV only manages
to reach the first pin cell. The upper pin cell is transparent for long-wavelength (“red”)
light; it is, therefore, only absorbed in the lower cell. As both cells are switched in series,
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Figure 5.16 Examples of superstrate tandem and substrate triple cells [57, 64]. (a) Tandem cell.
(b) Triple cell.

the weaker cell determines the overall current. For this reason, the thickness of the
individual absorber layers must be selected so that the two cells achieve approximately
the same current (current matching).

Even better is the light separation in the case of the triple cell: Here a further a-SiGe
layer with a bandgap of 1.6 eV is used (Figure 5.16b). A feature of this cell produced by
the United Solar Company is that it is applied to a flexible stainless steel film. It thus
represents a substrate cell (sub: Latin for “under”). The layer of silver between the film
and TCO is for reflecting the light upward. Figure 5.17 shows the external quantum
efficiency (see Section 4.3) of the whole cell with the contributions of the respective
individual cells. The given short circuit currents show clearly that the current matching
has been quite successful. The cell possesses a starting efficiency of 14.6% and a stabi-
lized efficiency of 13%. As the individual pin cells are switched in series, the result is a
relatively high open circuit voltage of 2.3V [64].
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Figure 5.17 External quantum efficiency of the triple cell in Figure 5.16: The individual pin cells are
responsible for different wavelength regions [64].
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The stabilized efficiency of the record triple cell lies only about 10% below
that of the initial efficiency. Why do we have so little degradation in this case?

@ The example emphasizes another advantage of the stacked cells. The
individual pin cells are optimized for the respective spectral regions and can,
therefore, be made thinner. However, a thin cell leads to a high electrical field.
As seen in Figure 5.14, this also leads to a reduction of the degradation.

At this point, it should be mentioned that the upper limit of the theoretical efficiency
nr discussed in Section 4.6 applies only for simple cells. Stacked cells of different mate-
rials can exceed this limit without problems (see also Section 5.4).

5.2.6 Combined Cells of Micromorphous Material

A relatively new development is the combination of amorphous and microcrystalline
silicon (jic-Si). This technology was developed in the 1990s at the University of Neuchatel
and has, meanwhile, reached industrial maturity. The term microcrystalline designates
a material that contains silicon particles (nanocrystals) in a size significantly less than
1 pm. These nanocrystals occur by PECVD deposition at certain silane concentrations.
The result is a conglomerate of nanocrystals that are embedded in an a-Si:H environment
(see Figure 5.18).

The material behaves similarly to crystalline silicon with a bandgap of 1.12 eV. Thus,
it is very well suited for a combination with a-Si in order to cover a large part of the
solar spectrum. Besides this, the material shows practically no degradation. However,
like c-Si, it has a low absorption coefficient. In order to still use it in the thin film region,
one needs relatively large layer thicknesses and must also significantly lengthen the light

® "L Glass "L
T

Nanocrystals
of crystalline silicon

Figure 5.18 Structure of microcrystalline silicon and build-up of the a-Si:H/u-Si:H tandem cell [32, 58].
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path by means of effective light trapping. Figure 5.18b shows the example of a micro-
morphous tandem cell (micromorph: an artificial word made up of microcrystalline and
amorph).

Micromorphous laboratory cells have reached stable efficiencies of 12% and large-area
modules are available with 10% efficiency. However, a number of companies throughout
the world have ceased production of this thin film technology as CdTe and CIS offer
much higher efficiencies (see Section 5.3).

5.2.7 Integrated Series Connection

A big advantage of the thin film technology is that the cells can be connected to a whole
module during production. Figure 5.19 shows the individual process steps for this. After
applying the TCO, it is divided by means of laser into individual partitions on which
the pin cells are then deposited. These cells must then again be separated and provided
with a rear contact. After this has been structured, the electric connection is complete.
Important for a small series resistance is a sufficient width of the pit in the semicon-
ductor structuring, as after filling with the rear contact, the cells are connected in series
through this.

The last picture in Figure 5.19 shows the portion of the unusable area caused by this
series connection. The depiction is not to scale. Depending on the technology, the
unused portion is only approximately 5-10% of the active cell surface. The encapsula-
tion of the module is carried out as for normal c-Si glass—glass modules by means of
EVA and a rear pane (see Section 5.1.4). The integrated series connection leads to a
very homogeneous looking strip design so that this type of module is appreciated for
architecturally demanding solutions such as facades or semitransparent glazing (see
Figure 5.20a).

(1) Applying the TCO (2) TCO structuring (Laser)
v v
TCO ,JV [ TCO| |
= Glass == /T, Glass ==
(3) Deposition of the pin structure (4) Si structuring
pin [ [ pin | |
| TCO| | | TCO| |
::r, Glass ;:l:; ;:l:; Glass ==
(5) Applying the rear contacts Current flow (6) Structuring the rear contacts
------ i reccooooeee (M0
L[ pin L : I;I'Ilpm : I;|I;
-1 TCO[ | O S TCOJ [ oot
~ A e ——fe
AI:/’ Glass ’T‘? ;:F,Qe”Unused Cell Unused Ce”g[:/,

Figure 5.19 Production steps for integrated series connection of the individual pin cells.

119



120

Photovoltaics - Fundamentals, Technology, and Practice

Figure 5.20 View of a-Si modules: (a) Semitransparent module. Photo - Taiyo Kogyo Corporation; (b)
Flexible laminate for roof membranes. Photo — United Solar.

There is, however, also a great disadvantage with this process: The deposition of the
silicon layers must be fully homogenous over the whole of the module area (e.g. 2 m?). If
this is not the case, then every inferior cell lowers the current through all the others. For
this reason, the efficiencies of thin film modules are often more than 10% below those
of individual cells. This is not so in the case of the crystalline wafer technology, as the
produced cells are first divided into quality classes and only then are the cells of the same
class combined into a module.

The United Solar Company followed a middle path in its a-Si module production. It
generated integrated connected solar cells of DIN A4 size on a narrow long roll (see
Figure 5.20b). In order to make a module out of this, two strips each with 10 cells were
placed next to each other and then electrically connected and encapsulated into a mod-
ule frame. Unfortunately, the company was not able to compete with the worldwide
competitors; therefore, this cell is no longer produced.

Cells of amorphous silicon also have an important advantage compared to their c-Si
representatives: The temperature dependency of the efficiency is much less. Whereas
the power of a ¢-Si cell typically falls off by 0.5% K1 (see Section 4.4), the temperature
coefficient of a-Si is less than half of that.

5.3 Further Thin Film Cells

After the detailed discussion on the thin film technology from the example of the amor-
phous silicon, we will now consider other materials. This deals primarily with getting to
know the differences between them and a-Si cells.

5.3.1 Cells of Cadmium-Telluride

Cadmium-telluride (CdTe) is a compound semiconductor of Group II and VI
semiconductors (see Figure 3.4). This is a direct semiconductor with a bandgap of
AW =1.45¢eV. According to Figure 4.25, this bandgap leads to a theoretical efficiency
of 29.7% and is therefore very near to the optimum. A great advantage of this material
is that it can be deposited in various ways with good quality as a thin film. The usual
method is thermal evaporation over a short distance (CSS — Close-Spaced-Sublimation).
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Figure 5.21 Structure of the CdTe superstrate cell: The cadmium-sulfide layer serves at the same time
as n-region and as a window layer [65].

In this process, the semiconductor sources are heated to approximately 500°C. At
this temperature, the semiconductors vaporize and deposit on the somewhat lower
temperature substrate. Figure 5.21 shows a typical cell structure. As the CdTe can
only be badly n-doped, a window layer of n-doped cadmium sulfide (CdS) is grown
on after applying the transparent electrode of ITO, then the actual absorber layer of
polycrystalline CdTe is followed. The two materials form a so-called hetero junction as
the bandgaps of n- and p-doped regions are different (/zetero: Greek for “other”).

The properties of absorber and junction are at first relatively poor but can be much
improved with cadmium-chloride treatment. For this purpose, CdCl, is applied and dif-
fused into the absorber layer by means of tempering. In the first years of CdTe cell
development, this treatment seemed to be more or less applied alchemy. Nowadays,
however, the effects are fully understood.

In Figure 5.21, it can be seen that the absorber layer is relatively thick with 5-10 pm,
although CdTe has a very high absorption coefficient. The reason is the difficulty of gen-
erating thin films with high crystal quality on large surfaces. A reduction of the layer
thickness is thus still the subject of research [66].

The record efficiency of CdTe cells is 21%, and modules with efficiencies of up to 17%
can be found on the market (www.firstsolar.com).

We will deal with the question of the environmental aspects of CdTe in Section 5.7.

5.3.2 CISCells

The final thin film technology we will deal with consists of materials of the Chalcopy-
rite group that are generally summarized under the abbreviation of CIS or CIGS. What
they have in common is that they have the lattice structures of Chalcopyrite (copper
pyrites — CuFeS,). As shown in Table 5.1, there are different ternary (consisting of three
elements) compound semiconductors.

Research on CIS cells has been carried out since the 1970s. In the year 1978, ARCO
Solar was successful in the production of CIS cells with 14.1% [67]. But disappointment
soon followed: The efficiency sank drastically in the transfer to larger areas. Only in 1990,
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Table 5.1 Material combination of the CIS family.

Material Bandgap

combination Name (eV) Abbreviation
CulnSe, Copper-indium-diselenide 1 CISe

CulnS, Copper-indium-disulfide 1.5 CIS
CuGaSe, Copper-indium-gallium-diselenide 1.7 CIGSe
CuGaS, Copper-indium-gallium-disulfide 1.55 CIGS

"Iv Glass substrate

Figure 5.22 Principle of the structure of a CIGS cell and photo of a CIGS cell: The polycrystalline
structure of the absorber material can be clearly seen. Photo - Hahn-Meitner Institute; with kind
permission of John Wiley & Sons, Ltd. [68].

with better knowledge of the properties of the material was it possible to produce solar
modules with an efficiency of 10%.

The most promising material is Culn Ga, Se,. Here x is the portion of indium in
the material combination. With x =1, CulnSe, with a bandgap of 1 eV is obtained, and
with x = 0 the result is a corresponding CuGaSe, with 1.7 eV. By changing the indium
portion, the bandgap can, therefore, be varied between the two extreme values and thus
the efficiency can be optimized.

A typical cell structure is shown in Figure 5.22. This is a substrate configuration. The
bottom glass is merely a supporting material; molybdenum acts as the rear electrode.
Between the two is a layer of silicon nitride that acts as a barrier for foreign atoms,
which could diffuse during the manufacturing process from the glass into the absorber
layer. The p—n junction is formed, as with CdTe, from the absorber layer and a thin CdS
layer. For a long time, there have been attempts to replace the unpopular cadmium from
the CIS cells, but this has only been achieved at the expense of efficiency.

Co-vaporization is mostly used as the method of deposition, where the individual ele-
ments are vaporized at temperatures of around 500 °C and deposit themselves on the
substrate. Here, too, a bit of “magic” is used: With the addition of sodium and addi-
tional tempering, there is an improvement of the crystal structure and the electronic
properties of the polycrystalline CIGS.

The record efficiency for laboratory cells is 21%, as in the case of CdTe [69]. Modules
are sold with efficiencies up to 16%.
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A technology that can dispense with vacuum and higher temperatures would be desir-
able for economical mass production. An enticing idea is to place the semiconductors
as nanocrystals into a watery solution and then to print them out as normal ink. The
Nanosolar Company followed such a concept and reportedly achieved efficiencies of
14.5% [70]. However, it only stayed on announcements; commercial modules were never
brought on the market. Independently of this, it is to be expected that CIGS technology
will make substantial progress in the coming years in economic production of thin film
modules.

5.4 Hybrid Wafer Cells

After considering the thin film cells, we will now turn to two technologies that com-
bine different materials on the basis of wafer cells in order to achieve high degrees of
efficiency.

5.4.1 Combination of c-Si and a-Si (HIT Cell)

An interesting hybrid form of ¢-Si and a-Si material has been developed by the Pana-
sonic Corporation. Figure 5.23 shows the structure of these so-called HIT cells (HIT:
Heterojunction with Intrinsic Thin-Layer).

On the wafer, which is n-doped on both sides, there are deposited an intrinsic and then
a doped layer of a-Si material. A transparent electrode (TCO) is deposited on this. As
the TCO is relatively high resistive, additional normal metal contact strips must be used.

What is the advantage of this cell concept? The a-Si layers act as very effective pas-
sivating layers for the c-Si wafer cell, resulting in an open-circuit voltage of more than
700 mV. At the same time, the high open-circuit voltage results in an improved tem-
perature dependency of TC(P) = —0.23% K~! compared to —0.5% K~! for a normal c-Si
cell. In addition, in the production of the cell, there is the advantage that one can dis-
pense with the energy-intensive diffusion step for emitter production. Temperatures
of below 200 °C are sufficient because the a-Si layers are applied in the PECD process.
The structure shown in Figure 5.23 also permits light from the bottom of the cell. In

Metal contacts

p* a-Si
20 nm{ i a-Si

200 um

i a-Si
20 nm{ s aSi
TCO

Figure 5.23 Structure and cross section of the HIT cell from Panasonic: The a-Si layers serve primarily
for very efficient surface passivation [71].
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particular applications, these types of bifacial cells can result in an increased yield of
10% [72]. Meanwhile, Panasonic could present a record cell with an efficiency of 25.6%.

Since important patents for the HIT cell expired in 2010, a number of companies are
now adopting the cell concept. Kaneka has shortly presented a heterojunction cell with
interdigitated back contacts (IBC) with a world record efficiency of 26.6%, the highest
efficiency for a silicon cell so far.

By the way, why actually the good surface passivation of the HIT cell leads to a
high open-circuit voltage?

@ This can be very well explained with the aid of the simplified equivalent
circuit model (Figure 4.11). A bad surface passivation leads to recombinations

at this surface. The recombined electrons then have to be delivered
additionally over the p-n junction. Thus the saturation current I increases.
According to equation (4.16) this again has a direct influence on the
open-circuit voltage: with rising | the open-circuit voltage is reduced. In
other words: the less recombinations take place (both in the semiconductor
and at the surface) the higheris V.

The open-circuit voltage is hence a measure of the quality of a solar cell.
Extremely good lab cells get up to 740 mV, very good cells in commercial
modules reach 710 mV.

5.4.2 Stacked Cells of lll/V Semiconductors

For particular applications, for example, space use or concentrator cells (see Section
5.6), maximum efficiency is required, and costs play a subsidiary role. Thus, for instance,
use can be made of relatively expensive GaAs wafers as this material with a bandgap of
1.42 eV lies very near to the theoretical optimum (see Figure 4.24). The best lab cells of
GaAs thus achieve an efficiency of 31%.

It is even better to combine several materials in a cell as already seen in the triple
cell. For instance, the Spectrolab Company has specialized in this technology. The struc-
ture of such monolithic stacked cells of III/V semiconductors is shown in Figure 5.24a.
Monolithic means that the middle and upper cells are grown onto the bottom cell. For
this purpose, these materials must possess approximately the same lattice constants as
the germanium wafer in order to achieve a sufficient crystal quality. Window layers are
placed between the cells to reduce recombination, and highly doped tunneling layers are
inserted in order to improve the charge transport between individual cells. This results
in a very complex production. These types of cells achieve efficiencies of up to 38%.

A second method is to stack different cells mechanically on top of each other (so-called
mechanically stacked multijunction cells). On the one hand, this has the advantage that
the individual materials can possess different lattice constants. Added to this is that the
cells need not necessarily be connected in series as the connecting wires can be led to
the outside. In this way, the losses fall away because of the current matching (see Section
5.2.5) and higher overall efficiencies can be achieved. Figure 5.24b shows a concept
of the Belgian research institute IMEC. The top cell, which again consists of a mono-
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Figure 5.24 Structure of a monolithic GalnP/GaAs/Ge stacked cell of the Spectrolab Company (a) and
a depiction of the principle of a mechanically stacked triple cell (b) [73, 74].

lithic tandem cell, is connected to the bottom cell by means of a transparent adhesive.
The rear contacts are connected to the surface by means of a through-contact in order
to connect the respective cells from outside.

5.5 Other Cell Concepts

Besides the cell technologies already discussed, there is still a series of other materials
and cell concepts that can be of importance in the future.

The Dye-Sensitized Cell (DSC) was discovered at the start of the 1990s by Professor
Michael Gritzel at the Ecole Polytechnique in Lausanne and is, therefore, called the
Gritzel Cell. This cell has long played the role of “Eternal Talent.” The specialty of this
concept is a relatively simple manufacturing process and the use of cheap materials.
Meanwhile, laboratory cells have efficiencies of 12% and minimodules have up to 10%
[69]. A hindrance for commercialization has hitherto been the lack of stability. High
temperatures lead to the formation of gas and leaks because the cell contains a liquid
electrolyte. An exact description for the build-up and method of operation of the DSCs
can be found in [75].

A further candidate is the organic solar cell that uses polymers in place of semiconduc-
tor materials. As with the DSCs, here too there is hope in the future of producing much
cheaper electric energy than with the presently available technologies. The record
efficiency for minilaboratory cells is held by Toshiba with 11%; small submodules
achieve an efficiency of about 10% [69]. Further success can be expected in the coming
years, as there are a number of companies worldwide researching in the field of polymer
electronics. Further information on organic solar cells can be found, for instance, in [76].
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A very stormy development has taken a new material class of solar cells: The per-
ovskites. The name perovskite originally described a mineral mined in the Ural Moun-
tains, which is generally known as calcium titanate (CaTiO,). The perovskite solar cells
have the crystal structure of this mineral; however, they consist of different materi-
als. On the one hand, an organic portion consists of carbon, hydrogen, and nitrogen;
on the other hand, an inorganic portion consists of lead, iodine, and chlorine. This
organic—inorganic hybrid cell was invented from the team around Tsutomu Miyasaka
from Toin University in Japan. In 2009, they presented a cell with an efficiency of 3.8%.
Many other research groups worldwide stepped into the subject with the result that
efficiencies of about 20% were reached within a few years.

Beneficial is the high absorption coefficient of the material with, at the same time,
large diffusion lengths of the generated charge carriers. Moreover, no high temperatures
are needed for the production of the cells. A large problem, however, to date is poor
stability of the material. Additionally, the developers are in search of a substitute for the
heavy metal lead. Attempts with alternative materials, however, ended in clearly reduced
efficiencies.

Particularly appealing would be a tandem cell of perovskite and c-Si. Both materials
complement each other with respect to their bandgaps: While c-Si covers the longwave
part of the spectrum (red and infrared), the perovskite cell placed on top could convert
the shortwave part (blue and green) into solar power efficiently.

A good introduction into the subject perovskite solar cells can be found, e.g. in [77].

5.6 Concentrator Systems

The idea of concentrator systems is to concentrate sunlight by means of mirrors or lenses
and then to divert it to a solar cell. We will look at this technology in more detail in the
following.

5.6.1 Principle of Radiation Bundling

The two most important principles of concentration of light radiation are shown in
Figure 5.25. In the case of lens systems, use is made of Fresnel lenses that were dis-
covered by the French Physicist Augustin Jean Fresnel (1788-1827). With these lenses

(a) (b)

\l\wﬂ/b( ool

Fresnel lens

Solar cell

Heat sink RefleCtOr/\/

Figure 5.25 Principle of light concentration by means of a Fresnel lens (a) and parabolic mirror (b).
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that were originally developed for lighthouses, one can achieve a relatively small focal
length without the lens becoming too thick. This occurs with the use of circular steps on
the lens surface. The resulting picture errors would be catastrophic for cameras, but for
photovoltaics, the only concern is to be able to concentrate radiation on the solar cell.

Another principle is the use of mirror systems. Here, the light is reflected by a curved
mirror surface and concentrated on the solar cell. In the optimum case, use is made of
parabolic mirrors as they concentrate incident rays on a focal point.

5.6.2 What Is the Advantage of Concentration?

The purpose of light concentration on solar cells is the reduction of production costs. If
the lenses or mirrors can be produced cheaply, then an actual cost advantage can accrue
due to the drastic reduction of the required solar cell area. But there is still a further
advantage: The efficiency of the solar cell increases with the irradiance. How is this to
be explained? This can be seen in Figure 5.26. The cell curve moves upward with the
increase in radiation. As the short-circuit current behaves proportionally to irradiance,
an increase, for instance, by a factor of X = 2 effects a doubling of the short-circuit cur-
rent. However, this does not result in a change in efficiency as double the optical power
also hits the cell. But it is known that the open-circuit voltage increases at the same time
by the logarithm of the irradiance. With the resulting increase of the MPP voltage, this
leads to an overproportional rise in power and thus to an increase in efficiency.

In order to calculate the effects more accurately, we make use of Equation (4.16) for
the open-circuit voltage. The increase in the irradiance by the factor X leads to a changed
voltage V(, :

I - X I

V6C=m-VT-ln<SCI >=m-VT-ln<%>+m-VT-ln(X), (5.1)
S S

Vie=Voc+m- Vi InX). (5.2)

Thus, for instance, a concentration of the sunlight by the factor X =100 results in
an increase in the open-circuit voltage by 120 mV (assumption: m = 1). Referenced to a
typical c-Si voltage of 600 mV this means an increase of 20%.

The increase in efficiency can be verified for particular cell types. This is shown by
the stacked cell presented in Section 5.4.2 of the Spectrolab Company; under standard

Figure 5.26 Displacement of the solar cell |
characteristic curve for double irradiance: 2l
Besides the short-circuit current, there is also an
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Figure 5.27 Examples of concentrator systems: Path of rays and photo of a Flatcon concentrator
module (a) and parabolic mirror system (b).

conditions, an efficiency of 29.1% is achieved, and under 66 times concentrated sunlight,
this increases to 35.2%.

The worldwide highest efficiencies show a cell from Soitec: Their four-junction cell
delivers an efficiency of 46% under a light concentration of X =297. However, the effi-
ciency does not climb continuously with X. For one thing, the cell heats up with high
irradiance and even an active cooling cannot prevent this. On the other hand, the elec-
trical losses of the series resistances rise with the square of the operating current.

5.6.3 Examples of Concentrator Systems

Figure 5.27a shows the application of the lens principle by the Soitec Company. This
installs a multitude of extremely small cells (3 mm?) into a box-shaped module (product
name Flatcon). The Fresnel lenses imprinted on the upper glass sheet concentrate the
light up to 500 times on these cells. The efficiency of the offered modules is about 32%.
Using a fourfold stack cell, the best lab module shows a record efficiency of 36.7%.

An example of parabolic mirror collectors is shown in Figure 5.27b. The reflector is
made up of 112 individual curved mirrors, which feed the sunlight with 500 times con-
centration onto the receiver. This, again, consists of an array of III/V stacked cells that
are kept to a maximum of 60 °C by means of active cooling. The size of the reflector is
gigantic with a diameter of 12 m. In this way, the system achieves an electric power of
35 kWp.

Besides the highly efficient cells of III/V semiconductors, cells of crystalline silicon can
also be used. For instance, there is the Point-Contact cell from the SunPower Company
(see Figure 4.33). As the contacts are only on the rear side, they can be as thick as desired
and can thus conduct extremely high currents without noticeable losses.

5.6.4 Advantages and Disadvantages of Concentrator Systems

Whether concentrator systems are more economical than conventional solar modules
depends greatly on the costs of the concentrating elements. They can only be compet-
itive when, despite the high requirements (mechanically and optical stability over more



Cell Technologies

than 20years) of the used surface, they are significantly cheaper than the standard
modules. Added to this is the important disadvantage that concentrator systems can
only use the direct portion of the global radiation. As diffuse radiation from many
directions arrives at the mirror or reflector, it cannot be bundled on the solar cell.
Added to this is that concentrator systems usually require a Sun tracking system,
which adds to further cost. It must, therefore, always be weighed up as to whether the
utilization of concentrator technology is really worthwhile.

5.7 Ecological Questions on Cell and Module Production

5.7.1 Environmental Effects of Production and Operation

Various materials are used in the production of solar cells and modules, and their envi-
ronmental friendliness will be discussed.

5.7.1.1 Example of Cadmium-Telluride

The CdTe cells presented in Section 5.3.1 pose a special hazard for the environment.
Cadmium is a poisonous heavy metal that is classed as carcinogenic. Thus, it should not
be released into the environment. However, cadmium combined with tellurium is a very
stable water-insoluble compound that only melts above 1000 °C. In normal operation of
a photovoltaic plant, it presents almost no danger for the environment. The quantities
used are astonishingly small due to the thinness of the active layer in the cell. Only 7 g
are used per square meter, which represents approximately the cadmium content of two
Mignon-type NiCd batteries.

However, there could be a hazard in the case of a fire. The temperature reached could
be so high that gaseous cadmium would be released into the surroundings. On the other
hand, in the case of a house fire, many other poisonous substances (dioxins, etc.) are
released so that cadmium would only be one problem among many. At the same time, we
note in comparison that, e.g. the German coal-fired power stations emit more than 1.4t
of cadmium into the air every year, and at the same time, they produce approximately
100 t of cadmium in slag form [78].

Special attention is paid to recycling solar modules. This is indispensable in order to
justify the use of CdTe modules. The First Solar Company has instituted a free-return
system for all sold modules.

According to them, the recycling process developed by the company achieves a recy-
cling rate of 95% of cadmium.

5.7.1.2 Example of Silicon

Silicon looks much better regarding environmental friendliness. It is nonpoisonous and
available in unlimited amounts in the form of quartz sand. However, in its production,
a series of etching chemicals such as trichlorosilane are used for the silane process (see
Section 5.1). Potassium hydroxide and hydrofluoric acid are used in the cleaning of the
mono- and multicrystalline wafers. Also phosphoric and boric acids are used for dop-
ing the wafer. An increasing number of chemical companies are offering reprocessing
plants for these materials in order to increase recycling quotas [79]. In the ideal case,
integrated multi-industry companies can make use of the wastes produced in their own
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Figure 5.28 Recycling solar modules: Besides the recycling of glass and metal, the solar cells are
chemically cleaned and made into “new” wafers again. Photo — Deutsche Solar GmbH; sketch is
from [81].

companies. Thus, for instance, at Wacker, the used-tetrachlorosilane is converted into
silicon dioxide and is then used for wall paints or even toothpaste [80].

Recycling of ¢-Si modules is also possible and has been carried out, e.g. by the Solar-
World daughter Deutsche Solar GmbH (Figure 5.28). For this, the modules are first
heated up to 500 °C so that the EVA laminate is dissolved. The cells are then separated
manually and cleaned of the doping substances by means of etching. Originally, the plan
was to reuse whole wafers. However, the cells of older modules often have sizes and
thicknesses that are no longer in use today. Besides, the thin wafers used today break eas-
ily when being separated. For this reason, typically, wafer pieces are melted into ingots
again and new wafers are produced in the block-casting process. The remaining mate-
rials such as glass, aluminum, copper, and silver can also be reused. In total, a recycling
quota of 90% was achieved [82]. However, the Deutsche Solar GmbH ceased recycling
solar modules after the prices for solar silicon fell sharply.

Meanwhile, there exists the FEuropean Directive 2012/19/EU on waste electrical and
electronic equipment (WEEE). It states that every producer has to register his solar mod-
ules and to ensure their recycling after end of life.

5.7.2 Availability of Materials

Besides the environmental relevance of the substances used, their availability plays an
important role. If photovoltaics are to be a support in the worldwide supply of energy,
then the materials necessary for the production of solar modules must be available in
sufficient quantities.

5.7.2.1 Silicon

In the case of silicon solar cells, the situation is very relaxed. Silicon is the second
most common element on the Earth’s surface and can be produced fairly easily from
quartz sand (see Section 5.1). In recent years, however, there has been talk of a
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“scarcity of silicon.” This, though, always referred to the already produced and highly
refined polysilicon. The producers had underestimated the demand so that the price
rose to more than 200€ kg~!. Since massive capacity was added, there is now sufficient
polysilicon available, which has reduced prices to below 20€ kg™*.

5.7.2.2 Cadmium-Telluride

Regarding the availability of CdTe, tellurium is a critical material, as on Earth it is almost
as scarce as gold. The estimate of the total available quantities is 21 000t worldwide.
Annually about 130t are extracted mainly as a by-product in the extraction of copper
and nickel, which is used primarily in steel production. Some studies assume that the
extraction of tellurium could be increased to 600t a~! [83]. Let us assume that at best
500t a~! would be available for photovoltaics. How much photovoltaic power could be
generated with this?

One needs approximately 7 g of tellurium for a square meter of module area. If in the
future, a module efficiency of 15% is achieved, then the result is a requirement of 50 g
tellurium per kilowattpeak. With the assumed extraction of 500t a~!, we would have a
possible PV production of

(500 ta™1)/(50 g kWp~') = 10 GWp a~ L.

Is that a lot or little? The quantity corresponds approximately to one-fourth of the
solar module production of the year 2013. But what would the situation be in 2030?
If we assume an annual growth of the PV market of 25%, then the yearly production
would have increased to approximately 1650 GWp. CdTe modules would contribute to
this world market only a maximum of 0.6% (see Figure 5.29).

With cadmium, the situation regarding availability is unproblematic. The annual pro-
duction is 20 000 t a~!; moreover, the use of cadmium is generally being reduced.

5.7.2.3 Cadmium Indium Selenide

With the CIS modules, it is mainly the indium that has limited availability as it occurs
almost as rarely as silver [84]. The estimate of the total extraction is 6000—11 000 t, but
actually, about 950 t are extracted, of which 800t a=! are required by other industries.
The market for flat screens especially takes up a large part as indium is used there in
indium oxide as a transparent electrode.

c
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Figure 5.29 Maximum possible annual production of various PV technologies: They will only be able
to make up a small portion for the assumed world market in 2030.
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Since the triumphal development of the flat screen, the price of indium has risen
10-fold to 1000€ kg™!. If one uses the remaining 150t a=! for CIS modules, then for
a demand of 30 g kWp~!, one arrives at a installable power of 5 GWpa~! [83].

The selenium required, like tellurium, is also a by-product of copper and nickel pro-
duction. The current annual production of 1500 t a~! can easily be increased so that here
there are no bottlenecks for PV production.

5.7.2.4 1lI/V Semiconductors

With the stacked cells discussed in Section 5.4.2, there is a problem with the availability
of germanium. It occurs in relatively small concentrations in the rare earths and can
only be extracted with much effort. The extracted quantities are about 90t a™!. Prices
have risen in recent years as germanium is used in modern optical components. Assume
that, despite this, half of the annual extraction could be used for photovoltaics. With the
utilization of cells in concentrator systems, we can assume a future efficiency of 45%.
For a concentration factor of 500, the demand for germanium is 9 g kWp~! [83]. The
possible annual production is then:

(@5ta™)/9gkWp ) =5GWpal.

In summary, one can say that no availability problems are foreseen up to 2020.
After that, one should expect raw material bottlenecks for CdTe, CIS, and III/V
semiconductors.

5.7.3 Energy Amortization Time and Yield Factor

There is a persistent rumor that more energy is required for the production of photo-
voltaic plants than the energy generated by the plant in the course of its life. If this were
actually the case, then one could hardly call photovoltaics an option for the solution of
energy problems. It would then only be suitable for providing power for areas far from
an electric grid (space, rural areas in the developing world).

In order to discover the amount of energy required for the production of a pho-
tovoltaic plant, let us assume a rooftop installation in Germany. This consists of
multicrystalline solar modules, support structure, cables, and inverters. In a study by
Erik Alsema in 2006, it was shown that the primary energy demand w4 for producing
the installation was 7830 kW h kWp~'. The cells under consideration had an efficiency
of 13.2% and a wafer thickness of 285 pm, which corresponded to the state of production
of 2004. Figure 5.30 shows that approximately three-quarters of the energy was required
for the production of the cells. Of this, again, the largest part was for production of
polysilicon.

The energy amortization time is more informative than the primary energy demand.

The energy amortization time, T,, is the time that a solar power plant must work until it
has generated as much energy as was required for its production.

If a photovoltaic plant is feeding into the public grid, then it replaces power from
conventional power stations. Thus, every kilowatt hours that is fed-in is included in the
number of kilowatt hours of primary energy it replaces. The primary energy factor, Fy,
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Figure 5.30 A portion of the primary Support structure
energy demand for the production of a 2% Inveorter
PV plant with multicrystalline modules in Module frame I 4%
year 2004. 6%
Laminate
o,
1% Silicon
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47%
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14%
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describes this relationship. For the typical Middle-European electric grid, we assume a
value of Fp; = 3 (see also Chapter 1).

Whprod
T, — —Prod (5.3)
A Wyear * F PE
with wp,4: Specific production effort (primary energy); wy,.,,: Specific annual yield per
PV plant.
In Germany, the specific annual yield of a plant is wy,,, = 900 kW h(kWp a)~!. For the
example of the rooftop installation with multicrystalline cells, the result is then

Weod 7830 KWh kWp™'
Wyear - Fpe 900 kWp (kWp a)~! -3

T, = =29a. (5.4)
In Germany, the installation must be in use for almost 3 years in order to produce as
much energy as was required for its production. This is a very good result in view of the
plant lifetime of about 25 years.
This consideration immediately leads to the definition of the Energy Returned on
Energy Invested (ERoEI).

The ERoEl is the amount of energy that a solar power plant generates in its lifetime, T, in
comparison to the required production energy (always referenced to primary energy).

Total generated energy  T| - Wy, - Fpg T},

ERoEI = = =L (5.5)
Whprod TA " Wyear * FPE TA
In our example, this results in
T,
ERoEI = —k = 222 _g¢ (5.6)
T, 29s

Thus, in the course of its period of operation, the plant generates more than eight
times the energy required for its production.
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Figure 5.31 Energy amortization times of various types of plants: Modern production techniques
substantially reduce the energy demand for plant production [49].

However, development does not stand still. Figure 5.31 shows the energy amortization
times of three different technologies. The left bar shows the situation in the already con-
sidered multi-Si plant of 2004. Besides this is an analysis of a modern plant. Compared
to the old plant, use was made of thinner wafers (150 pm) and higher efficiencies (17%).
In addition to this, the silicon production of solar-grade silicon was carried out with
the aid of a fluidized bed reactor instead of the older Siemens reactor. These framework
conditions are largely normal practice in modern plants.

The result is a reduction of the energy amortization time from 2.9 to 1.3 years, which
corresponds to an ERoEI of 19.

Figure 5.31 shows the results of a third plant with CIGS thin film modules from year
2004. Here an amortization time of 2 years has already been achieved. Because of the
relatively low efficiency, the area-dependent material portions (glass of the modules,
support structure, etc.) have a strong influence. In the region of thin film technology,
future improvements in energy amortization time will be achieved mainly by means of
higher efficiency.

Remarks: The term Balance of System (BOS) combines the components of the system
technology (support structure, cables, inverter, etc.).

Possibly, the results of Figure 5.31 are too optimistic. A current study from 2013 states
that the energy amortization time of 1.3 years will be only attained in 2020 [85]. The
authors, among other things, assume that the cell efficiencies then have raised to 23%
as a consequence of the optimization measures known from Chapters 4 and 5 (HIT
concept, IBC structure, etc.). The wafer thickness is expected to reduce to 120 pm. This
scenario results in an energy amortization time in Germany for scarcely one year for
the module. For a complete PV plant, it is differentiated between a small rooftop plant
of 2.5 kWp and a 4.6 MWp open air plant. The resulting amortization times are 1.4 and
1.3 years, respectively.

Up to now, we have always considered Germany as the site of photovoltaic plants.
Operation of a plant in southern Europe (e.g. Spain) would reduce the energy amortiza-
tion time by a factor of 1.7 again.

Would the energy amortization time be reduced further if recycled material is
used in production?
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E At present, module recycling is not a part of the calculation of the energy
amortization time. In fact, it would effect a further improvement of the
environmental balance of photovoltaic plants in the future. The materials
silicon, glass, and aluminum can be reused very efficiently. A saving of more
than 95% can be achieved especially with aluminum.

What is the actual energy amortization of other power-generating plants
such as wind turbines or coal-fired power stations?

E Depending on their location, wind turbines have an energy amortization of
only 3-5 months for a typical life of 15 years [86]. Conventional power
plants never produce more energy than is used for their production and
operation as ever more primary energy in the form of coal or gas or uranium
must be provided. Their energy amortization is, therefore, infinite to a
certain extent.

5.8 Summary

After having considered the individual cell technologies in detail, it is now time for a
summary. Table 5.2 shows the efficiencies of the types of cells together with their most
important advantages and disadvantages. In the second column, the respective peak effi-
ciencies of laboratory cells are shown, and the third column shows the largest efficiency
of the modules delivered on the market.

Figure 5.32 shows the development of the worldwide photovoltaic market with ref-
erence to the various cell technologies. The two crystalline technologies for years have
dominated photovoltaic production with a market share between 80% and 90%. Interim,
thin film technology could make up ground again especially driven with the CdTe pro-
duction of First Solar. However, in the last years, the portion of c-Si cell installations
went up again. It can be expected that in the thin film market, only CdTe and CIS will
malke their way. At the same time, the trend to high efficiencies will possibly raise again
the portion of monocrystalline silicon.

Finally, let us look at Figure 5.33. This presents the development of the best cell
efficiencies over the past 40years. It shows the great advances that have been made
since then.

In the upper part, we naturally find the stacked cells of III/V semiconductors under
concentrated sunlight. The winner is the already known cell from Soitec described in
Section 5.2 with an efficiency of 46%.

With the crystalline cells, we find the PERL cell with an efficiency of 25% developed by
Martin Green at the UNSW in Australia (see Section 4.7). This one was shortly topped
with a 23.3% cell from Fraunhofer ISE.
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Table 5.2 Comparison of the various cell technologies.

Cell technology Tcell_Lab (%) Module (%) Important advantages and disadvantages

Mono c-Si 25 21.5 + Very high efficiencies

+ Unlimited availability

— Presently high-energy amortization time
Multi c-Si 21.9 17 + High efficiencies

+ Unlimited availability

+ Acceptable energy amortization time

a-Si (single) 10.2 7 + Low temperature coefficient — Efficiency
too low

a-Si (triple) 13 8.2

a-Si/pc-Si 11.8 10 + Potential for improvements
— Low efficiencies

CdTe 22.1 17 + Medium efficiencies
— Availability problem

+ Potential for improvements

— Image problem

+ Low energy amortization time
CIS 22.6 16 + Acceptable efficiencies

+ Potential for improvements

+ Low energy amortization time

— Availability problem

Mono c-Si/a-Si 26.6 194 + Very high efficiencies
(Hetero junction)

+ Great potential for improvements

/v 39 na. + Extremely high efficiencies (with
semiconductors concentration over 40%)

— Possible availability problem

— Only sensible in concentrator systems

100% | ——————— e — O — e . ;<
e L —— m others
. — —~ Q T [: 4.2 %
80% - CIS
60% o asi
|| dT
40% | P y—tt 41 " oo
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Figure 5.32 A portion of various cell technologies in percentage over the years. Crystalline silicon
continues to dominate the world market with a share of more than 90% [87].
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Also noticeable are the rapid advances in organic cells: Within only 15 years, the effi-
ciencies have increased almost fourfold from 3% to nearly 12% today.

The steepest rise of efficiencies, of course, shows the perovskites with efficiencies from
0% to 22% (not stabilized) in 4 years.

As we are now very well acquainted with the principles and production of solar cells,
we will now turn our attention in the next chapter to the application of solar generators.



6

Solar Modules and Solar Generators

In this chapter, we will become acquainted with the construction of solar generators,
namely the interconnection of solar modules in series and parallel, connected into a
direct current source. First, we will deal with the features of solar modules and the prob-
lems that can arise in the connection of modules. Then we will consider the special
components of direct current technology and, subsequently, look at different structural
variations of photovoltaic systems.

6.1 Properties of Solar Modules

The properties of solar modules (temperature coefficient, efficiency, etc.) are mainly
determined by the solar cells used in those modules and, in addition, the type of inter-
connection in the module. Here parallel and series connections have different effects,
especially in the case of partial shading.

6.1.1 Solar Cell Characteristic Curve in All Four Quadrants

If several cells are interconnected, then reverse voltages or reverse currents can easily
occur in individual cells. The result is that these cells operate not only in the first but
also in the second or fourth quadrant. As a reminder, Figure 6.1 shows the characteristic
curves of a solar cell in all quadrants. Here, the generator reference-arrow system has
been used again.

The first quadrant is called the active region, as this is where normal operation occurs
and in which power is generated. The reverse voltage region is situated in the second
quadrant: With rising reverse voltages, the starting avalanche breakthrough of the p—n
junction (see also Section 3.5.4) can clearly be seen. The pass region is situated in the
fourth quadrant. It is sometimes called the reverse current region as the current flows
in the reverse direction to the normally flowing photocurrent.

6.1.2 Parallel Connection of Cells

We will first consider the parallel connection of cells in a solar module. Figure 6.2 shows
a mini-module that will consist of three parallel-connected solar cells. The parallel con-
nection forces all the cells to have the same voltage. At the same time, the individual

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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Figure 6.1 Solar cell characteristic curves in all quadrants in the generator reference-arrow system.
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Figure 6.2 Parallel connection of solar cells: The voltage is the same in all cells, whereas the currents
add up.

currents are added up:
V=V, =V,=V;, (6.1)
I=0L+1+1. (6.2)

The simplest method for drawing the overall characteristic curve (module character-
istic curve) is to prescribe voltage values and then add the individual currents.

What happens when one of the cells is partly shaded? In the following, we will call
this cell “Shady” (see Figure 6.3). We will assume that Shady is three-quarters shaded.
We know from Chapter 4 that the open-circuit voltage of Shady changes only slightly,
but the short-circuit current will decay by about three-quarters.

Figure 6.3 shows the effect on the overall characteristic curve of the solar module:
It also decays by approximately the amount of the current loss of Shady, whereas the

Al

/ Overall characteristic
7 curve (unshaded)

Overall characteristic
Shady curve Isc

Unshaded cell

«—
=
Ny
«—
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O4<—O

Shady

Figure 6.3 Shading one of the three cells: The current of the overall characteristic curve decays by the
same amount as the current of Shady.
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open-circuit voltage hardly changes. The power loss of the solar module is thus approx-
imately one-quarter and corresponds to the proportion of the area of the module that
was shaded. Therefore, the parallel connection reacts in a relatively benign way to the
partial shading. When considering the series connection, we will see that this behaves
in a very much worse fashion.

@ Why don’t we connect all cells in parallel?

@ If all cells were connected in parallel, then the module would have an
open-circuit voltage of only 0.6 V and a short-circuit current of, for instance,
100 A. To transport this current, we would need an extremely thick cable. In
addition, typical photovoltaic plants (especially solar plants connected to the
grid) would need much higher voltages that could only be generated from the

0.5 V with great effort.

6.1.3 Series Connection of Cells

As already described, one connects many cells in a module in series in order to achieve
“decent” voltages. Figure 6.4 shows the effect of the series connection on an example of
a three-cell mini-module: The current in all cells is the same, and the overall voltage is
made up of the sum of the individual voltages:
I=1,=I,=1, (6.3)
V=Vi+V,+ Vi, (6.4)
The overall characteristic curve of a series connection can be determined graphically
by adding the individual voltages for fixed current values.
What happens when one of the cells is partly shaded? For this, we will assume that

we connect three equal cells in series, of which again one is shaded by three-quarters
(see Figure 6.5).

/

A l
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l
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Figure 6.4 Series connection of solar cells: The voltages of individual cells are added together.
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Figure 6.5 Partial shading of a cell with series connection: As Shady acts as the bottleneck, the overall
current decreases strongly.

The two fully irradiated cells attempt to press their current through Shady. This causes
a negative voltage at the shaded cell, and it is, therefore, operated partly in the second
quadrant.

If we again add all the cell voltages at prescribed currents, then we obtain the new
overall characteristic curve shown in Figure 6.5. The current is almost completely deter-
mined by Shady. The maximum power point (MPP) power of the module has been
reduced by approximately three-quarters compared with the unshaded case, although
just a single cell was shaded by three-quarters.

6.1.4 Use of Bypass Diodes

6.1.4.1 Reducing Shading Losses

The cells in modern modules are usually connected in series; this normally involves cell
numbers of 36, 48, 60, or 72, leading to MPP voltages of between 18 and 36 V. Figure 6.6
shows a typical solar module with 36 cells and the resulting characteristic curve. Here,
too, one shaded cell leads to a drastic power reduction from MPP; to MPP,. Such a

Negative pole

Positive pole

A /
Isc...

1 i Curve of one cell Module curve

H Module curve (one cell shaded) "‘-_‘ (unshaded)

_j/ Curve of Shady "‘.‘_ MPP,

N I S S S B E S S B B N E B S S s m s pa A AV
0123456 7 8 910112131415161718 1920212223

Figure 6.6 Solar module with 36 cells: The module power decreases drastically in the case of shading
of a single cell.
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Figure 6.7 Solar module with 36 cells and bypass diode over each cell: The power loss is a minimum in
the case of shading of any cell.

loss is unacceptable, which is the reason why so-called bypass diodes are included as
additional components.

This is shown in Figure 6.7 for the example of Figure 6.6: A bypass diode is connected
antiparallel to each solar cell. Provided that there is no shading, all cells have a positive
voltage. This voltage acts as a reverse voltage for the diodes; they conduct no current and
create no disturbance. If Shady is now again three-quarters covered by shade, then this
cell has a negative voltage. This means that the diode conducts and Shady are bridged.
The remaining 35 cells can, therefore, conduct their full current. However, the bypass
diode has a threshold voltage, V7;, of approximately 0.7 V, which is approximately the
open-circuit voltage of a solar cell. Only when the current drawn off outside the module
is as small as the current still deliverable by Shady will Shady’s voltage become positive
again. As a result, the bypass diode blocks, and Shady can still deliver a portion of the
voltage (see the characteristic curve at the bottom right of Figure 6.7).

The adjusting MPP, in the case of shading is approximately two cell voltages lower
than MPP,. The power loss due to shading is

Prippy = Pyippr ~ Dvpp + 34 - Vear — Lypp ©36 - Veay =2 -1

== =-56% (65)
Pyippr Lypp - 36 - Ve 36 18

The losses have been drastically reduced due to the bypass diodes.

However, only a few bypass diodes are used in real solar modules. If one wished to
equip all cells with their own diodes, they would have to be accommodated in the very
thin ethylene-vinyl acetate (EVA) encapsulation. It would hardly be possible to dissipate
there the heat created in the diodes in the case of shading. Added to this is the fact that
they could not be replaced in the case of a defect.

For this reason, the bypass diodes are situated in the module connection box.
Typically, only one bypass diode is provided for 12, 18, or 24 cells.

The disadvantage of this solution is that the shading of a cell has a much stronger effect
than is the case shown in, for instance, Figure 6.7. This is seen in Figure 6.8. Depending
on the number of bypass diodes, a more or less large cell string falls away with shading. In
the case of only two diodes per module, the decrease in module power with the shading
of only one cell is approximately half.
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Figure 6.8 Characteristic curve of the solar module of Figure 6.7 with a different number of bypass
diodes: With only a few diodes, the shading has a particularly strong effect.

6.1.4.2 Prevention of Hotspots

The bypass diodes are used for another reason besides the reduction of shading losses:
To prevent the existence of hotspots. This is understood to be the massive heating of
a shaded cell caused by the other series-connected cells. An explanation is given in
Figure 6.9, which again shows a solar module with 36 cells of which one is shaded.

Let us assume that the module is being operated in the short-circuit mode. In this
case, the 35 cells attempt to push their power through Shady. The current in Shady is
still positive, but the voltage is negative. In order to find the operating point, we mirror
the original characteristic curve of Shady at the axis of the current. This results in an
operating point with a transferred power, which is a multiple of the normal MPP power
of a cell. The result is massive heating of Shady. The temperatures thus obtained can
cause damage to the EVA encapsulation or even lead to the destruction of the cell.

If a maximum of 24 cells is used per diode, then experience has shown that in this
case, the heat power generated will not damage the module. Figure 6.10 again shows the
module of Figure 6.9, which is now equipped with a bypass diode over each of the 18
cells. Because of the high internal resistance of Shady, the current of the lower 18 cells is
pressed through the upper bypass diode. A loop in the upper mesh provides the existing
voltage Vg, 4, at Shady:

Vohaty = @ = 1) - Vea + Vi, (6.6)

where z is the number of cells under a bypass diode.
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Figure 6.9 Solar module with 36 cells without bypass diodes: Shady acts as a load that is massively
heated by the remaining 35 cells.
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Figure 6.10 Solar module with 36 cells and two bypass diodes: The voltage at Shady clearly sinks
compared with Figure 6.9 so that the heating is reduced.

VThTZ

Hence, Shady has a voltage of 17 cells and additionally, the threshold voltage, V;,, of

the bypass diode.
The new operating point is approximately at half the voltage compared with Figure 6.9;

hence, the transmitted heat power is halved.

The short-circuit case is always used in the last two figures, but a short circuit
occurs only in the case of an error. Does the assumed heating also occur without

a short circuit?

@ Normally, the modules are connected in series with other modules and con-
nected to an inverter. This operates the modules in the MPP. The MPP current of
amodule is only slightly below the short-circuit current. Thus, the actual heating

of Shady is actually almost as great as in the short-circuit case.

In which case does Shady heat up most: With greater or lesser shading?

@ In general, this is hard to say. For this, we must check where the operating point
sets with the respective shading. Figure 6.11 shows the characteristic curve for
Shady in various degrees of shading. It can be clearly seen that the maximum
power occurs for degrees of shading between one-quarter and half. However,
different cell types have very different reverse characteristics that also depend
on the temperature. One can generally only say that maximum heating occurs

with medium shading.

Is there also a hotspot by Shady in the partial shading of parallel-connected cells
(Figure 6.3)?
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View of various degrees of shading: The transferred heat power reaches a maximum for

degrees of shading between one-quarter and half of the cell.

We will have to look at this in greater detail. The worst case for Shady is certainly
the open-circuit point of the module. In this case, the two unshaded cells will try
to press their current through Shady (Figure 6.12). The direction of the current
through Shady is therefore negative, whereas the voltage remains positive, and
this corresponds to the load reference-arrow system. We will, therefore, find the
self-adjusting operating point when we mirror the characteristic curve of Shady
about the x-axis. The power imparted at this operating point to Shady is within
the range of the MPP power of an unshaded cell. Therefore, no hotspot will arise
at Shady.

This may not be critical for two parallel connected cells. But what happens when
many cells are connected in parallel?

In this case, too, we can make an estimate based on Figure 6.12. Further, parallel
cells lead us to add many cell characteristic curves to the shown characteristic
curve of the two cells. It becomes ever steeper at the right edge and the operat-
ing point wanders upward. In the extreme case of an infinite number of parallel
cells, there will arise an intersection point of Shady with a vertical line through
Voc- Even this operating point is not critical as regards the power.

A

c-Many
y 7 parallel cells
» o Curve of two ]| ~Nd | _ Shady
Iy I, I parallel cells | P (mirrored)
]
lV1 lvz lvs ’ | |
o Curve of 7 Operating
Shady one cell point
-z T >V

B I - Voc

Figure 6.12

Characteristic curve of Shady and the two unshaded cells connected in parallel: In the

case of an open circuit in the module, the resulting operating point shown receives little heat from

Shady.
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Figure 6.13 Characteristic curve of the SW-165 module at various irradiances and a constant module
temperature of 25 °C (spectrum: AM 1.5).

6.1.5 Typical Characteristic Curves of Solar Modules

6.1.5.1 Variation of the Irradiance

Figure 6.13 shows the typical characteristic curve of the SolarWorld SW-165 solar mod-
ule at a cell temperature of 9 =25 °C and various irradiances. As already mentioned for
the characteristic curve in Chapter 4, the short-circuit current increases linearly with
the irradiance, whereas the open-circuit voltage alters little.

The purchaser of a solar module is not interested only in the nominal power of the
module under standard test conditions (STC). Because of the high contribution of
the diffuse radiation to the annual yield, the weak-light behavior of the solar module
should also be taken into account. In the example of the SW-165, the MPP power for
an irradiance of 200 W m~2 is only around 31 W. The efficiency has been reduced
by

a0 ~ Mhooo _ 31 W/(200 W m™) — 165 W/(1000 W m™) _ _ ., 67)
Moo 165 W/(1000 W m™2) S '

This relatively small degradation of the efficiency is also shown in many module data
sheets. The cause of this degradation is the dependence of the open-circuit voltage on
the incident light described in Sections 4.4.2 and 5.6.2. For very small irradiances, the
shunt resistance, R, of the standard equivalent circuit is also noticeable (Section 4.5).
For a small photocurrent, there is only a small voltage, V,, at the diode of the equivalent
circuit so that it hardly conducts. Instead of this, the photocurrent is partly converted
in the shunt resistance, R, into heat.

6.1.5.2 Temperature Behavior

In addition to the irradiance, the temperature behavior of solar modules is also of inter-
est. As an example, Figure 6.14 shows the characteristic curve of the SW-165 at constant
irradiance and different temperatures. The characteristic values from the data sheets
are used here: TC(V o) =—0.39% K™! and TC(I4) =0.04% K. Starting from 25°C,
the open-circuit voltage decreases from 43.2 to only 35.6 V at 75 °C. At the same time,
the MPP power is reduced from 175 to 131 W.
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Figure 6.14 Characteristic curve of the SolarWorld SW-165 module at various module temperatures
(irradiance, 1000 W m~2; spectrum, AM 1.5).

In the data sheets of solar modules, the temperature coefficients TC(V ), TC(ls¢), and
TC(Pypp) are often designated by , f, and y.

In Figure 6.13, the irradiance was varied and the temperature was kept constant at
the same time. These types of characteristic curves can be obtained in the laboratory
with a module flasher that irradiates the module for only a few milliseconds with an air
mass 1.5 (AM 1.5) spectrum and measures the characteristic curve at the same time
(see Chapter 8). The module can barely heat up in this short period of time. However,
things look quite different in the operation of a solar module in a photovoltaics plant. The
solar module heats up differently with various irradiances. Added to this are influences
such as types of construction and assembly of the modules, ambient temperature, wind
velocities, and so on.

The data sheet gives the nominal operating cell temperature (NOCT) for estimat-
ing the self-heating of a particular module. NOCT is defined as the temperature that
is arrived at for the following conditions:

e Irradiance E = Eygcp = 800 W m™2
e Ambient temperature 9, =20°C
e Wind velocity v=1ms™!

The typical NOCT temperature of ¢-Si modules is in the region of 45-50 °C.

If the NOCT temperature is known, then one can calculate approximately the
expected cell temperature 9, for a given irradiance and ambient temperature 9,,:
E

NOCT
Here, for the sake of simplicity, we assume that the temperature increase against the
ambient temperature is proportional to the irradiance.

9cu = 9, + (NOCT —20°C) - (6.8)

Example 6.1 Actual module power on a summer’s day

The 200 W Bosch c¢-Si M48-200 solar module has a NOCT temperature of 48.6 °C.
What module power can be expected on a nice summer’s day (E=1000 W m™2,
9,=30°C)? ]
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The actual cell temperature is

1000 W m™2
800 W m~2

With the temperature coefficient TC(P,pp), we obtain as actual power
P = Pyrc - [1+ TC(Pypp) - ey — 25°C)]
=200 W - (1 —0.47% K™ -40.75 K) = 161.7 W.
The 200 W module thus generates a power of only 161.7 W.

dcar = 30°C + <48-6°C -20°C- > =30°C +35.75 K = 65.75 °C.

6.1.6 Special Case Thin-film Modules

As already comprehensively described in Chapter 5, modules of thin-film materials often
possess properties that deviate strongly from those of c-Si modules. Of special interest
to us are the characteristic curve and the shading tolerance. As an example, Figure 6.15
shows the characteristic curve of the First Solar FS-275 CdTe module. Noticeable in
comparison with c-Si modules is the low fill factor of 68%. This results mainly from the
relatively high series resistances that are a consequence of the integrated series con-
nection of cells. The power reduction at 50 °C is only 6.25% owing to the low power
temperature coefficient of —0.25% K.

Thin-film modules are also clearly differentiated from c-Si modules regarding the
shading tolerance. As the individual cells are long and narrow, they are often only partly
shaded.

Figure 6.16 shows the case where one module is shaded in the longitudinal direction
(crosswise to the cell strips) by 25%. The current through all the cells is reduced by 25%
so that also approximately only 25% of the module power is lost. This is substantially
different from the case with lateral shading (parallel to the cell strips). The left cells are
fully shaded so that their current collapses. As no bypass diodes are connected, even
the remaining cells are hardly effective. The module power in the example decreases by
approximately 90%.

133 /inA
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1.1 4 1000 W m™
1.0 | 25 °C

0.9 |
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0.7 |
0.6
0.5
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Figure 6.15 Characteristic curve of the First Solar FS-275 CdTe module: A disadvantage is the low fill
factor of 68%, but the power decay is relatively small at high temperatures.
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Figure 6.16 Comparison of longitudinal and lateral shading: In the case of lateral shading, the module
power declines drastically as complete cells fail. Source: Own measurements [22].

Are bypass diodes used in thin-film modules? In addition, could hotspots occur
in addition to shading losses?

@ Only a single bypass diode is installed in most thin-film modules. This is meant to
prevent the shading of a module from reducing the power of the whole string.
Hotspots do not occur as the thin-film cells have a relatively low breakdown volt-
age of 3-12 V. If a negative voltage occurs in a cell due to shading, then its reverse
current increases until the breakdown voltage is reached. Thus, even without

bypass diodes, no voltages higher than 12 V occur.

6.1.7 Examples of Data Sheet Information

Table 6.1 lists the most important technical data for some solar modules.

6.2 Connecting Solar Modules

6.2.1 Parallel Connection of Strings

To construct a solar generator, first a row of modules are connected in a string in series.
This string can again be connected in parallel to further strings. Figure 6.17 shows a
typical structure for this.

The string diodes shown are meant to prevent the situation that with the appearance
of a short circuit or an earth fault in a string, all the other parallel-connected strings
drive a reverse current through the defective string. A disadvantage of the string diodes,
however, is the voltage drop associated with them: This causes a continuous power loss
also in normal operation of the plant. For this reason, string diodes are seldom used
nowadays and have been replaced by string fuses.



Table 6.1 Technical data for some solar modules.

Designation SW-280mono  QPRO-G3270  SPR-X21345-COM HIT N245 Us-64 U-EA120 FS-102A Ms-175 GG-04
Manufacturer SolarWorld Hanwa Q Cells ~ SunPower Panasonic  United Solar ~ Kaneka First Solar ~ Miasolé
Type of cell mono-Si multi-Si mono-Si HIT a-Si pc-Si/a-Si CdTe CIGS
Nominal power Pg;. 280 270 345 245 64 120 102.5 175
(Wp)

Nominal current 7, (A) 9.07 8.82 6.02 5.54 3.88 218 1.47 833
Nominal voltage V' (V) 31.2 30.8 57.3 44.3 16.5 55 70 21
Short-circuit current /g, 9.71 9.47 6.39 5.86 4.8 2.6 1.57 9.15
(A)

Open-circuit voltage V5. 39.5 38.9 68.2 53.0 23.8 71 88 27.8
V)

Temperature coefficient 0.04 0.04 0.033 0.03 0.1 0.056 0.04 —0.03
TC(Igc) (% K1)

Temperature coefficient -0.3 —-0.33 —-0.25 -0.25 —-0.31 —-0.39 —0.28 -0.35
TC(Voe) (% K1)

Temperature coefficient —0.45 —0.42 -0.3 -0.29 -0.21 -0.35 -0.29 -0.4
TC(Pypp) (% K1)

NOCT (°C) 46 45 415 44 46 45 45 45
Module efficiency n,; (%) 16.7 16.2 212 19.4 7.5 9.8 14.2 16.3
Number of cells 60 60 96 72 11 106 216 88
Number of bypass diodes 3 3 3 3 11 1 0 44
Length L (mm) 1675 1670 1559 1580 1366 1210 1200 1611
Width W (mm) 1001 1000 1046 798 741 1008 600 665

Source: www.enfsolar.com/pv/panel.
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Figure 6.17 Structure of a solar generator with several strings.

String fuses are special sand-filled DC fuses that safely extinguish the electric arc when
fuses burn through. They are typically dimensioned with double the nominal string cur-
rent as solar modules can easily accommodate reverse currents of double or triple the
nominal current. However, this means that generators with up to three parallel strings
do not need string fuses, as in this case a maximum of two strings would feed their cur-
rent through the defective string. At the same time, it must be ensured that the cables
are designed to handle the increased strength of current.

6.2.2 What Happens in Case of Cabling Errors?

Assume that during the cabling of a solar generator an unequal number of modules
per string are interconnected. For an example of this, see the generator in Figure 6.18:
It contains two strings each with four modules and one string with only two modules.
What current will flow in the right-hand string? The worst case is certainly the
open-circuit case in which both the left-hand strings press their current through
the right-hand string. Thus, in a manner similar to Figure 6.12, we could depict the
right-hand string in the load reference-arrow system. There arises an operating point
at which a reverse current in the right-hand string is set to almost double the module
short-circuit current. This operating condition is not critical for both modules.

/ i 0 4 /inA __ Operating point
' g ! 161 GZ/ 2 Parallel strings with
14 4 I each 4 modules
12 |
; g Y/r 10+ ,' String with
8 ,l 4 modules
6 I
g g v 4l 1 Module ',
2 1
0 T T T T T T T ’, T T T T T T T T T t
g g 21 20 40 60 80 100 120 140 160 V (V)
i I
—4 FRN String with 2 modules
v -6 J (Load reference-arrow system)
84+ - -

Figure 6.18 Structure of a solar generator with cabling error: The right-hand string has two modules
too few so that a reverse current of almost double the module short-circuit current is set.
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At the generator connections, in this example, in the open-circuit case, one would
measure a voltage of approximately 90 V instead of the expected 160 V.

This type of cabling error would be discovered by a simple measurement with a
multimeter.

6.2.3 Losses Due to Mismatching

If one purchases several modules of the same type, then they are not identical in their
voltages and currents because of manufacturing tolerances. For this reason, when con-
necting the solar modules to a generator, it can occur that the overall power of the
modules is not the same as the sum of the individual powers. The losses occurring in
this way are called mismatch losses.

In order to explain this phenomenon, we will assume a string of four 100 W modules
(Figure 6.19). One of the modules will have a nominal power of only 90 W owing to man-
ufacturing tolerances. In principle, we can see this as though a normal 100 W module
is only irradiated with 900 W m~2. The I/V characteristic curve shows a new MPP, that
lies at 384 W/, which is about 6 W below the sum of the module power of 390 W.

The loss occurs because the three good modules can no longer contribute their full
current to the MPP,.

Thus, one can state for the installation of a photovoltaic plant:

If the purchased modules show clear manufacturing tolerances, then they should
be sorted in such a way that always modules with the same short-circuit current are
combined into a string.

6.2.4 Smart Installation in Case of Shading

In Section 6.1, we discussed the shading losses in solar modules in detail. When con-
necting many solar modules, thought must also be given to how the losses of shading
can be kept as small as possible.

454" ™ 4 100W - Modues - AW
90 W - Module> < l i ggg
- 250
- 200
g \ 150
Power curve in case \5 - 100
of mismatching \ 50
T T T T T T T T T T —»V (V)
40 60 80 100 120 140 160

Figure 6.19 Effect of mismatching losses: The series connection of three good and one bad module
leads to an overall power of only 384 W instead of the expected 390 W.
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Figure 6.20 Series connection of all eight modules into a string: The shading of a module has only a
small effect on the overall power.

Let us assume that we wish to build up a solar generator of eight modules, each
with 100 W. The first possibility is series connection of all modules into a single string
(Figure 6.20). The unshaded modules will produce approximately 800 W in the MPP
(MPP; in Figure 6.20). If module 8 is shaded by three-quarters, then the current also
drops by three-quarters. As the module is equipped with bypass diodes, the remaining
modules feed their power past module 8. Thus, the MPP moves by approximately one
module voltage to the left so that the result is a new MPP power:

Pyppy = 196 V-3.57 A =700 W.

This means that the shaded module makes practically no contribution to the overall
power.

What happens now if we build up the solar generator from two strings each with
four modules (Figure 6.21)? In the unshaded condition, the result is again the maximum
power of 800 W. If module 8 is shaded again as before, then here too the MPP will move
by almost one module voltage to the left. The result is the new MPP, from Figure 6.21:

Pyppy =89V -7.1 A =632 W.
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Figure 6.21 Connection of eight modules into two strings each with four modules: The losses for
shading of a module doubles compared with Figure 6.20.
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Compared with the first case, we have lost almost 70 W.

Why do we have greater power losses now? As before, only one of eight modules
is shaded.

@ Due to the division of the solar generator into two strings, the shading of module
8 also affects the left string. Module 4 can make almost no contribution to MPP,
power as a large part of its power is unused (see Figure 6.21). The shading of

module 8 thus acts as if module 4 is shaded as well as module 8.

In general, one can derive a rule of thumb from this:

If there is a danger of shading in a solar plant, then all possible modules should be com-
bined into a single string. This string should possess its own MPP tracker (see Chapter 7).

The effects of mismatching or of partial shading can be visualized with the aid of the
software tool PV-Teach (see Figure 6.22). It offers the possibility of connecting differ-
ent modules in series and again connecting the resulting string in parallel to further
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Figure 6.22 Screenshot of PV-Teach: In addition to the simulation of mismatching and partial shading,
the influence of bypass diodes and string diodes can also be examined.
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strings. Moreover, the influence of bypass diodes and string diodes can be examined.
In Figure 6.22, the circuitry of Figure 6.21 is shown as an example. ’V-Teach can be
downloaded for free from website www.textbook-pv.org.

6.3 Direct Current Components

6.3.1 Principle of Plant Construction

The typical overall structure of a photovoltaic plant connected to an electric grid is
shown in Figure 6.23. The current of the series-connected solar modules is fed via the
string line to the generator connection box (GCB). In addition to the already discussed
string fuses, this possibly contains a DC disconnector with which each individual string
can be disconnected. The two varistors ensure protection against thunderstorm-caused
voltage peaks.

From the GCB, the main DC line leads to the inverter. The safety standards for the
installations of photovoltaic plants typically claim a main switch in order to discon-
nect the solar generator from the inverter safely. This main switch must be specially
designed for direct current because with direct current the resulting electric arc is not
self-extinguishing when disconnected.

Figure 6.24 shows the interior of a GCB. In addition to string fuses and overload volt-
age protection, the main DC switch was also directly built in here. In addition, the model
contains the measurement instrumentation that monitors the string currents and string
fuses and permits remote control by means of a network connection. For smaller plants,
the components of the GCB are often included completely in the inverter.

If an individual string is to be disconnected, for instance, to carry out measurement
on it, then the DC disconnector terminals must not be pulled under any circumstances
while under load: The disconnection will immediately lead to an electric arc. Instead,
the plant must first be shut down by switching off the main DC switch.

6.3.2 Direct Current Cabling

There are also special requirements for DC cables. They should be double insulated
for protection against short circuits; mostly positive and negative lines are carried in
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Figure 6.23 Structure of a typical photovoltaic plant connected to the electric grid: The individual
strings are combined in the generator connection box and further connected via the main line to the
inverter.
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Figure 6.24 Interior of a modern generator connection box: In addition to the typical components of
DC main switch, string fuses, and overload voltage protection, it also contains electronic
instrumentation for remote monitoring of strings. Source: Sputnik Engineering AG.

different cables. As the string cables are subject to the weather, solar radiation, and
high temperatures, they must be UV resistant, flame retardant, and designed for high
operating temperatures. Solar connectors have been developed for connecting the
modules and these provide simple and safe connections. They are designed such that
no accidental touching of the contacts can occur. Figure 6.25 shows an example of the
connectors from Multicontact that has become a quasi-standard. The type MC-3 has
mostly been replaced by the newer type MC-4 as this possesses a lock against accidental
disconnection.

In order that the expensive electrical energy is not immediately turned into heat, care
must be taken to ensure a sufficient cross-sectional area of the cables. In order to deter-
mine the losses, resistance, R, of the cables is first calculated:

R= /’7'1, (6.9)

- R s =

Figure 6.25 Solar plug assortment from Multicontact: The MC-4 has a mechanical lock to prevent
accidental disconnection.
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where [ =length of cable; A = cross-sectional area of the cable; p = specific resistance of
copper: pc, =0.0175Q mm? m™!.

The length / must be the overall length of positive and negative lines. The cable losses
can then be determined with

P.=I R (6.10)

There is a simple dimensioning rule for the maximum cable losses:

The electrical cable losses on the DC side should be a maximum of 1% of the nominal
power of the plant.

Example 6.2 Cable losses on the DC side
A photovoltaics plant is made up of two strings each with 10 SolarWorld SW-280 solar
modules (see Table 6.1). Each string has a cable length of 2 X 10 m and the length of the
DC main line is 15 m. The module lines have a cross-sectional area of 2.5 mm? and the
DC main line 4 mm?. Are the losses tolerable?
We first calculate the resistance of the lines:
00175 Qmm? m™!-20 m

Re.. = =0.14 Q,
String 2.5 mm2
2 -1,
Ry = 0.0175 Q mm“ m~ - 30 m —0130.
4 mm?
The losses are as follows:
PLoss =2- Iétring : RString + Il%/lain : RMain
=2-(9.07 A)?-0.14 Q + (18.14 A)? - 0.13 Q,
=23.0W+428 W =658 W. u

Compared with the plant nominal power of 5.6 kWp the loss is 1.2% and is thus slightly
too high. Here a DC main line with a cross-sectional area of 6 mm? would be advisable.

The loss of 1.2% calculated in the example does not mean that the operator of the plant
loses 1.2% of the generated power every year. Seen over the year, the plant mostly works
in part-load operation. As the losses increase with the square of the current, then, for
instance, with a half-power operation only one-quarter of the calculated value of 1.2%
is lost. In considering the typical occurrence of the various power levels, a power loss
coefficient, k;,,, of approximately 0.5 [40] is defined. With the calculated power loss of
1.2%, the energy loss would be approximately 1.2% x 0.5% = 0.6%.

6.4 Types of Plants

Because of the modularity of the photovoltaic technology, solar power plants can be
erected in fully different sizes and structural environments. We will look at the most
important variants in the following.

6.4.1 Ground-mounted Plants

Ground-mounted plants are mostly built as large plants such as solar parks in the
megawatt range. As an example, Figure 6.26 shows the citizen’s solar power plant at
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(b)

Figure 6.26 View of two solar power plants: (a) Citizen’s solar power plant at Hofbieber-Traisbach with
1.3 MWp of multicrystalline modules. Source: IBC SOLAR AG. (b) 3.5 MWp solar power plant at Mehring
on the Moselle with CdTe modules. Source: juwi Solar GmbH.

Hofbieber-Traisbach in Bavaria, Germany, which has a total power of 1.3 MW with
5586 multicrystalline modules. The second example is a 3.5 MW solar power plant near
Mehring on the Moselle consisting of 45 560 CdTe modules installed by First Solar.

The types of construction of ground-mounted plants range across a wide spectrum.
The foundation of the overall structure is usually a ram foundation in which a long steel
rod or profile is driven into the ground. The material for the module support structure is
mostly aluminum or galvanized steel (Figure 6.27). The modules are fixed to these rails
by means of module clamps.

A variant of the ram foundation is the screw-in foundation, in which a spiral-shaped
tube is screwed into the ground to ensure a secure support (Figure 6.28). If the ground
is rocky or if construction must progress especially quickly, then use can be made of
concrete foundations, which will support the overall construction with their own weight.

Some ground-mounted plants are also built with tracking systems. Here one differ-
entiates between dual- and single-tracker plants. The dual-axis plant provides a much
greater yield that is approximately 30% in Germany (see Chapter 2). However, the
mechanically complex design means a substantial price rise. In addition, the individual
systems must be erected at relatively greater distances apart in order to prevent

Figure 6.27 Typical construction of a ground-mounted plant: Galvanized steel posts are rammed into
the ground and serve as the base for the module panel support. Source: Schletter GmbH.
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Figure 6.28 Alternative ground fixings: Screwed foundation and concrete heavy load foundation.
Source: Krinner Schraubfundamente GmbH, Schletter GmbH.

mutual shading with a low-lying Sun. Most the plants make use of astronomic trackers
in which the module always faces the Sun even when it is not visible. The brightness
tracker, on the other hand, is based on a light sensor, in order to fix on a point in the
sky on cloudy days that is brighter than in the direction of the Sun. Which system is
actually better suited will probably continue to be a matter of faith.

Figure 6.29 shows Solon-Movers on the left, each with 8 kWp power. The solar power
plant Gut Erlasee in Germany was equipped with 1500 Solon-Movers from Solon that
follow the Sun in a dual-axis manner. However, the relatively expensive dual-axis track-
ers are hardly used today owing to large price decreases for solar modules in the past
few years.

An alternative is single-axis tracker plants. Figure 6.29 shows on the right, a system
with a horizontal axis in which the south-facing modules always only follow the height of
Sun (elevation). Here a hydraulically operated pusher rod moves up to 12 module rows
simultaneously. These systems are relatively cheap to produce and hardly cause mutual

Figure 6.29 Tracked ground-mounted plants: Dual-axis Solon-Mover and a single-axis system with
horizontal axis. Source: © SOLON Energy GmbH, Urnato/© SOLON.
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shading. The yield increase, according to the information from the producer, is between
12% and 18% in Germany, whereas in southern Europe a yield increase between 21%
and 27% is achieved.

6.4.2 Flat-roof Plants

In the case of flat roofs, aluminum supports originally dominated the market. Figure 6.30
shows as an example the photovoltaic teaching plant erected in 1994 on the roof of Miin-
ster University of Applied Sciences in Steinfurt. A heavy load foundation was achieved
with the use of flagstones so that no roof penetrations were necessary.

Today, more and more use is being made of systems with plastic tubs. Figure 6.31
shows a 25 kWp photovoltaic plant from 2008 at Miinster University of Applied Sci-
ences that was erected by the fzir- Pla.net nonprofit cooperative. The polyethylene tubs
are weighed down with paving stones. Horizontal metal tubes serve to carry the string
cables, which are thus protected from UV radiation and movement.

In the case of roofs that can carry only small area loads, the classic heavy load founda-
tion is only to be recommended after investigation by a statics expert. As an alternative,
there are an increasing number of systems that manage with little weight. An example

Figure 6.30 Photovoltaic plant at Mlnster University of Applied Sciences from 1994: The aluminum
support structure is held down by means of flagstones. Source: W. Gobel.

Figure 6.31 Flat-roof system on the roof of Mlnster University of Applied Sciences in 2008: The
modules are placed in plastic tubs that are weighed down by paving stones.
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Figure 6.32 Solution for roofs with low bearing capacity: Because of the low closed form, the system
offers hardly any resistance to the wind; instead, the elements are pressed down by the wind. Source:
LORENZ-Montagesysteme GmbH.

is shown in Figure 6.32 with the LORENZaero10 model: The low, enclosed shape pro-
vides the wind with hardly any surface of attack. Instead, the elements are pressed down
on the ground by the wind from the front (southerly wind). If, on the other hand, the
wind blows from the back on to the system, then openings on the top side cause suction
that keeps it on the ground. As all elements are interconnected, there is a high degree of
stability for the overall system.

6.4.3 Pitched-roof Systems

Photovoltaic installations on pitched roofs are the most common form of photovoltaic
systems and are found equally in urban and rural areas. They are relatively cheap to
install as the roofis already available as a base and they fit harmoniously into the environ-
ment. An example of an on-roof system is shown in Figure 6.33: The modules are above
and beside the dormer, and there is sufficient spacing to minimize shading. At the side,

Figure 6.33 On-roof system on a private house: There should be at least one row of tiles spacing at the
side in order to reduce the possibility of attack by the wind.
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there is a distance of approximately one row of tiles to the edge of the roof in order to
limit the possibilities of wind attack as far as possible. The panel at the bottom right
provides the power for a solar-driven watercourse pump.

The fixing of the module supports is carried out by means of stainless-steel roof hooks
that are screwed to the rafters of the roof (Figure 6.34). A sufficient distance of the hook
from the tiles is important, as the hook could bend with the weight of snow and damage
the roof tiles below it. The horizontally arranged rails are made of special aluminum
profiles that are usually also suitable for holding the module connection cables.

An alternative to erecting a photovoltaic system on the roof is to integrate it into the
roof. Such an in-roof system (or roof-integrated system) consists of solar modules that
form the actual roofing (Figure 6.35). With the InDaX system of Schott Solar, the indi-
vidual solar modules are provided with special frames and then placed over each other
like roof shingles. The model of Schiico, in contrast, uses frame strips that are used for
sealing between the individual modules.

A feature of this system is the combination with skylights and solar thermal collec-
tors (to be seen at the left and right of the skylights). This provides a very harmonious
overall view.

I

Figure 6.34 Fixing the on-roof system: The roof hooks are screwed to the rafters and thus form the
base for holding the module supports. A sufficient distance between roof hooks and roof tiles is
important in order to avoid damaging the tiles. Source: Ch. Niemann, A. Schroer.

InDax system (source: Schott solar AG) In-roof system from Schiico (photo: Mertens)

Figure 6.35 Examples on in-roof systems: The solar modules replace the actual roofing and are
harmoniously integrated into the overall architecture.
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Figure 6.36 View of two facade installations: (a) A 50 kWp system of polycrystalline modules in
Freiburg, Germany. Source: Solarfabrik AG. (b) Cold facade Prosol TF+ of a-Si modules. Source: Schiico
International KG.

When using the in-roof system, special attention must be paid to sufficient back ven-
tilation of the plant, otherwise the module temperature rises and the annual yield is
less than that of a similarly arranged on-roof plant. A further problem is the need for
participation of various tradespeople during the installation of the plant. This requires
their cooperation and clarification of who is responsible for the warranty in case of a
leaking roof.

6.4.4 Facade Systems

Facade systems are mostly installed on industrial or office buildings. Figure 6.36a
shows a solar facade erected in 2000 in the course of a renovation of a block of
apartments in Freiburg, Germany. With almost 200 multicrystalline modules, the
system delivers 50 kWp of power and is designed as a back-ventilated hanging facade.

An alternative with thin-film modules, the cold facade ProSol TF+ by Schiico can
be seen in Figure 6.36b. It consists of large (approximately 6 m?) thin-film modules of
amorphous silicon.

As can be seen from Table 2.4, the south-oriented facade provides only about 70% of
an optimally arranged solar system. However, there are further limiting effects on the
annual yield: Shading due to trees, fire escapes, other buildings, and so on.
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We are now well acquainted with the power generation chain of photovoltaics:
Solar radiation — cell - module — string — PV generator

Now, we will deal with how the electric power provided by the generator can best be
utilized completely for feeding into the electric grid or other loads. For this purpose,
we first consider the possibilities of adapting the photovoltaic generator to the avail-
able electric load. After that, we discuss the different plant concepts and describe the
construction and the functional principles of inverters. The chapter is completed with
considerations of the requirements of the grid operators and safety aspects.

Sometimes the expression balance of systems (BoS) is used to summarize all the com-
ponents that are needed additionally to the solar modules to construct a complete
photovoltaic system.

7.1 Solar Generator and Load

The power produced by the solar generator can be used by various consumers of elec-
tricity. Typical examples are for charging a battery, a solar-driven water pump or a public
supply grid. These different types of loads always have their own requirements for the
provided voltages and currents. In most cases, therefore, a component must be inter-
posed that makes the necessary adaptation possible.

7.1.1 Resistive Load

The easiest load to study is an ohmic resistance. In the I/V characteristic curve it is
described by a linear equation:

1
I==-V. 7.1
z (7.1)

Figure 7.1 shows the case of a direct connection of an ohmic load (e.g., a light bulb) to
a solar module. If the solar generator is operated at 1000 W m~2, then in this example,
the operating point 1 is near the MPP; of the module. If the irradiance falls to half,
then a new operating point 2 is adjusted that is, however, far away from the actual opti-
mum MPP,. In this case, the solar module can contribute only a portion of the actually

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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/4 E=1000W m? MPP,
I I +
1 1 OP1 T~ Load line:
T OP2 1
T E=500W m? I=gVv
v R 1% m MPP, R

» V

Figure 7.1 Operation of an ohmic load at a solar module: In the case of half the Sun’s irradiance
(E=500W m™2), the operating point (OP 2) is far away from MPP2.

available power to the load. It is, therefore, desirable to decouple the voltage at the solar
generator from the voltage at the load. For this purpose, we use an electronic adaptation
circuit, the DC/DC converter (direct current converter).

7.1.2 DC/DC Converter

7.1.2.1 Idea
A DC/DC converter converts an input voltage V, into an output voltage V,. The result
is that the voltage at the solar module can be selected almost independently of the volt-
age at the load. Thus, for instance, in Figure 7.2 the voltage V, at the solar module can
be kept constant. The self-adjusting operating point in both cases is very near to the
respective MPP.

A direct current converter will never work without loss. However, good converters
achieve efficiencies of more than 95%, the rest being converted into heat. In the case of
an ideal converter with an efficiency of 100%, the input and output powers are the same:

P=V, -1 =V, I, =P, (7.2)

If we choose V differently to V,, then the currents /; and I, must also be different.
Thus the voltage converter works at the same time as an impedance transformer.

7.1.2.2 Buck Converter
Modules are often connected in series in order to obtain a high voltage. If this voltage is
to be reduced, then a buck converter (step-down converter) is used. The principle of the

A
/ MPP
1 E=1000 W m? — !
Iy Iy T OP 1
= 1 MPP,
— 2 —
v, v, R T E=500 Wm OP2/
1 v
V, = const.

Figure 7.2 Application of a DC/DC converter: The voltage at the solar generator can be selected
independently of that at the load; for example, it can be left constant.
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Figure 7.3 Simple model of a buck converter: At the output, the result due to the pulse width
modulation in the time average is a reduced voltage v, compared with V.

buck converter is to switch through the input voltage V; only for a certain time period
T o, to the output voltage (so-called pulse width modulation (PWM); see Figure 7.3).
The result is a pulsed voltage v,(¢) at the output that has a mean value of
b TOn

Vy = T ea- Vl’ (7.3)

where

T o, =on-time;
T = time period;

and the quantity a is the duty cycle or duty factor:

1 On
4= — 7.4

In practical applications, a pulsed output component cannot be accepted. For this
reason, smoothing elements for current and voltage must be added. Figure 7.4 shows
the complete circuitry.

The choke coil L is used to ensure a continuous current i; and the capacitor C, is
used for smoothing the output voltage. The capacity should be large enough that we can
assume a direct voltage V, at the output.

The function of the switch from Figure 7.3 is carried out in practice by a semicon-
ductor switch, for example, a power MOSFET (metal oxide semiconductor field effect
transistor). It can be switched like a normal switch via a positive potential at its gate
terminal. The capacitor C, serves to prevent the source of the voltage from being loaded
at the input by pulsating currents.

In detail, how does this function? First, we will look at the case of the MOSFET being
switched on. For the voltage v, at the diode there applies

vp = V1. (7.5)
The voltage at the choke coil then follows:

v=vp, -V, =V, -V, (7.6)
Thus, there is a constant voltage at the coil so that according to the induction law:
di,

=1 L
n® de

(7.7)
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P _9
- TFT
MOSFET as switch

Figure 7.4 Circuit and current and voltage curves of the buck converter [88].

We can say that for the time T, the current will vary linearly with time. The current
rises with the constant slew rate (see Figure 7.4):
di, v V-V,
d L L
If the transistor is switched off at time ¢ = T, then the coil attempts to maintain the
current i; . It drives the current further via the flyback diode D. If we assume that this is
an ideal diode (v =0), then in an analogous manner to that mentioned previously, we
can derive the slew rate of the current:
di v V.
L2 (7.9)
de L L
Thus, the current decays linearly with time. The value of the starting point is obtained
from the principle that there can be no decrease in direct voltage at an ideal coil. The
constant voltage V, is derived from the mean average of the voltage v, over time:

Vy=a-V, (7.10)

(7.8)

where « is the duty factor.

Conclusion: By means of the variation of the duty factor, the output voltage of the buck
converter can be set almost arbitrarily between 0 and V.

These results do not apply when the current i; decays to zero during the time
period T g In this discontinuous mode, the output voltage would no longer depend



System Technology of Grid-connected Plants

just on the duty factor but also on the load current /. In order to prevent the undesired
discontinuous mode, one selects the switching frequency of the transistor to be as
large as possible (e.g. 20kHz). In this way, a good quality of the output voltage can
be achieved even for small values of L, C,, and C,. However, the cutoff frequency of
the transistor presents an upper limit for the switching frequency. In addition, the
switching losses increase with the increase in the switching frequency. Further details
can be found in, for instance, [88].

7.1.2.3 Boost Converter
It is often necessary to convert a small solar generator voltage into a higher voltage,
for example, in order to feed into the public grid. In this case, use is made of a boost
converter (step-up converter). The circuit is shown in Figure 7.5. First, the transistor is
switched on. With vg =0, it follows that v; =V, so that the slew rate of the current can
be immediately given as

dip W
dt L L’
The transistor is switched off after the time period Ty,. The choke attempts to main-

tain the current. We will assume that V/, is greater than V. In this case, the choke drives
the current slowly down via the diode D at the output. The voltage at the choke is then

vw=V,-V, (7.12)

(7.11)

and the current slew rate is
di, v V-V,

== 7.13
de L L ( )
I L i I,
> O @ Y Y YN

10 Je Te f| b

14 T >

Figure 7.5 Connecting a boost converter with current and voltage progressions [88].
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Asi; decreases, the voltage v; will be negative according to the induction law Equation
(7.7). If one solves Equation (7.12) for V,, then it will be clear that the output voltage
must be greater than the input voltage, which will confirm our assumption:

V,=V,—v. (7.14)

Here, too, the following applies: the choke coil cannot accept direct current so that the
temporal mean value of v¢(#) must be equal to V. Therefore, we obtain from the voltage
progression in Figure 7.5:

Vy Tog=V,-T. (7.15)
For the output voltage, there is thus

T T 1 1
VVe—.V=—=" . V=—- |V =_—"
P Ty N T-Ty, ' 1-To /T ' 1-a

- V. (7.16)
Example 7.1 Various duty cycles with the boost converter

Apply an input voltage of 10 V to a boost converter and adjust the duty cycles one after
another to 0.1, 0.5, and 0.9. The output voltage results are 11.1, 20 and 90 V. ]

Conclusion: By varying the duty cycles, one can set the output voltage of the boost con-
verter by a multiple of V.

Actually, it is strange that with a longer switch-on phase of the transistor,
there is a greater output voltage of the boost converter. Should it not be the
other way around?

E During the switch-on phase of the transistor, the current at the choke coil
rises. The longer the switch-on phase lasts, the more power is stored in the
choke, which it can then pass on in the switch-off phase to the output. To a
certain extent, the coil takes more impetus.

What is the purpose of the diode D in Figure 7.57 In contrast to the buck
converter, we do not need a flyback diode here.

@ Without the diode, the output would be connected directly in parallel to
the transistor. As soon as the transistor is switched on, the capacitor would
immediately be unloaded and the output voltage would be reduced
to zero.
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Now we have become acquainted with the DC/DC converter, we can use it for MPP
tracking (MPP control). Figure 7.6 shows the basic principle: at the output (or input)
of the DC/DC converter, the actual power is determined by means of measurement of
current and voltage. The operating point can be varied by varying the duty factor a.
There are various methods of finding the MPP, of which the perturb and observe
method has become the most popular [89]. The flow diagram of the algorithm can be
seen in Figure 7.7. Most of the MPP trackers start at the open-circuit point of the I/V
curve. First, the actual power is determined, then the duty factor is increased. If the
new power is greater than the old value, then the tracking was correct, and the duty
factor is raised further. If the MPP is exceeded, then the measured power is decreased

4

___________ MPP-tracker

N ——————

Figure 7.6 Principle of MPP tracking: The output power is maximized by measuring the current and
voltage with simultaneous variation of the duty factor.

Measurement of
Poig =V

—>|

Poig = Prew ]

Duty factor
a:=a+Aa

Measurement of
PNew

«—a:=a-Aa

Yes

No

Pnew> Poid?

Figure 7.7 Algorithm of the perturb and observe method: Starting from the open-circuit point, the duty
cycle is changed, the new power is determined, and the duty cycle is further optimized depending on
the result until finally the MPP is reached.
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and the duty factor is reduced again. Thus the actual operating point varies slightly
about the MPP.

7.2 Construction of Grid-connected Systems

Although in the beginning the main uses of photovoltaics were applications separated
from the electric grid (see Chapter 1), today systems connected to the grid play a dom-
inant role. In this, the electric power supply grid is used to a certain extent as storage
that takes up the power that is fed to it.

The technical conditions of the worldwide energy supply grids differ from country
to country. For example, the grid voltage of most countries in Europe is 230V with a
frequency of 50 Hz.

In contrast, the electric grids in the United States, Central America, and a few
other countries have a voltage of 110V and a frequency of 60 Hz. This book deals with
the European electric grid and the grid connection conditions refer to a large extent
to Germany.

7.2.1 Feed-in Variations

The classic arrangement of a plant connected to the grid is shown in Figure 7.8. As most
of the plants are refinanced by feed-in tariffs, the inverter feeds the generated power
completely into the grid via a feed-in meter. Separated from this, the operator of the
plant measures their normal domestic energy demand via a consumption meter.

However, at present, the feed-in tariffs in Germany are below the power consumption
price for normal power tariff customers. For this reason, it pays to use as much gener-
ated energy as possible for one’s own use (so-called self-consumption). Hence, today, a
bidirectional meter is normally installed that measures both the fed-in energy and the
energy taken from the grid separately (Figure 7.9).

Solar energy
—
Inverter meter

D °L public

oN grid

PV -
generator

Consumption
meter

Domestic consumers
[og

) WConsumptlon

Figure 7.8 Classic connection of a photovoltaic installation to the public grid. The whole solar
electricity is fed into the public grid via a feed-in meter while the domestic consumption is measured
separately by means of a consumption meter (“full feed-in").
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Figure 7.9 Use of bidirectional meter for separate acquisition of the fed-in energy and the energy
taken from the grid. The solar energy meter is installed additionally if the overall generated solar
energy also is to be measured (“feed-in with self-consumption” or “excess feed-in").

If one still wished to know how much solar energy has been generated, then a separate
solar energy meter is installed between the photovoltaic installation and the bidirec-
tional meter as shown in Figure 7.9. This offers the possibility of measuring the respec-
tive self-consumption rate at the end of the year. This self-consumption rate a, is the
relation between the self-consumed solar energy W, .0, pyv and the total generated
solar energy W, (see Figure 7.9):

WConsumption,PV _ WPV - WFeed»in

a L=
Self-consumption 7 W
PV PV

Often, additionally, the degree of self-sufficiency aq ;. meiency 18 Of interest. This indi-
cates how much of the energy consumed in a household is self-generated (see Figure 7.9):

(7.17)

WConsumption,PV

aSelf—sufﬁciency = (7 1 8)

WConsumption

In Chapter 8, we will go into details about how the degree of self-consumption and
the degree of self-sufficiency can be made as large as possible.

7.2.2 Plant Concepts

The various concepts for constructing a solar power system suitable for connecting to
the public grid are shown in Figure 7.10. The first type of installation with a central
inverter is already familiar to us from Chapter 6. The individual strings are connected
in parallel in the generator connection box, and the generated power is fed into the grid
via a central inverter.

The advantage of this concept is that only a single inverter is needed. However, we also
know the disadvantages: If the individual strings are differently shaded, then the parallel
connection leads to mismatching losses. Added to this is the high effort (and possible
losses) in direct current cabling.

The second concept is much more elegant as it is based on string-inverters
(Figure 7.10b). In the consistent application of this concept, only one string is
connected to each inverter.

A generator connection box is not necessary as each string is individually MPP con-
trolled and, in any case, is easy to monitor. Compared with the central inverter variant,
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Figure 7.10 Various arrangements of photovoltaic systems connected to the grid. (a) Central inverter;
(b) string inverter; and (c) module-integrated inverter.

the cabling effort on the direct current side is much simpler. In practice, two parallel
strings are often connected to one string inverter when it is certain that both strings
have the same structure and will not be shaded.

One can dispense with direct current cabling altogether in the concept of the module
inverter (Figure 7.10c). Here, each module has its own inverter that is attached directly to
the rear of the module. This means that each module is individually monitored and can
be kept in the MPP. However, this concept also has clear disadvantages. An important
problem is that the inverters are installed with the modules on the roof; hence, they are
subject to wind, weather, and temperature fluctuations, which may adversely affect the
life of the electronic components. Added to this is that much effort is required to replace
a failed inverter. These factors have led to module inverters being used almost only in
demonstration projects.

7.3 Construction of Inverters
As already mentioned, in addition to the solar modules, the inverter is the heart of a

photovoltaic system connected to the grid. For this reason, we will look at it in greater
detail in the following.
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7.3.1 Tasks of the Inverter

We will now list the most important tasks of the inverter of a photovoltaic plant con-
nected to the grid. The individual subjects will be dealt with in more detail next.

Converting direct current into a possibly sinusoidal-form alternating current
Achieving a high degree of efficiency (>95%) in both partial and peak loads
Feeding the current synchronously with the grid frequency
MPP tracking
Monitoring the grid for voltage, frequency, and grid impedance in order to prevent
an inadvertent stand-alone operation
e Measures for personnel protection:

— Inverter with transformer: Insulation monitoring of the solar generator

— Inverter without transformer: Residual current monitoring of the solar generator
e Preparation of actual condition data of the plant (power, current, voltage, and error
codes) via an external data interface.

7.3.2 Line-commutated and Self-commutated Inverter

The classic inverter makes use of thyristors as switching elements. These have the dis-
advantage that they cannot be turned off by means of the control electrodes. In order to
block them, one must wait for the next zero pass of the mains voltage.

For this reason, this type of inverter is called a line-commutated inverter. The thyris-
tors can only be switched on and off once per period, leading to a rectangular form
of current flow. In order to fulfill the requirements of electromagnetic compatibility
(EMC), the current must be smoothed by means of additional filters.

We obtain far fewer harmonics with self-commutated inverters. This switching prin-
ciple is now standard for devices up to 100 kW as a series of suitable components that
can be switched off are available: GTOs (gate turn-off thyristors), IGBT's (insulated gate
bipolar transistors) and power MOSFETs. These permit quick on and off switching (e.g.
20kHz) and thus a piece-by-piece copy of a sinusoidal current flow (see Figure 7.12).
Therefore, we will consider only the self-commutated inverters.

7.3.3 Inverters Without Transformers

We will use the example of an inverter without transformer to consider the complete
arrangement of a modern string inverter. Figure 7.11 shows the principle of the circuit as
used nowadays in many inverters. The boost converter raises the input voltage according
to the requirement of the MPP tracker to a higher DC voltage level. This DC voltage is
converted by the PWM bridge, including the two choke coils, into a 50 Hz sinusoidal
voltage and fed into the grid.

As there is no galvanic separation between the mains and the PV plant in the case
of an inverter without transformer, an all-current sensitive (reacting to errors on the
DC and AC sides) residual current protective device (RCD) is prescribed for reasons
of personnel safety. This must be specially designed so that it reacts to sudden current
changes from 30 mA. A normal RCD is not sufficient as, in the case of larger photovoltaic
generators in normal operation, high capacitive leakage currents against ground that can
exceed 30 mA are possible.
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Figure 7.11 Overall arrangement of an inverter without transformer: In addition, the actual grid
feed-in it must fulfill a number of other functions such as MPP tracking, residual current measurement,
and grid monitoring.
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Figure 7.12 Principle of the self-commutated inverter: The direct current is chopped into pulses of
varying widths and then filtered by means of a low-pass filter so that a 50 Hz sinusoidal voltage is
achieved.

Finally, the grid monitoring must ensure that voltage and frequency are within the per-
missible ranges so that feeding in takes place only when a proper public grid is available
(see Section 7.6.1).

The principle of PWM is explained in more detail in Figure 7.12. The direct volt-
age V is chopped by the MOSFET bridge into pulses of various widths. In the first
half-period of the grid AC voltage, the transistors (1) and (@) are switched through and
in the second half, the transistors 2) and (3). The downstream low-pass filter ensures
that only the moving average of this component arrives at the output; this is the desired
50 Hz signal. This has almost an ideal sinusoidal form, but because of the small impulses,
high-frequency signal parts are generated that could disturb other devices connected to
the grid (e.g. radios). For this reason, an EMC filter is installed before the feed-in into
the grid.

The transistors in Figure 7.12 all possess a so-called body diode. This ensures that
after switching off a transistor, the current is not suddenly zero in the series inductance
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(induced voltage peak). Instead, the diode of transistor (2) takes over the current after
switching off transistor (1) and ensures a continuous flow of current.

The problem of potential induced degradation (PID) of thin-film modules in connec-
tion with inverters without transformers has been known for some years. The back-
ground is the fact that the solar generator can have a high potential of approximately
—500V against earth due to the lack of a galvanic isolation. With some thin film mod-
ules, this leads to diffusion of positively charged sodium ions from the cover glass to
the TCO layer. When, at the same time, water vapor enters the cell, an electrochemical
reaction occurs, causing the TCO layer to corrode. The result is permanent damage to
the module with substantial power losses.

This problem only occurs with superstrate cells (e.g. CdTe and a-Si; see Chapter 5)
in which the TCO layer is applied directly to the cover glass [90]. Meanwhile, there are
circuit concepts for inverters without transformers that permit a one-sided earthing of
the solar generator [91]. In this case, the sodium ions are moved away from the cell so
that electrical corrosion no longer occurs. In the case of thin-film modules, the planner
should always first check the plant for whether the selected inverter has been released
by the producer for the respective type of module.

c-Si modules can also be affected by a degradation effect because of high existing volt-
ages compared with the earth potential. Here, in a moist environment, there are possible
leakage currents from the cell to the frame due to the high existing potential. The results
are increased recombinations of the charge carriers generated by the light. The effect,
also called PID, is not necessarily connected with damage to the module, as is the case
with thin-film modules, but in some types of modules, it can lead to a reduction in power
of, for example, 50% (see Chapter 9).

In the following, we will look more closely at the alternatives to inverters without
transformers and discuss their advantages and disadvantages.

7.3.4 Inverters with Mains Transformer

Without exception, the first string inverters were equipped with mains transformers.
The main reason for this was that solar generators were designed only for safety with
extra-low voltage (<120V), and low generator voltage was easily transformed to the
desired level by means of a transformer. In addition, the galvanic isolation between the
solar generator and the mains was specifically desired for personnel protection reasons.
Unfortunately, apart from these advantages, 50 Hz transformers only have disadvan-
tages: They are large, heavy, expensive, and cause relatively high electric losses. For this
reason, one tries to do without them as much as possible. Nowadays, practically all solar
modules are built according to protection class II and are, therefore, checked for insu-
lation voltages of 1000 V. Hence, string voltages of, for instance, 400 V are possible.

Transformer inverters are still required for smaller plants with voltages below 200 V.
In addition, the galvanic isolation ensures that the DC cabling presents no voltage fluc-
tuations to earth. Therefore, in principle, no electromagnetic radiation can arise such as
may occur with inverters without transformers.

Figure 7.13 shows the basic structure of an inverter with mains transformer. In the
example, a voltage of 100V is delivered that is chopped in the PWM bridge into a
peak—peak voltage of 200 V. The effective voltage of approximately 70 V caused by this
is finally converted by the mains transformer into the desired 230 V.
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Figure 7.13 Principle of the inverter with mains transformer: The voltage signal received from the
PWM bridge is converted to the desired mains voltage by the transformer.

7.3.5 Inverters with HF Transformer

There is a further type of inverter that permits a galvanic isolation of the DC and AC
sides and yet prevents the disadvantages of the mains transformer. This is the inverter
with a high-frequency transformer (HF transformer). Figure 7.14 shows the arrange-
ment with the occurring voltage progression: The direct voltage is converted by means
of a fast PWM bridge into a high-frequency alternating voltage. At this high frequency,
the required transformer inductance is several-fold smaller than for the 50 Hz trans-
former. For this reason, one can use a small, light, low-loss, and cheap high-frequency
transformer in order to achieve the galvanic isolation. The high-frequency alternating
voltage is then rectified and filtered so that a pulsating half-wave voltage emerges.
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Figure 7.14 Principle of an inverter with high-frequency transformer: The DC voltage is chopped by
means of an HF bridge and can thus be galvanically isolated by a low-loss transformer of low
inductance. After rectifying and flip bridge, the desired 50 Hz signal is finally available [40].
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Table 7.1 Advantages and disadvantages of various types of inverters.

Inverter with Inverter with Inverter without
Features grid transformer HF transformer transformer
Galvanic isolation Yes Yes No
Residual current monitoring necessary? No No Yes
EMC radiation of the solar generator Little Little Possibly high
Usage with V. <150V? Quite possible Possible Hardly possible
Usage with thin-film modules? Yes Yes Possibly
Size and weight Large Medium Low
Efficiency Poor Medium High

This must then be converted into the desired mains alternating voltage by means of a
50 Hz flip bridge (a bridge that changes the polarity every 10 ms).

Since the HF transformer inverters went into decline at the end of the 1990s, there has
been a renaissance owing to the potential problems with thin-film modules described
earlier.

Table 7.1 summarizes the advantages and disadvantages of the various types of invert-
ers again.

7.3.6 Three-phase Feed-in

In past years, the trend for on-roof installations has been for larger plants (e.g. for farms
or industrial buildings). For this reason, there are increasing numbers of inverters with
powers above 5 kW on the market that feed three-phase power into the grid.

Figure 7.15 shows the principle of one such inverter. A PWM bridge of six semi-
conductor switches is constructed and generates three voltages, V', V,, and V,, each
displaced about 120° between the lines.

(a) Single-phase feed-in:
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(b) Three-phase feed-in:
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Figure 7.15 Principle of three-phase feed-in inverter: With six instead of four MOSFETs, it is possible to
feed in three times the power compared with the single-phase case.
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In order to generate a sufficient voltage for the 400 V three-phase grid, there must be
at least a direct voltage of

Vi wmin = 400 V- /2 =567 V (7.19)

at the input of the inverter. Three-phase inverters without boost converters typically
have an input voltage between 600 and 800 V. With this input voltage, the overall power
fed into the three-phase grid is three times that of a single-phase feed-in. This is where
one of the advantages of the three-phase inverter comes to the fore: With two additional
power transistors (50% more in comparison with the original four transistors), it is pos-
sible to obtain 200% more power. However, the transistors must be designed for the
increased voltage region.

A further advantage of the three-phase inverter is that it feeds in equally on all three
phases and, therefore, the grid is symmetrically supplied.

Added to this is the timely even feed-in: As the power progressions in Figure 7.15
show, the momentary value of the power fed into the grid in the case of the single-phase
feed-in pulses from zero to maximum. However, the solar generator continually supplies
its direct current power to the inverter. For this reason, the capacitor C must possess a
very high capacity in order to provide intermediate storage of the energy of the solar
generator. Relatively expensive and large electrolytic capacitors are necessary for this.
In the case of three-phase feed-in, the momentary value of the fed-in power is nearly
constant so that only a small storage capacitor is required.

7.3.7 Further Clever Concepts

In addition to the inverter concepts already discussed, there is now a multitude of mixed
and special forms. A clever idea for reducing the mismatching losses is the multistring
inverter (Figure 7.16). This contains two or three inputs, each possessing a separate MPP
tracker. The device is especially suited for plants with partial shading in which the string
with shaded modules is to be individually MPP controlled (see Chapter 6). A further
application case would be, for instance, plants with modules on a south- and also on a
west-facing roof. Here, too, there is the possibility of controlling both solar generators

- i
1 — 1
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tracker _ 1
— | 1
i DC bus H
= — —o—oL
Partial ! MPP l—l_, PWM EMC | ;
shaded ' tracker | _ T bridge filter | | 230V~
. - — —O—ON
- :
West roof MPP :
tracker _ i
-_— 1
RS SR J

Figure 7.16 Arrangement of a multistring inverter for connecting different part-generators: The three
inputs are separately MPP controlled and then fed into a common direct voltage bus.



System Technology of Grid-connected Plants

separately in order to prevent mismatching losses. The alternative would be the appli-
cation of two string inverters with two housings, double control electronics, and so on,
which would result in high costs and low efficiencies. Table 7.2 lists, among others, the
data for two multistring inverters.

A second idea for increasing the yield of photovoltaic plants is the Master—Slave con-
cept (Figure 7.17). This is mainly used for large plants (>30kW). In place of a central
inverter, use is made of several individual devices that are possibly positioned in a com-
mon housing. At times of low radiation (e.g. mornings, evenings, or cloudy days), the
whole of the photovoltaic power is switched to the Master inverter. This then achieves a
high loading with a corresponding high efficiency (see Section 7.4). Slave 1 is only added
when the Master can no longer take up the solar power by itself. With rising photo-
voltaic power, Slave 2 is then brought into the game. The control of the overall sequence
is carried out by the Master.

It is particularly clever to allocate the role of the Master to a different inverter
every day. In this case, all inverters end up with the same mean operating hours.
Master—Slave-type concepts are also available for plants up to 30kW, and these are
marketed, for instance, under the names Team or Mix Concept.

7.4 Efficiency of Inverters

Ideally, the complete power provided by the solar generator should be fed into the elec-
tric grid, which is not achievable in practice. Each inverter requires a central control with
a microcontroller that takes over the entire operation. More definite, however, are the
losses in the power part of the device. Each real component possesses nonideal prop-
erties. Thus, in addition to the inductance, the choke also has an ohmic resistance that
leads to heat losses. Further, there are switching losses in the semiconductor switches,
especially in the switch-off process.

7.4.1 Conversion Efficiency

In order to compare various inverters, the conversion efficiency 7, is defined and
shows what proportion of the direct current power delivered by the solar generator is
fed into the alternating current grid:
Pyc
rlCon = 1)— (720)
DC
where
P, =alternating current power at output of the inverter;
Pp =direct current power at input of the inverter.

Figure 7.18 shows the efficiency curves for various types of inverters. The x-axis
gives the actual input power Pp, with reference to the input nominal power Pp_y of
the inverter. For lower powers, the efficiency curve declines for all types, as is to be
expected; in medium and upper ranges, it remains relatively stable. The lowest curve
belongs to the SMA Sunny Boy 1100, which came onto the market in 1999 and is thus a
real veteran.
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Table 7.2 Data for various types of inverters.

Sunny Boy SMC SMC SolarMax IG Plus STP STP
Designation 1100 7000 HV 8000TL 6000S 100 5000TL 20000TL-HE
Manufacturer SMA Solar SMA Solar SMA Solar Sputnik Fronius Int. SMA Solar SMA Solar
Techn. AG Techn. AG Techn. AG Engin. AG GmbH Techn. AG Techn. AG
DC nom. Power Py (kw) 11 7.35 8.25 53 8.42 5.1 20.5
AC nom. Power V. (kW) 1 6.65 8 4.6 8 5 20
DC nom. Voltage Viben (V) 180 340 350 400 390 580 580
MPP range (V) 139-320 335-560 333-500 100-550 230-500 245-800 580-800
DC nom. Current Ipc (A) 6.1 21.5 25 12 21.05 11/10 36
Max. efficiency 7, (%) 93 96.2 98 97 96 98.0 99
Europ. efficiency 71, (%) 91.6 95.5 97.7 96.2 95.5 97.2 98.7
Number of inputs 2 4 4 3 6 2 6
Number of MPP trackers 1 1 1 1 1 2 1
Feed-in Single-phase Single-phase Single-phase Single-phase Single-phase ‘Three-phase Three-phase
Remarks Mains Mains ‘Without Without HF Without Without
transformer transformer transformer transformer transformer transformer transformer
Multistring Multistring

Source: www.photon.info.
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Figure 7.17 Master-Slave concept: With low radiation, the whole photovoltaic power is switched to
the Master, which then works with a high part-load. If solar power rises then the Slaves successively
take on part of the work.
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Figure 7.18 Conversion efficiency 7, of different types of inverters: It can be clearly seen that the
types without transformers show the highest efficiencies (data sheets, photon inverter tests).

Because of its low power of 1.1 kW, its transformer, and the old-fashioned design, it
achieves a maximum efficiency of only 92.4%. A more up-to-date device with mains
transformer is the SMA SMC 7000HV, which achieves a maximum efficiency of 95.6%.
A slightly better efficiency of 96.2% is reached by the Fronius IG Plus 100. It is equipped
with a high-frequency transformer for potential isolation. The somewhat irregular pro-
gression of the efficiency curve is due to a switching peculiarity: Depending on the
existing input voltage, there is a change-over between several primary windings of the
transformer. The next curve belongs to the Sunny Tripower STP-5000TL, a three-phase
inverter without transformer that achieves a peak efficiency of 98%.

The absolute top device in Figure 7.18 is the STP-20000TL-HE. The abbreviation “HE”
stands for “high efficiency,” and this description is appropriate. The inverter shows a
peak efficiency of 99%.

The curves shown in Figure 7.18 apply only for a particular existing DC voltage. The
efficiency actually varies also for different PV generator voltages. Figure 7.19 shows as
an example the efficiency curves of an inverter without transformer (Sputnik Solar-
Max 6000S). The inverter only reaches its maximum efficiency of 97% for an input MPP
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Figure 7.19 Conversion efficiency ., of the Sputnik SolarMax 6000S: The maximum efficiency
depends greatly on the applied input voltage.

voltage of 420 V; at 220V, it is already 1.5% lower. This must be taken into account by
the planner in the selection of the number of modules.

7.4.2 European Efficiency

Actually, the peak efficiency of an inverter is not that important from the point of view
of the operator of a photovoltaic plant. Decisive for the yield of the plant is the mean
efficiency over the whole year. For the sake of clarity, Figure 7.20 shows an example from
2000 of the measured frequency with which various classes of radiation occurred at a site
in Freiburg, Germany (solid line). The vertical bars represent the energy portions that
the respective radiation classes contribute to the overall solar annual energy. The first
bar, for instance, shows that the irradiance between 0 and 50 W m~2 contributes almost
1.5% to the annual energy. The irradiance up to 500 W m~2 over the year amounts to
approximately 30% of the overall energy.

For the inverter, this means that it is often working in the lower part-load region. For
this reason, the DIN EN 50524 standard specifies the European efficiency 7, which
weights the individual part-load efficiencies according to how often they occur in Cen-
tral Europe:

Mgy = 0.03 - 7154, 4+ 0.06 - 7,99, + 0.13 - #999, + 0,1 « 1559, + 0.48 - 11559, + 0.2 - 111009
(7.21)

where 7, is the conversion efficiency at a part-load of x%.

From the equation, it can be seen that the inverter in this model is operated at 20% of
its operating time with the nominal power (Pp = Pp_y)- The efficiency of the inverter
at half of its nominal power (#5,) is weighted at 48%, and so on. If we apply this equation
to the inverters in Figure 7.18 and Figure 7.19, then the results are the values shown in
Table 7.2 for the European efficiency. The modern devices all have efficiencies above 95%
and for some even show values of >97%.
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Figure 7.20 Relative frequencies of the radiation in 2000 and annual energy portions of the individual
radiation classes in Freiburg: The low radiation classes seen over the year provide relatively high power
portions [92]. The radiation measurements were taken at close intervals as “momentary values” (10's
averaged).

Notable again is the STP 20000TL-HE: The efficiency #, here is only 0.3% below 7,
which shows the very good part-load behavior of this inverter. This high efficiency is
partly achieved because the inverter uses no step-up converter. Therefore, the minimal
MPP voltage lies at a relative high value of 580 V.

The efficiencies of photovoltaic inverters have improved continuously over recent
years and further improvements can be expected. The availability of new power com-
ponents made with silicon carbide (SiC) and gallium nitride (GaN) shows especially
that the losses can be further reduced.

SiC has a very large bandgap of 3.2 eV that results in a small intrinsic carrier con-
centration even for high temperatures. Whereas silicon transistors can be used up to
approximately 150 °C, the critical temperature for SiC is about twice that. Hence, much
smaller heatsinks can be used. Further advantages of the material are high possible
reverse voltages, low forward resistances, and reduced switching losses. Further, SiC
permits high switching frequencies, which allow smaller choke coils.

The use of flyback diodes of SiC is widespread today. There is a whole palette of SiC
transistor types in the region of semiconductor switches. Although they are much more
expensive than Si transistors, they can compete owing to their higher inverter efficien-
cies. Also, the 20 kW top device described above uses SiC power transistors to attain the
record efficiency of 99%.

7.4.3 Clever MPP Tracking

In the case of shading, there is the possibility that more than one power maximum in
the P=f(V) curve of the solar generator exists. For this purpose, we will look at the case
presented in Figure 6.20 (one module shaded). An inverter starting at the open-circuit
point would immediately seize up in the local MPP at 270 V and almost 1 A. The actual
point of maximum power (MPP,) would not even be found. Help is provided here by
a better algorithm that every now and then searches the whole characteristic curve in
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order to find the global MPP and then tracks around it. Such a control, for instance, is
offered commercially under the name OptiTrac Global Peak.

7.5 Dimensioning of Inverters

A photovoltaic plant can only bring a maximum yield when the photovoltaic generator
and inverter are optimally adapted to each other. For this reason, we will now consider
the most important dimensional requirements for inverters.

7.5.1 Power Dimensioning

The inverters of the 1990s had relatively poor efficiencies in the lower part-load region.
For this reason, they were often underdimensioned by 20%, meaning that for a photo-
voltaic plant with 2 kWp, an inverter would be used whose maximum input power was
1.6 kW. This corresponds to a solar generator overdimensioning factor k.., of

P Py _ 2 kWp _
O Poen L6 KW

1.25, (7.22)

where

Py =nominal power of the photovoltaic generator (at STC);
Ppc_n =DC nominal power at the inverter input.

Thus, these inverters achieved average part-load regions even for low radiation and
thus higher efficiencies. The disadvantage, naturally, was that for nominal powers of the
photovoltaic generator (e.g. on a sunny, cold day in May), there was a limitation of the
inverter and much energy was given away. Today’s inverters show much better part-load
behavior so that underdimensioning of the inverter hardly makes sense any more.

Meanwhile, increasing use is being made of the so-called design factor SR, (sizing
ratio). This refers to the output power P,_y of the inverter:

SR, = (7.23)

The reason for this new reference value is that some inverter producers declare input
powers that are too high so that the devices often work in overload operation.

What could possibly be the correct design factor? To find the answer, use is made
of an investigation carried out by the Fraunhofer Institute for Solar Energy Systems
(Fraunhofer ISE). There the radiation measurements of Figure 7.20 were used in order
to determine a realistic annual average efficiency of an inverter without transformer.
The result is shown in Figure 7.21: Taking into account the hourly mean values, one can
afford to use a design factor of 1.1 without any energy losses. However, things are dif-
ferent when using the momentary values (10 s mean values): Here it is seen that SR,
should be a maximum of 1.0 in order not to reduce the yields.

Why does the timely resolution of the weather data have an influence on the
results of dimensioning the inverter?
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Figure 7.21 Annual efficiency of an inverter without transformer as a function of the design factor:
When viewing the radiation momentary values, it is seen that the design factor should be less than 1.0
in order to reach the maximum yields [92].

E On sunny days with moving clouds, there are repeated radiations of, for
instance, 1000 W m~2 that are reduced for short periods to, for instance,
500 W m=2 by the clouds. If the data are averaged over an hour, then we could
obtain a value of 800 W m~2. From this, we cannot see that the inverter was
overloaded. This is the reason why momentary values are so important.

7.5.2 Voltage Dimensioning

In addition to the power, the voltage and the current of the solar generator must also be
adapted to the inverter. As a means of presenting an overview of the relevant parameters,
Figure 7.22 shows the operating region of the inverter with the example of the SMA SMC
8000TL.

First we will consider the voltage dimensioning: Each inverter has a maximum permis-
sible voltage V., .. that will cause it to shut down if it is exceeded. The most critical
situation, for instance, would be a restart of the inverter on a cold, sunny, winter’s day
as the modules then possess their maximum open-circuit voltage.

If one assumes that the module temperature 9, is —10 °C, then the maximum number
of modules 7,,,, per string is

— ‘/InV,Maxo ) (724)
Voc m(—10 C)

The minimum number of modules 7, is determined by the MPP working region of
the inverter (Figure 7.22). We will, therefore, consider a summer’s day during which the
module temperature reaches 70 °C. In this case, the string MPP voltage must not be less
than Vypp_umin of the inverter as, otherwise, it will not provide the maximum possible
power or may even shut down. The equation is therefore

MMfax

v in
MPPM (7.25)

ivin = 35, -
V. o
MPP_Module(70°C)
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Figure 7.22 Possible operating region of an inverter using the example of the SMC 8000TL: It is
limited to the left and right by the minimum and maximum MPP voltage, and at the top by the
maximum current and the maximum inverter input power [22].

7.5.3 Current Dimensioning

The number of possible strings 7., is prescribed by the maximum current Iy, of
the inverter and the maximum string current Ig, ;o oy

(7.26)

Asaprecaution, because of occasionally assumed higher irradiances than 1000 W m~2,
one should assume for [g;,, nax @ Value of 1.25x MPP current.

Today, simulation tools are mostly used for dimensioning the inverter (see Chapter 9).
However, the rules and equations given here are helpful as they are immediately com-
prehensible and can at least be used for critically checking the simulation results.

7.6 Requirements of the Grid Operators

Inverters must fulfill certain technical requirements in order to be permitted to feed into
the power supply grid. Besides the prescriptions of the quality of the fed-in current (low
harmonic portion), these are primary measures to exclude an undesired stand-alone
operation of the inverter with associated danger to people. A feasible case, for instance,
would be the uncoupling of a street of houses from the power supply grid in order to
carry out maintenance. If the inverters were to continue to feed in, then the maintenance
personnel would be in grave danger.

7.6.1 Prevention of Stand-Alone Operation

For the German electricity grid (as in most other countries), there are narrow tolerance
limits for the grid voltage and the grid frequency:

90% < L < 110%. (7.27)
VN
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where V is the nominal voltage of the power supply grid, and

99.6% < L < 100.4%, (7.28)
S

where f is the nominal grid frequency.

Therefore, in a 230 V/50Hz grid, the voltage has to be between 207 and 253V
and the frequency between 49.8 and 50.2Hz. If there is a risk that these limits
may be exceeded, control power plants have to intervene (see also Section 11.4 in
Chapter 11).

In order that the inverter properly recognizes a stand-alone operation, it must con-
tinuously monitor all three phases of the mains for adherence to voltage and frequency
tolerances. The VDE V0126-1-1 standard has defined these as follows:

80% < - < 115%, (7.29)
VN
47.5 Hz < f < 50.2 Hz. (7.30)

If one of these requirements is not fulfilled, then the inverter must switch itself off from
the grid within 0.2 s. However, the 50.2 Hz upper limit has been shown to be a problem.
If it is exceeded, then all the photovoltaic inverters suddenly shut themselves off from
the grid, which could lead to instability in the supply grid. For this reason, the new low
voltage guideline VDE-AR-N 4105 mandates that the inverters must power down more
and more between 50.2 and 51.5 Hz in order to prevent sudden power jumps. They are
only fully switched off from 51.5 Hz. With these measures, the “50.2 Hz problem” could
be rendered ineffectual.

Theoretically, the case would be conceivable that the loads in a separated grid region
use just as much power as the connected inverters generate. In this case, the invert-
ers would not recognize the undesired stand-alone operation and possibly feed in for
a longer period. However, this case is extremely improbable as the smallest deviation
between supply and demand would generate an asymmetry in the three-phase grid that
would immediately be recognized.

An alternative to recognizing the undesired stand-alone operation is the self-acting
disconnection unit with grid impedance measurement. For this purpose, the inverter
increases the fed-in current for a short period by an amount A/ and measures the
resulting voltage increase AV (Figure 7.23). The ratio of the two sizes is then the grid
impedance Z;4:

Zena = 20 (7.27)

If a value of Z,,; > 1 Q is measured, then the inverter must switch off from the grid
within 5s. A great advantage of this method over the voltage/frequency measure-
ment is that, according to the standard, only the feeding-in phase need be checked.
For single-phase inverters, no three-phase cable must therefore be laid up to the
inverter.

Why do we recognize with grid impedance whether we are dealing with a
stand-alone or regular grid?
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Figure 7.23 Simple equivalent circuit diagram of the energy supply grid built up of an ideal voltage
source V and grid impedance Z,,;: Depending on the size of the fed-in current, the voltage V,
increases at the grid connection point compared with the nominal voltage V.

E An ideal grid should always operate at the same voltage of 230V,
independent of how much power is consumed or fed into it. This means that
such a grid, when referred to the feed-in point, always has an internal
resistance of 0 Q (see Figure 7.24). Real grids lie typically at values below
0.5 Q, but in rural areas, it could be above that (e.g. freestanding farmhouse).

In an undesired stand-alone grid that consists only of the consumers in a
street, the voltage increases drastically when the inverter feeds in more
current. Thus, it has a very high resistance.

7.6.2 Maximum Feed-in Power

In order to prevent an unbalanced load in the three-phase power system, the feed-in
power from the single-phase inverter is limited to 4.6 kVA. If several single-phase

(a) Resistive load (b) Inductive load (c) Mixed load

Figure 7.24 Depiction of different load cases: Whereas with a resistive load, the voltage and the
current are in-phase, an inductive load induces a lagging of the current with respect to the voltage.
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inverters are used, then they must be distributed over individual phases so that there
is no unbalanced load greater than 4.6 kVA [93]. However, it is more sensible to use
three-phase inverters directly if possible.

Before connecting a photovoltaic plant to the grid, we must check whether it can
accept the planned power. The measuring limit here is that the voltage at the connec-
tion point must not permanently rise by more than 3% over the nominal voltage. For
plants below 30 kW, the grid operator is required to extend the grid correspondingly
if necessary. For larger plants, the plant owner must lay a suitable line up to a suitable
connection point (Section 5 and Section 9 of the EEG 2009).

Since 2012, the German Renewable Energy Law requires a remote-controlled
shut-down facility (so-called feed-in management) for all photovoltaic plants. The
background is the fact that the solar plants installed in Germany now produce so much
power that on certain days, there can be an excess supply of electrical power. The grid
operators must, therefore, have the possibility to shut down the power of photovoltaic
plants. The solution consists, for instance, of special electronic ripple control receivers
that sent shut-down commands to the inverters.

Owners of smaller plants (<30 kW), however, have an (not really convincing) alterna-
tive. Instead of participating in the feed-in management, they can underdimension their
inverters by 30% from the start. In this way, the typical midday peak on a sunny day is
mitigated.

7.6.3 Reactive Power Provision

The voltage in the grid increases slightly as soon as a photovoltaic plant feeds into the
power supply grid. With the increasing number of photovoltaic plants, it often occurs
that nonpermissible increases in voltage take place in the low- and medium-voltage
grids. An alternative to a grid expansion (larger cable cross-sections, additional lines,
etc.) is reactive power provision. In this case, the inverters, in addition to active power,
also feed in inductive or capacitive reactive power. This can partly moderate the gener-
ated voltage rise caused by active power feeding.

Why is it possible to reduce the voltage with reactive power feed-in? Anyway,
what actually does reactive power feed-in mean?

@ To answer this, we have to go into greater detail. First, we will make clear what
is meant by reactive power. After that, we explain how it can be used to
stabilize the voltage in electric grids.

Figure 7.24 shows three different loads that are connected to an alternating voltage
source. In case (a), a resistive load is connected. In this case, a voltage increase at the
source directly leads to an increase in the current through the resistor. This is also illus-
trated by the phasor diagram below the circuit.

In a phasor diagram, the vector pointing to the right represents a voltage at the time
t=0. In the case of an alternating voltage with a frequency of 50 Hz, the vector would
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actually have to rotate continuously around its origin. Let us now assume that we as
an observer rotate with the vector and therefore see the vector (called “phasor”) always
in the same position. The underlines below the current and voltage symbols mean that
they are complex dimensions, for which both the amount (length of the arrow) and the
phase angle (direction of the arrow) have to be specified.

In the case of a resistive load (Figure 7.24a), the current vector points in the same
direction as the voltage vector. Hence, in this case, the phase delay ¢ between voltage
and current is zero. It is also said that “voltage and current are in phase.”

Case (b) in Figure 7.24 shows an inductive load. In the case of the coil, a voltage rise
causes a delayed current rise as first a magnetic field has to be established in the coil.
For a sinusoidal voltage, this results in the current through the coil always flowing 90°
delayed to the voltage. Thus, the current shows a phase shift of —90° with respect to the
applied voltage (see phasor diagram).

A mixture of both cases can be seen in Figure 7.24c. Here, the resistor and coil are
connected in series. Owing to the series connection, the current in both devices must
be the same. Also here it flows delayed with respect to the voltage; the phase shift now
lies between 0° and —90°. The voltages across the two devices are also depicted. In the
case of the resistive load, voltage and current have to be in-phase; therefore, the vector
V7 lies in the direction of the current . In contrast, the voltage V| across the coil runs
90° in front of the current, and consequentially V| lies in a right angle to V5.

The current in case (c) is reduced with respect to the first two cases, as the volt-
age source sees a total impedance Z consisting of the series connections of resistor
and coil:

Z=VR + X2, (7.28)

where X denotes the reactance of the coil, which results from the inductivity L and the
grid frequency f as

X=2-n-f-L. (7.29)

Not shown in Figure 7.24 is the case of a capacitive load. In a capacitor, the current
leads the voltage, and the phase shift between voltage and current is now +90°. As a
reminder, one can imagine a discharged capacitor. For a voltage source, this will repre-
sent a short circuit in the very first moment. Only when the capacitor has taken some
current can a voltage gradually be established.

In the case of a resistive load (Figure 7.24a), at the resistor a power of P = U] is trans-
formed, which can lead, for example, to heating up of the resistor. Here, we speak of
active power. Totally different is the case of the inductive load. At the beginning, energy
is transported from the voltage source to the coil to build up a magnetic field there.
However, this field is again decomposed in the further course of the grid period, through
which the released energy runs back to the voltage source. Thus, the energy oscillates
back and forth periodically between source and sink so that, on average, no power is
transported. In this case, we speak of reactive power.

We have seen that with reactive power, no “real power” can be transported.
Nevertheless, it can be used to influence electrical grids. An example is shown in
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Figure 7.25 Effect of reactive power feed-in: The voltage drops V, and V|, are turned in their phase
in such a way that a voltage reduction at the grid connection point is achieved. Source: After [40].

Figure 7.25. Here, the energy supply grid is again modeled with a series connection
of an ideal AC source and a grid impedance. In a low-voltage grid, V' for example is
the open-circuit voltage on the secondary side of a medium-voltage transformer. The
grid inductance L,; comprises the inductance of the transformer windings and the line
inductance (e.g. of a ground cable). The grid resistance R is mainly caused by the line.

In case (a) in Figure 7.25, the inverter feeds active power into the grid, as voltage
Vp and current [ are in-phase. The resulting voltage V-, increases clearly against V
through the voltage drop at the grid impedance. From the phasor diagram, it can be seen
that the voltage increase is caused mainly by the grid resistance Ry. It can be roughly
determined using the following equation:

|ZCP| - |KN| ~ |ZRg| = RG -1 (7.30)

This voltage rise can lead to the fact that the inverter has to switch off to avoid damage
to the devices in the grid.

However, there is an even better solution. This is made clear with case (b) in
Figure 7.25. Here the inverter, in addition to the proper active power, also feeds in
capacitive reactive power. The phase angle follows a value between 0° and +90°. The
current vector I now consists out of two components: The active current /, . with
I ive =1-cos@ and the reactive current Iy, ;.. With Ip.,ive =1+sing.

The resulting voltage V-, ., at the grid connection point is clearly smaller than V-,
in the case of a pure active power feed-in. The trick is that the two phasors Vi, and V|,
being perpendicular to each other, are turned in such a way that V-, becomes smaller.

ctive
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The voltage reduction AV in case (a) can be roughly determined by considering only
the active components (horizontal components) of the voltage drops at the grid resis-
tance and the grid inductance:

AV = |ZCP7NQW| - |KN| ~ RG ' IActive - XG ' [Active’ (7'31)

where X is the grid reactance.

The low-voltage guideline VDE-AR-N 4105 mandates that the grid operator can pre-
scribe a fixed power factor (cosg). With larger inverters, it is also possible to prescribe a
power factor/active power characteristic curve so that cosg can be dynamically changed
as a function of the currently fed-in power. Nowadays, all newly installed inverters in
Germany fulfill this requirement. More details about reactive power provision can be
found in, for example [40].

7.7 Safety Aspects

The most important aspects of safety of on-grid plants will be briefly discussed in this
section.

7.7.1 Earthing of the Generator and Lightning Protection

For the protection of persons, supports and module frames must be earthed except when
they are classed as protective class 2 or the open-circuit voltage of the PV generator is
less than 120 V. However, this earthing should also be carried out for inverters without
transformers for modules of protective class 2. The reason is that there is a high capacity
between the module frame and the cell strings, and it is possible that high voltages exist
at the module frame due to the changing generator potential [40].

The earthing of the plant also has advantages for lightning protection, as lightning cur-
rents can be diverted to Earth. The earthing should be carried out with a massive copper
line (at least 6 mm?, better 16 mm?) in the shortest path to the potential compensation
rail. Basically, it can be said that lightning protection is not a requirement for private
residences. If, however, a lightning protection system exists, then the photovoltaic plant
must be connected to it [94]. A very comprehensive discussion on lightning protection
of photovoltaic plants can be found in, for instance [40]. Contrary to constant rumors,
it should be mentioned here that a photovoltaic plant on the roof of a house does not
increase the risk of a lightning strike [94].

7.7.2 Fire Protection

In recent years, there have been repeated reports of fire protection hazards in con-
nection with photovoltaic plants. On the one hand, a photovoltaic plant represents an
extended electrical plant that, like other electric plants, can trigger a fire in case of
error. There are known cases, for instance, of scorched junction boxes on modules of
BP Solar caused by poorly soldered terminals [95]. However, these problems are special
cases that can be prevented by means of better quality management on the part of the
manufacturer.
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Far more critical is the fact that a photovoltaic plant on a burning house can be a
great hazard for firemen. This also arises with normal mains installations, but that can
be stopped relatively simply by switching the house off from the grid. In contrast, in the
case of a solar power plant, even after switching off the inverter, there is still a voltage
of several hundred volts in the solar generator. Added to this is the fact that the possibly
arising electrical arcs are not self-extinguishing. The first proposals for a solution, such
as placing the string lines on the outer wall of the house or in metal tubes inside the
house, lessen the danger only slightly. There must be a permanent solution that will
safely short-circuit each module in case of fire or that uncouples it from the string line.
Conceivable would be a self-conducting semiconductor switch (e.g. MOSFET) in the
module junction box that will cancel the short circuit only when it receives a signal from
the inverter. If the inverter switches off in case of a fire, then this signal is missing, and
all modules are short-circuited. It is to be hoped that this type of solution will become
mandatory in the foreseeable future in order to spare the fire brigade unnecessary danger
and the photovoltaic industry from damage to its image.

Section 10.4 gives concrete examples of photovoltaic plants that describe the con-
struction, the components used, the dimensioning of the inverters, and the operating
results.
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Storage of Solar Energy

The question of storing electricity is, nowadays, a frequent subject in conferences, in
discussion rounds, and in pub conversations. To achieve a complete transition of the
energy supply on to renewable energies, storages will be indispensable. Thereby a wide
range of storage capacities is thinkable: Small storages in private households to enhance
the self-consumption of solar energy, medium storages to support the local power grid,
and large storages to store the electrical energy over days, weeks, or even months.

We want to focus in particular on the use of storages in direct proximity to the PV
plant. Solar electric energy, which is used or stored at the place of generation, must not
be transported over long grid lines. At the same time, decentralized distributed storage
units lead to a large reliability against blackout.

For this, we will first have a look on the principle of solar storage with grid-coupled
plants. Afterward, we learn to know different battery types together with their modes of
operation. Finally, at concrete plants, it is considered, how the self-consumption rate can
be enhanced with storages and what advantages the decentralized storages offer from
the grid point of view.

The chapter is rounded off with the view on photovoltaic stand-alone systems.
Besides the description of solar home systems and hybrid plants, the dimensioning of
stand-alone systems is carried out by means of a concrete example.

8.1 Principle of Solar Storage

The principal build-up of a grid-coupled PV plant with solar storage is shown in
Figure 8.1. The generated solar energy can be fed into the public grid, consumed in the
house, or stored in the battery. In the latter case, it is available at a later time for the
domestic users.

In case of a DC coupling of the storage (Figure 8.1a), the battery is connected via
a charge controller (see Section 8.2.2) and a DC/DC converter for voltage adaption
directly to the DC line of the solar generator. The energy delivered from the solar
generator can therefore immediately charge the battery. An alternative is shown
in Figure 8.1b — with the AC coupling, the transfer of the energy only happens on
alternating current side. To charge the battery, first the direct current is converted

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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Figure 8.1 Principal build-up of a grid-coupled PV plant with battery storage: (a) DC-coupling of
storage, (b) AC-coupling of storage.

to alternating current and then finally again to direct current. This rather leads to
higher losses, however, considering the high efficiencies of modern inverters, carries
no weight. More important is the main advantage of AC coupling: The storage system
can be upgraded and expanded at any time.

8.2 Batteries

Batteries are used as storages for electrical energy in the low power range, mainly elec-
trochemical storages. In the case of small electronic devices, these are often primary
batteries, which are not rechargeable. Secondary batteries in contrast are repeatedly
rechargeable. The expression accumulator is used synonymously. In the following, we
will use the expressions battery and accumulator likewise for a rechargeable electro-
chemical storage.

A battery mostly consists of the interconnection of several electrochemical cells. In
the single cell, a chemical reaction is used to generate an electrical current. There two
spatially separated electrodes are connected with each other by an ion conducting
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electrolyte. At the electrodes, a redox reaction, which is split into two half reactions,
takes place. Thereby energy in the form of electrons flowing into the outer circuit is set
free, which can be used electrically. During the charging of the cell, the opposite redox
reaction takes place.

Meanwhile, different battery types as solar storages are on the market. We will look
at the most important types and will discuss their peculiarities as well as their pros
and cons.

The lead accumulator thereby takes a special position for it exist extensive experiences
out of, meanwhile, 150 years of development history.

Therefore, using the example of the lead battery, we will consider the most impor-
tant properties of electrochemical storages together with their modes of operation and
charging strategies. Afterward, we will learn to know the further battery types with their
respective characteristics.

8.2.1 Lead-acid Battery

8.2.1.1 Principle and Build-up
Figure 8.2 shows the principle of the lead-acid battery (or “lead battery” for short). It is
filled with an electrolyte of diluted sulfuric acid (H,SO,). The negative electrode consists
of lead, while the positive electrode is of lead oxide (PbO,).

Let us consider first the discharging process: The lead at the negative electrode reacts
with the electrolyte under the loss of electrons (oxidation) to lead sulfate (PbSO,):

Pb + SO} — PbSO, + 2e". (8.1)
(a) Discharge:—(PAnode +(P Cathode

Electrolyte: diluted sulfuric acid (H2SO,) PbO,

Overall reaction:
PbO, + Pb + 2H,SO, — 2PbSO, + 2H,0

H*—>
S0,2-—
Pb + SO42- — PbSO, + 2e~ PbO, + 4H* + SO42-+ 2e~ - PbSO, + 2H,0
(b) Charge: —(P Cathode +(|') Anode
Electrolyte: diluted sulfuric acid (H2SO,) PbO,
Overall reaction: PbSO,
2PbS0O, + 2H,0 — PbO, + Pb + 2H,SO, e —
SO42— -

zzz

PbSO, + 26~ — Pb + SO,2- PbSO, + 2H,0 — PbO, + 4H* + SO,2- + 26~

Figure 8.2 Principle structure of a lead-acid battery: When discharging, a layer of lead sulfate (PbSO,)
forms at both electrodes that is decomposed again during charging (Nomination of electrodes: See
Section 8.2.3.2).
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At the same time, the lead oxide of the positive electrode reacts with the sulfuric acid
under the take-up of electrons (reduction) to lead sulfate and water. This causes a layer
of lead sulfate to grow on both electrodes.

PbO, + 4H* 4+ SO}~ + 2e~ - PbSO, + 2H,0. (8.2)

Hereby, at both electrodes, a layer of lead sulfate grows. As the total reaction of the
battery cell, we get
Charging

PbO, + Pb + 2H,SO, =—— PbSO, + 2H,0. (8.3)
Discharging

Why do we speak of “reduction” when the lead oxide takes up an electron?
The number of electrons has not been reduced anyway, but instead increased.

E The nominations reduction and oxidation are founded historically. Originally,

oxidation describes the reaction of a substance with oxygen. If, for example,

carbon reacts with oxygen to form carbon oxide (CO,), then the four-valent car-

bon atom gives four electrons to the double bonds with the two oxygen atoms

(“oxidation”). Nowadays, the expression oxidation generally describes a reaction

where one substance gives electrons to a reaction partner. On the contrary, the

reaction partner takes up electrons (in our example, each oxygen atom takes two

electrons from the carbon atom, thus the oxygen is reduced). As reduction and
oxidation always happen coupled, one speaks of redox reaction.

In the charging process, the reactions are exactly the reverse (Figure 8.2b): Now the
lead sulfate at the surface of the electrodes decomposes again and delivers sulfate ions
to the electrolyte. The actual storage of energy thus takes place in the electrolyte. During
charging, its density increases so that the charge condition of the battery can be deter-
mined with a density-measuring instrument (acid hydrometer).

If the battery is fully charged, then gassing occurs for exceeding the end-of-charge
voltage: oxygen forms at the positive electrode and hydrogen at the negative one, which
together can form explosive oxyhydrogen gas. For this reason, it must be ensured that the
room has sufficient ventilation. Gassing also eventually leads to a loss of water that must
be compensated by means of regular topping up with distilled water (e.g. once a year).

The electrodes mostly consist of a core of lead that is surrounded by the active
material (lead or lead oxide). This has a porous structure in order to provide the largest
possible surface for the electrochemical reaction. Unfortunately, the lead sulfate does
not decompose completely during the charging process; small quantities remain stuck
to the electrodes. This sulfation has the effect that the active mass of the electrodes and
thus the capacity of the battery decline with the continuous charge—discharge cycles.
This decline in capacity becomes stronger, the deeper the discharge of the battery.
Frequent deep discharges thus result in an extreme reduction in the length of life of a
lead battery. The lifespan is defined as the time at which the battery falls below 80% of
its original nominal capacity [96].
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@ Why is that the end of its life? Surely, the battery is still usable, or is this not the
case?

@ Actually, the battery can still be used, but only with reduced and further sink-
ing capacity. At some time, the lead sulfate deposits of the positive and negative
electrodes touch each other and cause a short circuit. Figure 8.3 shows the link-
age between depth of discharge and maximum achievable number of cycles for

various types of batteries.

8.2.1.2 Types of Lead Batteries

Which type of batteries are to be used in a stand-alone system depends to a great extent
on the particular requirements. First, there is a difference between the method of oper-
ation of lead batteries in buffer operation and cycle operation. A normal car battery
(starter battery), for instance, is operated in buffer mode. For most of the time, it is fully
charged, but occasionally must deliver short-term high currents for starting the engine.
Things are different with a forklift battery: It is fully charged overnight and almost fully
discharged on the next day and thus goes through whole charge and discharge cycles.
This type of operation is called cycle operation, which tends also to be the case with solar
plants (especially stand-alone plants). The different requirements affect the method of
construction of the different types of batteries.

A starter battery needs to provide high currents for short periods, which is why there
are many electrodes close together in the form of plates that offer a large surface. With
a stand-alone plant with typical cycle operation, the starter battery would be unusable
in a few weeks due to progressive sulfating and corrosion.

A car battery is not suitable as storage in a stand-alone solar plant as it would become
defective in a short period due to the cycle operation.
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Figure 8.3 Lifespan of various types of batteries: The deeper the battery is discharged, the fewer
number of cycles it can carry out until it reaches the end of its life [22].
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Figure 8.4 Principle arrangement of the electrodes of various types of batteries: Block and reinforced
plate batteries keep the active material in place by means of an electrolyte-permeable protective
sleeve.

Solar lead grid-plate batteries are modified starter batteries in which thicker plates
with larger spacings are used, and the lead plates are hardened with an antimony additive
(Figure 8.4). They only reach a lifespan of 300 cycles if they are discharged to a maxi-
mum of 30% of their capacity (depth of discharge 70%) (see Figure 8.3). They can reach
1000 cycles for a discharge of only 20%. Thus, they are only suitable for sporadic use such
as in weekend cottages.

In solar lead-gel batteries, the electrolyte is thickened to a gel by additives. Here the
battery can be completely sealed and is thus leak-proof. In addition, no gas leaks, so no
distilled water needs to be topped up. A special charge controller that ensures adherence
to the end-of-charge voltage is important, as otherwise, the battery will dry out due to
gassing. In contrast to this, an occasional gassing is desirable for standard batteries in
order to mix the electrolytes. Depending on the method of operation, the length of life of
solar lead-gel batteries is almost double that of the classic solar batteries (see Figure 8.3).

If one wishes to achieve a continuous operation over 15-20years, then stationary
reinforced plate batteries are the best choice. These are available in two variants: The
stationary reinforced plate with a special separation and fluid electrolyte battery and the
sealed stationary reinforced plate battery. They are normally used for battery-supported
emergency power systems and cost two to three times more than simple solar batteries.
The positive plate consists of lead rods that are individually surrounded by tubes. These
keep the active material together and prevent premature loss of mass (Figure 8.4) [40].

A middle path finally is the block battery (also called the stationary grid plate
block). Here, several lead rods are surrounded by a common protective sleeve. They
are therefore cheaper than reinforced plate batteries and yet achieve relatively high
lifespans.

The lifespan presented here is also denominated as cycle lifespan, as it specifies the
length of the usability of the storage not as a time span but as a number of cycles. It
describes in a way that part of the aging process, which results from of the real use of the
storage. However, also a battery, which is merely used, will not last forever. Reasons can
be chemical decay processes, which decompose the electrode materials or the electrolyte
in the course of time. This influence can be described by the calendrical lifespan. For
lead-acid batteries, it lies around 10 years.
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8.2.1.3 Battery Capacity

The capacity C of a battery is not a fixed amount but depends on the discharge current.
If the battery is discharged with a low current, then the sulfate ions can penetrate deep
into the active mass of the electrodes and can convert into lead sulfates. With greater
current draw off, the first stored sulfur molecules block the penetration of the following
molecules so that the active mass cannot be fully utilized. For this reason, the nominal
capacity of a battery is always mentioned in connection with a certain nominal charge
current. Mostly, the nominal capacity is referenced to a nominal charge current /,,, a
current that discharges the battery in 10 h.

This is shown for the sake of clarity in Figure 8.5 on the basis of a reinforced plate bat-
tery of the Hoppecke Company: If the battery is discharged within 5h (I, =26.5 A), then
only a capacity of C; of 132 Ah is usable. The other extreme case would be a discharge
over 100 h, which gives a capacity of C,,, of 200 Ah at a current of I, =2 A. The type
designation of the battery is called the block solar power 200, but actually, the nominal
capacity C,, is only 150 Ah. This example emphasizes the need to always check on the
datasheet as to which discharge current was used for the nominal capacity.

The temperature also has an effect on the usable capacity of a lead battery. Anyone
who has not been able to start his car in winter knows that the capacity is less at low
temperatures. It lowers the capacity, for instance, at 0 °C to about 80% of the capacity at
20°C. At much lower minus degrees, the electrolyte freezes and limits the functionality
of the battery completely.

8.2.1.4 \Voltage Progression

The nominal voltage of an individual battery cell is 2.0 V. Typical is a series connection
of six individual cells, so that, depending on the charge condition, there is a battery
voltage of 12.0-12.7 V. Figure 8.6 shows at the left the progression of the voltage in the
discharge of the battery. Starting from the open-circuit voltage, the voltage is reduced
up to the end-of-charge voltage of 10.8 V. If current continues to be drawn off, it will
reach deep-discharge that can damage the battery.

The progression of the charging can be seen at the right in Figure 8.6. A voltage greater
than the open-circuit voltage must be applied to press the sulfate ions into the electrolyte
again. Usually, the so-called //V charging method is used: First, the battery is charged
with a constant current. When the end-of-charge voltage has been reached, then there
is a change to constant charge voltage. The charge voltage of 13.8-14.4'V (depending on
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Figure 8.6 Progression of voltage of a 12V battery when discharging and charging: The lower
permissible limit is the end-of-discharge voltage, whereas the upper permissible limit is the
end-of-charge voltage [96].

temperature) should not be exceeded in order not to overload the battery and to avoid
gassing.

8.2.1.5 Summary

Lead-acid batteries are in use since decades and are, therefore, a proven technology.
For different applications, different variants are available. However, the lifespan with
about 10 years and 2000-3000 cycles is clearly restricted. Due to the relative high spe-
cific weight of lead, only moderate energy densities of 30~40 Wh kg™ are attained.

8.2.2 Charge Controllers

We now want to consider the tasks and operating modes of charge controllers. For a bet-
ter understanding, we start with simple systems consisting of a solar module, a battery,
and simple DC loads. In the case of grid-coupled systems, the principle is still the same.
However, then high DC voltages are present at the charge controller so that many bat-
tery modules have to be connected in series possibly combined with a DC/DC converter
(see Figure 8.1).

Meanwhile, we have learned that batteries require care in handling in order to enjoy
their use for a long time. This depends on a series of tasks for the charge controller:

Overload protection

Deep-discharge protection

Prevention of unwanted discharging
State-of-charge monitoring

Adjusting to battery technology (electrolyte/gel)
Voltage conversion (possibly)

MPP tracking (possibly).

8.2.2.1 Series Controller
The arrangement of a classic series controller is shown in Figure 8.7. The control elec-
tronics constantly measure the battery voltage, and when the end-of-charge voltage
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Figure 8.7 Principle of a series charge controller: Switch S, interrupts the charge current when
reaching the end-of-charge voltage; switch S, serves for the deep-discharge protection of the battery.

has been reached, turn the switch S; (mostly a MOSFET) off. Switch S, separates the
load from the battery in the case of falling below the end-of-discharge voltage and thus
ensures deep-discharge protection. The diode at the input of the charge controller is
meant to prevent the battery from being discharged at night by the inactive solar gen-
erator. A problem can arise when the battery is deep-discharged at night, and there is
insufficient power available to operate the control electronics. As switch S, is possi-
bly opened, the battery cannot be reloaded again despite the Sun’s radiation the next
morning.

8.2.2.2 Shunt Controller

An alternative to the series controller is the shunt controller (parallel controller). Here
the transistor is connected in parallel to the solar module (Figure 8.8). As soon as the
transistor conducts, it short-circuits the solar generator and interrupts the loading of the
battery. An advantage of this concept compared to the series controller is the fact that
the unavoidable (but relatively small) voltage drop at the switched-through MOSFET
incurs no losses during charging.

The second advantage is that the MOSFET blocks without voltage signal at the gate,
and thus the battery can be charged in the morning after the deep discharge case
described previously. These advantages result in the shunt controller being mostly used
today.

8.2.2.3 MPP Controller

Naturally, MPP tracking makes sense also in stand-alone systems in order to obtain the
maximum energy from the solar generator. Figure 8.9 shows a charge controller that
realizes the MPP tracking similar to that described in Section 7.1.3 via a DC/DC con-
verter. This is mostly a buck converter that, for instance, reduces the input voltage from
up to 48V to a system voltage of 12 or 24 V.
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Figure 8.8 Principle of the shunt controller: If the charge current is to be interrupted, then the
transistor S, short-circuits the solar generator.
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Figure 8.9 Principle of a charge controller with MPP tracker: The voltage of the DC/DC converter is
varied by varying the duty factor a and thus the MPP of the solar generator is reached.

PR 3030

Figure 8.10 Solar charge controller of the Steca Elektronik Company: The PR 0505 shows the actual
condition of the battery relatively coarsely via two LEDs, while the PR 3030 has a graphic display
showing an intelligent charge monitoring.

8.2.2.4 Examples of Products
Figure 8.10 shows two solar controllers of the Steca Elektronik Company: The technical
data is listed in Table 8.1. The PR 0505 is a simple controller for a module up to 78 Wp.

The maximum input voltage is 47 V and the maximum current is 5 A. The room tem-
perature is determined by means of an internal sensor in order to determine the correct
end-of-charge and end-of-discharge voltages. The controller is arranged as a series con-
troller and controls the current in PWM operation with a switching frequency of 30 Hz.

The PR 3030 is much more powerful; it is suitable for solar generators up to 900 Wp.
It works as a shunt controller and offers various additional functions such as an external
temperature sensor that is fixed directly to the battery. A further feature is the intelligent
charge condition determination with which current, voltage, and temperature are con-
tinuously monitored during charging and discharging. This makes possible a very exact
representation of the actual battery charging state on the graphic display.

Both controllers make use of a variation of the already mentioned //V charging pro-
cess: The current prescribed by the solar module is charged up to the end-of-charge
voltage. Then the electronics control the MOSFET by means of a PWM signal such that
the end-of-charge voltage is maintained.

8.2.3 Lithium lon Battery

Already in the year 1909, Thomas Edison proposed to use lithium as electrode material
for rechargeable batteries. It lasted though about 80 years, until in 1991 Sony brought the
first commercial lithium battery on the market. It was a lithium—cobalt-dioxide battery
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Table 8.1 Data for two different solar charge controllers [www.steca.de].

Designation Steca PR 0505 Steca PR 3030

System voltage (V) 12 12 (24V)

Maximum charge current (A) 5 30

Connectable PV power (Wp) 78 900

Controller principle Series controller, Shunt controller,

PWM-operation PWM-operation

Temperature compensation Yes, with internal sensor Yes, optional with external
sensor

PWM control Yes Yes

Overload protection Yes Yes

Deep discharge protection Yes Yes

Polarity reversal protection Yes Yes

Charge condition determination  Via, voltage, and temperature Via current, voltage, and
temperature

Charge condition display 2 LEDs Graphic-LCD-display

Features — Menu-controlled operation

for a Hi8 video camera with a capacity of 1200 mAh. Since then, the technology was
continuously further developed so that lithium batteries, nowadays, are typically used
in many portable devices (mobiles, laptops, cameras, etc.). In larger construction forms,
they are used in electric cars and, also, in stationary solar storages.

8.2.3.1 Principle and Build-up

The first variants or lithium batteries were lithium metal batteries. This means that they
use metallic lithium (thus a lattice of lithium atoms) as electrodes. However, massive
safety problems encountered. The reason lies in the fact, that metallic lithium, as one
of the alkali metals, is highly reactive. It does not only react with oxygen but also with
nitrogen, which is also present in air. If lithium gets in contact with a reaction partner like
water, it ignites by itself. Therefore, today’s lithium batteries no longer use any metallic
lithium. Instead, the lithium is used in the shape of ions in which it is no more able for
reactions. Thus, the correct denomination of the current battery type should be “lithium
ion battery.” In the following, for simplification, we, however, will still sometimes use the
term [ithium battery.

Figure 8.11 shows the principal build-up of a lithium ion cell. On the left side, we see
the negative electrode made of graphite. Graphite is a modification of carbon (besides
diamond and the fullerenes). The carbon atom like silicon is tetravalent and, therefore,
has four valence electrons (cf. Chapter 3). In graphite, the atom forms a stabile bond with
each three neighbor atoms. Thus, a layered horizontal structure is formed, built out of
many hexagons. Each fourth free valence electron ensures that in the horizontal layer a
good electrical conductivity is established. Thus, graphite, in contrast to diamond, is a
good electrical conductor.

The different layers are only weakly tied to each other and, therefore, have a relative
large distance of about 335 pm from each other. In this gap now, the lithium ions can be
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Figure 8.11 Build-up of a lithium ion cell: During the charging, the lithium ions are embedded in the
graphite lattice. During discharging, the ions move out of the graphite into the cathode material [97].

embedded, which only have a diameter of 68 pm. Per six carbon atoms each one lithium
ion can be embedded. The positive electrode consists of transition metal oxides, which
also can embed lithium ions. A standard material for device batteries is, e.g. lithium
cobalt oxide (LiCoQ,). The separator similarly to the lead acid battery is used to avoid
a direct contact of the two electrodes. At the same time, it has to facilitate a current
flow through ion migration. As a material, extremely thin (e.g. 30 pm) porous polymer
foils are deployed, e.g. polyethylene (PE) or polypropylene (PP). As electrolyte, typically
organic solvents are used, in which a conducting salt (e.g. LiPF;) is solved.

The process of embedding ions in the respective crystal lattices is also called inter-
calation (from Latin: intercalare = insert). Accordingly, the taking out of ions is called
deintercalation.

8.2.3.2 Reactions During Charging and Discharging

During charging, electrons are drawn out of the crystal lattice of the positive electrode
(oxidation). As compensation, positive-charged lithium atoms migrate out of the lattice
and dissolve in the electrolyte:

2LiCo0, — 2Li,;Co0, + Li* +e". (8.4)

At the negative electrode, electrons move into the graphite (reduction). As a result,
the Li* ions being present in the electrolyte are attracted and embedded in the graphite
lattice:

Li* +e” +6C - LiC,. (8.5)

The summation formula shows that each of the six carbon atoms is needed to inter-
calate one lithium atom.

During discharging, the described reactions run the other way round. As overall reac-
tion at the lithium ion battery, we get

Charge

LiCq + 2Li;sCo0, = =—= C; + 2LiCo0,. (8.6)
Discharge
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In Figure 8.11, the negative electrode is termed as anode and the positive elec-
trode as cathode. In other books, it is often the other way round. Which termi-
nology is correct?

@ In fact, the terminology changes, depending on whether the charging or the
discharging of a battery is considered. The anode is always that electrode at
which an oxidation takes place, while at the cathode a reduction happens. Dur-
ing charging, therefore, the positive electrode is named anode and the negative
electrode the cathode, thus exactly opposite to the captions in Figure 8.11.In our
terminology, we always assume the discharging case. This, however, is strictly
speaking only correct for primary batteries, which cannot be recharged. The best
thing is to only speak of positive of negative electrode, then you can do nothing

wrong.

8.2.3.3 Material Combinations and Cell Voltage
Besides lithium cobalt oxide and graphite as active materials (intercalation materials),
there exist a large number of possible substances. For the cathode, metals such as man-
ganese, nickel, or iron are available. For the anode, e.g. lithium silicate (LiSi) can be
used instead of graphite. Depending on the chosen material combination, there will be
another cell voltage due to the different chemical potentials of the lithium atoms in the
respective electrode material. To make the electrode potential comparable, it is typically
measured with reference to a standard electrode of metallic lithium, whose potential is
defined to the value zero. The cell voltage of a concrete battery cell then simply results
out of the difference of potentials of the two involved electrode materials.

To illustrate this, Figure 8.12a shows the electrode potentials of different intercala-
tion materials. If, for example, the already mentioned material combination LiCoO, and

Cell voltage against Li-metal (V)
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Anode materials (dark blue) 0
(a) and cathode materials (b) Discharge depth

Figure 8.12 Voltage situation at the lithium ion cell: (a) Electrode potentials of different anode and
cathode materials and (b) discharge curve in dependence of the discharge depth [98, 99].
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graphite is used, the maximal voltage of the call is calculated to
VCell = VCathode - VAnode ~45V-04V=41V. (87)

This voltage, however, only applies for the full-loaded lithium ion cell, as it similarly
to the cell of the lead battery dips with decreasing state of charge. This is depicted in
Figure 8.12b for different cathode materials (each with graphite as anode material). An
unfavorable curve shows LiCoO,, as the voltage reduces down to about 3.5V at a dis-
charge level of 80%. Furthermore, in the batteries with LiCoO, cathode, only a part of the
lithium can be used, as otherwise the layer structure would be unstable. More drawbacks
of the material are the toxicity and limited availability of the cobalt.

Titan dioxide (e.g. Li, Ti;O,,) is a particularly long-living anode material. However, the
batteries have only reduced energy densities due to their small voltage (see Figure 8.12b).
This is in particular a disadvantage for the deployment in the automotive sector; yet for
stationary storages, they can be used.

A relatively new material is lithium iron phosphate (LiFePO,). It has a lower price
than LiCoO, and is nontoxic. The batteries made of this material offer a high energy
density, because with this intercalation material almost the whole lithium can be used
for storage. Another advantage is the very constant cell voltage at different discharge
depths (see Figure 8.12b).

A special variant of the lithium ion battery is the lithium ion polymer battery, which
is often shortened and designated as “LiPo battery.” Instead of the liquid electrolyte,
it contains a gel-like or solid foil on polymer basis. This has the benefit that the
batteries can be built in almost arbitrary housing forms. Therefore, an adaption to
all possible electronic devices is possible (even in only 1 mm thickness in chip carts).
The batteries show a high power density and are the favorite battery types especially
for model builders. Applications in electric cars and stationary storages are also
common.

8.2.3.4 Safety Aspects

Repeatedly, articles about safety problems of lithium batteries are shown in the
newspapers. Besides others, fires in laptops, cars, and even planes were reported. The
main reason is the high reactivity of the metallic lithium, already mentioned above.

As described earlier, during charging of the battery, the lithium ions are intercalated in
the graphite lattice of the anode (Figure 8.11). If the battery is overcharged, the ions push
further in the graphite lattice and press it apart, which can lead to an irreversible damage.
During further charging, the ions start to build up an irregular lattice at the surface of
the anode. This tree-like crystal is also named dendrite (from Greek: déndron = tree).

The dendrite, growing in the direction of the cathode, can penetrate the separator and
thus lead to a short circuit and, finally, to the destruction of the cell.

As a remedy, special porous polymer separators are used, which soften above about
130 °C. This softening provokes a sealing of the foil pores and thus a stopping of the ion
current is achieved (so-called siutdown). With this trick, a further charging of the cell
can be prevented, and the battery is protected. However, if the temperature rises above
150 °C, a complete melting of the separator can follow, which leads to a short circuit of
the cell (“thermal runaway”) [99].



Storage of Solar Energy

5 grozsssssseeoooooooooooe Charging e Discharging -51 5.0
Current '
Voltage constant
4 JeConstant _ 9 B oo mmeemmeee 4.5

=
R T B e DD 4.0
Gg)v State of charge
e e T R 35 _
© >
5 3
B I i N e 30 2
% Current 2
=~ >
<0 T | T T T 25
= 00 0.5 1.0 1.5 2.0 25 3/0 3.5 410
(0]
e B Time (h)  -------m-mmmmoopmmm oo 2.0
(@]

D e e 1.5

Cell: Sanyo high energy cell 18 650, 2.2 Ah, (LiCoO»2)
B 1.0

Figure 8.13 Charging characteristics of a lithium ion battery: If after charging with constant current
the charging end voltage is reached, a constant voltage is applied to achieve full charge.
(Source: After [97].)

8.2.3.5 Charging Procedures
The standard charging procedure for lithium ion batteries is the //V/-charging already
known from the lead battery (Section 8.2.1.4). It is also named CCCV-procedure (con-
stant current/constant voltage). Figure 8.13 shows exemplary course of current and volt-
age during charging and discharging of a lithium ion cell of a capacity of 2.2 Ah.

A constant current of the dimension /; =2.2 A charges the cell until the charging end
voltage of 4.2V is reached. Afterward, the battery is fully charged by applying a constant
voltage.

8.2.3.6 Battery Design

The internal build-up of a standard lithium ion cell is shown in Figure 8.14a. To reach a
good volume utilization, the sandwich out of cathode, separator, and anode is winded up.
An additional separator foil provides the electrical isolation of the different sandwiches.
Lithium cells contain an overpressure valve as well as a safety device (current interrupt
device, CID) to switch off the current in case of a short circuit.

Figure 8.14b shows different battery designs. Most common is the round cell, and for
larger capacities, the prismatic design (rectangular structure) is used. This one has the
advantage of a better heat dissipation; however, this is dearly bought by a smaller energy
density.

Figure 8.15 shows how separate cells are joined to battery modules, and these again are
combined to a complete battery system (battery pack). As the overcharge of cells repre-
sents a high risk, the continuous monitoring is necessary. A microprocessor-controlled
battery management system (BMS), therefore, surveillances temperature and charge
state of the single cells. Unequal cell and module voltages are detected and balanced;
this serves as well to prohibit damage as well to optimally use the cell capacity. With

211



212

Photovoltaics - Fundamentals, Technology, and Practice

Negative pole
Seal

Cover
Spacer

Overpressure valve

niyar

UoSEue

Arappee QeSO IBY

uol w

Anode material

Cathode material

Separator

| !
Source: Varta
Positive pole Source: Panasonic

(a) Internal build-up (b) Product examples

Figure 8.14 A concrete design of lithium cells: (a) Internal build-up with winding of a sandwich
structure and safety facilities. (b) Examples of round cells and prismatic cell.
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Figure 8.15 From the single cell over the battery module to the complete battery system. (Source:
After [97].)

targeted “bypassing,” the charge current is guided past the already charged cells, while
weaker cells obtain a higher charge current (details see, e.g. [100]).

8.2.3.7 Lifespan
As for the lead battery, also the lifespan of lithium ion batteries strongly depends on the
mode of operation. The calendrical aging mainly is determined by the storage temper-
ature and state of charge, while for the cycle stability, also the level of the charging and
discharging current and the discharge depth decisive. In the case of deep discharging,
strong volume changes are caused in the intercalation material through the in and out
swapping of the lithium ions. This finally leads to a breakup of the single layers and thus
to a loss of electrochemical active material.

Nevertheless, the lifespan of lithium batteries is typically clearly above the one of the
lead batteries. Some manufacturers promise a lifespan of, e.g. 20 years; a number of
cycles of 5000 and a discharging depth of 90% (see also Section 8.3.1.3).
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8.2.3.8 Application Areas

Due to their high power density and high lifespan, lithium ion batteries, nowadays, are
used in electronic devices, electric cars, and solar home storages. Even several large stor-
ages in the megawatt region have been realized. Thus, for example, the energy supplier
Wemag AG in Northern Germany operates a 5 MW storage, which is build up out of
25500 lithium manganese oxide cells. It has a capacity of 5 MWh and serves to mod-
erate short-term feed-in fluctuations of wind and solar energy in order to stabilize the
grid frequency (see also Chapter 11).

8.2.3.9 Summary

Lithium ion batteries have made an impressive development in the last years. They show
lifespans, which are drastically higher with respect to those of lead batteries. This also
holds for the energy density, which attains up to 250 Whkg™'. As the development of
new materials for this battery type is still not finished, more improvements and areas of
application are to be expected [100].

8.2.4 Sodium Sulfur Battery

8.2.4.1 Principle and Build-up
In comparison to the two battery types already considered, the sodium sulfur battery
(NaS) is a real exotic. It only works at high temperatures, and the electrodes are made
of liquid material, and the electrolyte again is a solid body.

Figure 8.16 shows the principal build-up of the NaS battery as a total view as well as
a detailed view to understand the electrochemical processes. In the center of the cell,
the negative electrode is situated. At the operating temperature (about 300 °C), it is sur-
rounded by melted sodium, which represents the active material of the anode. During
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Figure 8.16 Principal build-up of the “exotic”: (a) Total and (b) detailed view to depict the
electrochemical reaction during discharging. (Source: After [99].)
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discharging, the liquid sodium is oxidized at the electrolyte:
2Na — 2Na* +2e". (8.8)

The electrolyte consists of doped aluminum oxide (“B-aluminate”), a ceramic-like,
ion-conductive solid-state body. The generated sodium ions now migrate through the
electrolyte to the cathode, which is again formed by graphite felt soaked with liquid
sulfur. There they react with the sulfur and take up electrons (reduction):

2Na* + 55 +2e~ — Na,S.. (8.9)
As total reaction, we get
Charging
2Na + 55 = == Na,S.. (8.10)
Discharging

The conductive graphite felt in the cathode is necessary because sulfur is a noncon-
ductor. Moreover, the felt structure helps the Na,S; (sodium-pentasulfide), which is
produced during discharging, will not deposit at the cathode surface. This ensures that
further on liquid sulfur can be delivered to the reaction zone.

In the charged state, the open-circuit voltage of the cell is 2.08 V. It stays at that level,
even in case of more than 50% discharging. With further discharging, the sodium and
sulfur content in the range of the electrolyte declines. This leads to the fact that instead of
Na,S;, less complex compounds like Na,S, and Na,S, are formed. Thereby, the voltage
gradually sinks down to 1.78 V. A further discharging should be avoided, as otherwise
thermal losses or damage of the cell become probable [99].

In Figure 8.16, it is to see, that the liquid sodium is surrounded by an “anode
container.” This, however, has an opening at the bottom. Couldn’t we just as well
omit this container?

@ The anode container is necessary due to safety reasons. Let us assume that the
container will break at one point. In this case, anode and cathode are practically
short-circuited. Both liquids would react under strong heat development, which
would directly lead to a thermal runaway (see Section 8.2.1.4). This problem is
prohibited by the anode container, as through its opening, always only a limited

amount of sodium can emit.

8.2.4.2 Peculiarities of the High Temperature Battery
The NaS battery is also referred to as high temperature battery. In fact, for its functional-
ity an operating temperature between 270 and 350 °C has to be kept continuously. Only
then, sodium and sulfur are present in liquid forms; moreover, the electrolyte is only
capable of conducting ions at not less than 300 °C.

The particular advantage of the liquid active materials lies in the fact that the struc-
ture of the active mass is practically not changed during the charging and discharging
process. Thus, there is almost no loss of the amount of actually usable mass in contrast
to the lead battery. At the same time, the formation of dendrites like in the case of the
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lithium ion battery is relatively unlikely. Out of this follows a high lifespan of 4500 cycles
at a maximum discharge depth of 90%. The calendric lifespan is in the order of 15 years
[101].

To ensure that the heating system spends as little energy as possible, the battery should
be well thermally insulated. During the active use of the battery (repeated charging and
discharging), the reaction heat normally is sufficient to maintain the necessary operating
temperature. In case of long downtimes, however, the battery has to be externally heated.

It is clear that the Na$S batteries are not suitable as persistent storages due to their
heat losses. Instead, they can be well used as highly effective short-term storages, e.g. to
compensate strong load variations in the grid or to buffer large wind or PV plants.

8.2.4.3 Sodium Sulfur Batteries in Practice

A pioneer in the development and the deployment of the Na$ battery is the Japanese
company NGK Insulators. The company offers battery modules with a power of 50 kW
as shown in Figure 8.17a. Each module contains 230 cylindrical cells. In comparison to
the battery cells considered so far, the NaS cells with their height of 54 cm and a diameter
of 9 cm are extremely large. Over 4 h, the cell delivers a current of 90 A with a cell voltage
of about 2 V. Between the cells dry, pressed sand is located to mechanically stabilize the
cells and at the same time facilitate a good heat conduction.

The battery modules can be connected to larger blocks. In Figure 8.17b, an example of
such a block system is shown, which is used by the company Younicos situated in Berlin.
It comprises 20 modules with 50 kW each so that a total power of 1 MW is attained [101].

A showcase project of NGK is a 3¢ MW system, which serves to moderate the power
fluctuations of a 54 MW wind park. The system can store a total energy of about
240 MW.

g | Thermal
ectrica Sand isolation
heating Fuse (outside) '%A.

Thermal isolation
(inside) !

Connection terminals
Cell

(a) (b)

Figure 8.17 (a) Concrete use of NaS cells: The battery module contains each 320 cells with a total
power of 50 kW. (b) 20 battery modules form the 1 MW storage block. (Photos - NGK Insulators,
Younicos AG.)
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In 2011, a fire outbreak happened during the installation of a 2 MW system of NGK.
Out of a defective cell, liquid electrode material was leaking and caused a short circuit
in a battery module. As no fuses were built-in, the module inflamed and finally, the
whole storage block burned. After this incidence, the safety schemes were significantly
enhanced: Fuses between the cells and fire protection plates between the cell blocks,
nowadays, shall ensure that such an occurrence will not repeat.

8.24.4 Summary

Sodium sulfur batteries feature the use of low-cost materials, a high energy density
of more than 200 Whkg™!, and a high number of cycles. The high operating temper-
atures and the losses connected with that recommend the use as large stationary energy
storages.

8.2.5 Redox Flow Battery

The redox flow battery, also named liquid battery, is another exotic after the Na$S battery.
The peculiarity here is that two energy-storing electrolytes circulate each in separated
loops. The connection is then achieved over the ion exchange in the membrane of an
electrochemical cell (galvanic cell).

The fundamentals for redox flow cells were already laid in the 1950s through the
University of Braunschweig. About 30 years later, concrete patent applications and real-
izations were done in Australia and the United States, based on the transition metal
vanadium. Since in 2006, the patents expired, different research groups and companies
worldwide work on the further development and commercialization of the technology.

8.2.5.1 Principle and Build-up
Figure 8.18 shows the build-up of the redox flow battery. In the center, we see the gal-
vanic cell, which contains a membrane and two electrodes. The electrodes mostly consist
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Figure 8.18 Build-up of the redox flow battery: The electrolytes circulate in two separated loops that
are only connected through an ion-conducting membrane.
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of graphite or graphite felt, respectively, to offer a largest possible surface. They do not
take part at the electrochemical reaction but only serve as current conductors for the
electrons. The actual reaction instead occurs at the membrane where the electrolytes
form the reaction partners. In case of the redox flow battery, they are, therefore, quasi
“active material.” As electrolytes, typically organic or inorganic salts solved in solvents
are used. With the help of the pumps, the electrolytes are transported from the tank to
the actual cell.

The most commonly used cell variant is the vanadium redox flow battery (VRF bat-
tery). This is due to a peculiarity of the vanadium: In solution, it can exist in four different
oxidation states. The ions can be charged two- to fivefold: V2*, V3*, V4 and V>*, Thus,
in contrast to the usual two electrochemical active materials, we only need one in this
battery type.

First, in an empty battery system, diluted sulfuric acid (H,SO,) together with vana-
dium sulfate is filled. This results in an electrolyte, where V3* and V*' ions are dissolved
to equal portions. During the electrical charging process, the penetration of the protons
(H* ions) through the membrane ensures that the ions in the left cell half are reduced
to V2* and V3*, while in the right part, they are oxidized to V** and V°*. Starting from
this charged state, we now want to have a closer look at the processes in the cell during
discharging (Figure 8.19).

At the left side of the cell, the sulfuric acid dissolves in the aqueous electrolyte solu-
tion. This means the sulfuric acid molecule decomposes into its ions and releases pro-
tons, which migrate through the membrane on the cathode side. For compensation, at
the anode side, the bivalent vanadium (V?*) donates an electron to the electrode and

<<<<<<<<<<<<<A
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Figure 8.19 Discharging process in the vanadium redox flow battery: At the anode side, V?* ions
oxide to V3* ions, at the cathode side, however, V>* ions are reduced to V** ions (by different
intermediate steps). (Source: After [99].)
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becomes a V3* ion:
V3 S V3 e (8.11)

At the cathode side, the pentavalent vanadium ions (V°*) coalesce with the oxygen
(VO;). Subsequently, they take up an electron and then form with the protons delivered
from the membrane water molecules (H,O) and the oxygen compound VO?>*:

VO? +2H" + e~ —» VO** + H,0. (8.12)

Thus, as desired, pentavalent vanadium ions (V°") were reduced to tetravalent ions
(V4+):

Vo 4 em —» VR, (8.13)

In case of charging, the reactions accordingly run the other way round. As total reac-
tion, we get:
Charging
V* + VO] + 2H* =——— V* + VO*' + H,0. (8.14)
Discharging
If only the vanadium ions are considered, the total reaction can also be expressed in
the following way:
Charging
V4V e——= V" 4 V" (8.15)
Discharging
Thus, the discharging continues until all V°* ions were reduced to V** ions, and all
V2* jons were oxidized to V3* ions. With that, the initial state is restored.

Is a redox flow battery actually the same as a fuel cell? Also, that one, after all,
consists of a cell with two compartments filled with liquids, which are separated
by a membrane.

@ In fact, the fuel cell and the redox flow cell are built up very similar. The decisive
difference lies in the fact that the fuel cell only knows one conversion direction:
The conversion of chemical energy (e.g. in form of hydrogen and oxygen) into
electrical energy. The reverse process is not possible in the fuel cell. Due to this,
the fuel cell does not belong to the electrochemical storages; instead, it is solely

a converter of chemical into electrical energy.

8.2.5.2 Behavior in Practice
Figure 8.20 shows the open-circuit voltage of the vanadium redox flow battery in
dependence of the charging state. It continually rises and can therefore (in connection
with measuring the temperature) be used for a simple determination of the charging
state.

The electrical efficiency of the cells lies in the order of 90%. However, if we include
also the losses of necessary periphery devices (especially the pumps), the efficiency is
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Figure 8.20 Open-circuit voltage of the vanadium redox flow battery at different charging states: It
changes relatively strongly and can therefore be used for a simple monitoring of the charging state.
(Source: After [102].)

reduced to about 70—-80% [99]. The operating temperature should be possibly between
10 and 35 °C to attain a high lifespan.

Regarding the charging behavior, the cell offers pleasant properties. It is capable of
deep-discharge, as there exists neither a dendrite growth nor a reduction of the active
material. Therefore, cycle numbers in the order of 10 000 can be assumed. It shows only
little self-discharging and is therefore well suited for high operating times.

A peculiarity of the redox flow cell in contrast to all other battery types lies in the fact
that the storage capacity is not dependent on the cell size but only on the size of the tanks.
Thus, storage capacity and battery power can be dimensioned separately. At the same
time, the energy density of the electrolyte of 25 Wh kg~ is relatively small. This is caused
by the limited solubility of the V°* ions in sulfuric acid. Meanwhile, research is going on
with further cell variants that promise higher energy densities: Vanadium/bromine cell
and zinc/bromine cell with doubled and threefold energy density with respect to the
pure vanadium cell.

8.2.5.3 Concrete Applications

Resulting out of the described properties of the redox flow battery result different obvi-
ous fields of application. Thus, they are used, e.g. as large stationary storages, for load
peak balancing in energy power supply grids or for buffering the electricity of wind parks
and large PV plants.

The example of a commercial product is shown in Figure 8.21 with the EverFlow Com-
pact Storage CS 5/15. It represents a storage based on the vanadium redox flow battery
technology. It comprises a built-in inverter and delivers a maximum electrical power
of 5kW. The capacity is 15-45 kWh (depending on model). The company even offers a
large container model with a power of 15-60 kW and a capacity of up to 200 kWh. The
further technical data can be found in Figure 8.21.
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sem
oW
EverFlow

Technical data:

Name:

Type:

Power:
Capacity:
Output voltage:
Efficiency:

Depth of discharge:

Calendric lifespan:
Cycle lifespan:
Self-discharge:

Ambient conditions:

Dimensions:
Weight (full):

EverFlow Compact Storage
CS5/15

5 kW

15 kWh

230/110 Vg

DC > 80%

100%

upto20a

> 10 000 cycles

< 1% per year
5-30°C
1.25mx0.8mx 1.74 m
1500 kg

©SCHMID Group

Figure 8.21 View and technical data of the EverFlow Compact Storage: The storage offers a power of
5 kW and a capacity of 15 kWh. (Photo - SCHMID Group.)

Occasionally, the deployment of redox flow batteries in electric vehicles is discussed.
Here, the redox flow technology gains from the clear advantage that the charging can
be done quite easy (and quick!) by refueling each of the two charged electrolyte liquids.
However, it has to be kept in mind that the current density of the vanadium redox flow
battery is only 1/350th of the energy density of petrol (compare Table 1.2). Thereby, an
extremely large volume and large load would be required only for the storage.

8.2.5.4 Summary

Redox flow batteries have the decisive advantage that power and energy content are
scalable independently of each other. Moreover, they have the largest lifespan of all con-
sidered battery types. The energy density of 15 Whkg™ is very small and leads to the
fact that their deployment area will be limited to stationary storages.

8.2.6 Comparison of the Different Battery Types

After we have dealt intensively with the most important battery types, Table 8.2 presents
again their respective pros and cons and lists the main fields of deployment. The large
variation of the specified energy densities stem from the fact that some literature sources
only consider the energy density of the active materials, while others also take into
account further parts of the battery (electrodes, housing, etc.)

8.3 Storage Use for Increase of Self-consumption

Meanwhile, the feed-in tariffs for solar electric energy lie below the power consumption
price of normal domestic customers (so-called Grid Parity, see Section 11.3). Therefore,
it is nearby to improve the return of a PV plant by self-consuming a possibly large
portion of the produced electricity. In the following, we will first look at the possibilities
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Table 8.2 Comparison of the different battery technologies [99, 102, 103].

Technology Pros Cons Deployment area
Lead acid/lead gel Cost-effective o Small energy density o Starter batteries
e Proven technology (30-50 Wh kg™1) (vehicles)
o Safe o Small lifespan o Emergency power
e No quick charging systems
o Uninterruptible power
supplies

o Domestic solar storages
Lithium ion

o High energy density o Relatively expensive o Electronic devices
(110-250 Whkg™1) o Safety problems o Electric vehicles
o High cycle lifespan o Charge surveillance o Domestic solar storages
o High energy efficiency necessary o Buffer storages for wind
(>90%) and solar parks
o Small self-discharging o Load peak balancing in
o Further development electrical grids
potential e Provision of control and
balancing energy in
electrical grids
Sodium sulfur o High energy density o Danger potential in case e Buffer storages for wind
(100-200 Whkg™) of cell breakage and solar parks
o Very high cycle lifespan e Complex thermal o Load peak balancing in
o No self-discharging management electrical grids
o Relatively safe o Continuous energy e Provision of control and
expenditure for balancing energy in
temperature electrical grids
stabilization
Redox flow o Suitable for large storage e Small energy densities o Buffer storages for wind
capacities (10-50 Whkg™1) and solar parks
e Low maintenance o Auxiliary units (pumps) e Load peak balancing in
o Simple cell construction  necessary electrical grids
o Deep-discharging safe e Restricted temperature e Provision of control and
o Safe range balancing energy in

electrical grids

of a domestic household to enhance the self-consumption of the solar energy. As
the frame conditions for commercial enterprises partly differ, we will consider them
afterward separately.

8.3.1 Self-consumption in Domestic Households

Let us imagine the example of a four-person family Summer, which has installed a 5 KkWp
PV plant on their roof. This plant yearly yields just 4500 kWh and, therefore, in terms of
figures could cover the total electricity demand of the family. However, the solar elec-
tricity offer is very unequally distributed over the year and, also, over the respective day.
Therefore, always only a part of it can be used directly. For a sunny day, Figure 8.22 shows
this in the upper diagram. Obviously, more energy is produced than family Summer
can use. Simultaneously, there are times in the morning and in the evening, where the
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Figure 8.22 Self-consumption enhancement through load shift with an intelligent load management
system: By starting the washing machine earlier, more solar energy can be used directly. (Source: SMA
Solar Technology AG.)

demand is higher than the produced solar energy. Viewed over the entire year, for such
a dimensioning, a solar energy self-consumption rate (or “degree of self-consumption,”
see Section 7.2.1) of about 30% can be expected [104].

8.3.1.1 Solution Without Storage
How this self-consumption rate can be enhanced? In the most simple cases, devices,
such as a washing machine or a dishwasher, are only started during the day. Mean-
while, there are several suppliers of energy management systems, which optimize the
self-consumption by automatically switching on and off (e.g. with remote-controlled
sockets) domestic appliances. Then also devices, which do not continuously need elec-
tric energy (e.g. freezer), can be switched on in dependence of the solar electricity offer.
Figure 8.22 shows an example for this in the lower diagram. Here, the washing machine
was started at 4 p.m. instead of at 7 p.m. and could be driven totally with solar energy.
Simulations and first experiences with test households show that the self-consumption
rate of systems with EMS can be increased up to about 45% [104].
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8.3.1.2 Solution with Storage

If one will come to higher self-consumption rates, the use of battery storages is the right
choice. For the dimensioning of the storage, first the question has to be cleared if a high
degree of self-sufficiency (see Section 7.2.1) has to be achieved or if the aim is simply a
most profitable solution. Basically, with the use of a large storage, it is possible to increase
the degree of self-sufficiency up to 100%. This, however, stands in no relation to the costs
of the necessary “several week storage.” More profitable is the deployment of a small
storage together with an intelligent load management.

One possibility for this offers, e.g. the Sunny Boy 5000 Smart Energy, a 5 kW inverter
with integrated lithium ion battery, which can store about 2 Kilowatt-hours. This is
combined with an energy management of the domestic consumers (“Sunny Home Man-
ager”). The energy management system knows the typical daily load course of the house-
hold as well as (over the internet) the weather forecast for the following day. Based on
this, it steers a part of the loads and the charging and discharging of the storage.

The exemplary result is shown in Figure 8.23. Again, the load course of family Sum-
mer is assumed. During the day, the surplus solar electricity is charged into the storage
(depicted in yellow). This stored solar energy is then at disposal in the evening and
morning for self-consumption (orange). With a smart combination of energy manage-
ment system and storage, thus the self-consumption rate can be increased to about
55-60%.

8.3.1.3 Examples of Storage Systems

Table 8.3 lists concrete examples of domestic storage systems offered at the market. The
systems 1—4 contain an inverter, which independently of the actual solar inverter feeds
into the AC side (see Figure 8.1b). System 5 is the Sunny Boy 5000 SE already mentioned
above. It comprises of a normal 5 kW solar inverter, which is coupled to the storage on
the DC side (Figure 8.1a).

Load profile with energy management system and battery storage (2 kWh)

9]
=
o
o
04:00 08:00 12:00 16:00 20:00
Time
mm PV energy feeded-in == PV energy directly used Stored PV energy

== Energy taken from the grid == Energy taken from the storage

Figure 8.23 Further self-consumption increase by the use of a 2 kWh storage: The surplus solar energy
is stored in the battery during the day and can be used in the evening and morning for self-demand.
(Source: SMA Solar Technology AG.)
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Table 8.3 Technical data of some current solar storage systems for private households.

Consecutive number No. 1 No. 2 No.3 No. 4 No.5

Provider Senec.ies sonnen GmbH IBC Solar IBC Solar SMA Solar
Technology
AG

Product name SENEC.Home Sonnenbatterie IBC SolStore IBC SolStore = Sunny Boy

G2 plus eco 8 8.0 Pb 5.0 Li 5000 Smart

Energy

Technology Lead oxide Lithium iron  Lead gel Lithiumion  Lithium ion

phosphate polymer

Type of AC AC AC AC DC

coupling

Gross capacity 16 8 8.0 5.0 2

CGross (kWh)

Net capacity 8.0 8 4.0 4.5 2

Cret (KWh)

Maximum 2.5 3.3 4.6 4.6 2

discharge

power (KW)

Depth of 50 100 50 90 100

discharge

(DoD) (%)

Cycle lifespan 3200 10000 2700 5000 >4000

at DoD

Self-discharge 2%/month ns. 2%/month 1%/month 1%/month

rate

Calendar 10-13a 20a 10a 15a >10a

lifespan

Maximum total 86 94 85 95 96

efficiency of the

storage system

(%)

Power of solar - - - - 5

inverter (kW)

Battery voltage 48 ns. 48 48 150

V)

Emergency Yes Yes Yes Yes No

power function

Price (net) Cost 6.900 11.300 6.300 8.500 4.600

(€

Specific price 841 1.413 1.575 1.889 2.300

(net) cost

(€KWh1)
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Roughly speaking one has the choice between products with lead batteries and those
with lithium ion batteries. The latter are typically more expensive; however, they show a
higher lifespan. In particular, attention has to be paid to the specified discharging depth;
it reaches from 50% with lead batteries up to 100% with lithium ion batteries. Thus, e.g.
the lead battery of IBC Solar has a clearly higher gross capacity as the lithium counter-
part of the same company; at the same time, the net capacity is smaller than that of the
lithium battery.

8.3.1.4 How Much Cost a Kilowatt-Hour?

If a storage system is profitable for the family Summer, then this strongly depends on
the acquisition costs. Further influencing factors are the lifespan and the capacity of the
storage. With a rough calculation, we can calculate the costs per stored kilowatt-hour
out of these parameters.

As described, the actual net capacity (also named usable capacity) depends on the
allowed depth of discharge (DoD). Moreover, the storage efficiency, 7,,,.., leads to a
further reduction of the usable energy. Finally, the maximum number of cycles, N ..,
describes how often the battery can be charged and discharged. The total energy, W, .,
which can be stored in and got out of the storage over the whole lifespan, can be calcu-
lated with the following formula:

WTotal = CGross -DoD - nStorage ' NCycles' (816)

As an example, let us consider System 4 from Table 8.3, the lithium ion storage IBC
SolStore 5.0 Li:

Example 8.1 Costs of the storage System 4.

Costs Costgiorage 8500€

Gross capacity Coross 5.0kWh

Depth of discharge DoD 90%

Storage efficiency Nstorage 95%

Maximum number of cycles Neyes 5000

Calendric lifespan T ifespan 15a -

Over the lifespan, the system can store and take out again the following amount of
energy:

Wisable = 5.0 kWh - 0.9 -0.95 - 5000 = 21375 kWh
With the investment cost given above, the specific costs for a kWh result to:
COStStorage _ 8500€
Wiow 21375 kWh

This means that each k'Wh, which has been stored during the lifespan of the storage,
costs about 40 cent for the owner! This is clearly more than the difference between the
current feed-in tariff and the domestic electricity price. Therefore, this system is a no
good bargain for the owner of the system.

=39.8 cent KWh™.

COStStorage =
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The shown cost formula in reality is a really rough calculation. Strictly speaking, the
annual interest ought to be taken into account (see Section 10.2). Additionally, the cal-
endric lifespan for the lithium ion battery is stated 15 years from the manufacturer. If
we assume for a typical solar plant with storage a full cycle number of 250 per year,
then in 15years, only 3750 cycles are used. The maximum number of cycles of 5000,
therefore, can possibly not be reached at all, because already the calendric lifespan has
expired earlier. In addition, it should be kept in mind that the data about number of
cycles, lifespan, etc., were provided by the manufacturer. Unfortunately, there are only
few independently determined data yet.

If we apply the calculation of Example 8.1 on System 1, we already get clearly
better numbers of about 30 cent kWh~!, This amount can further be reduced to, e.g.
20 cent kWh~1, if the government support for solar storages is used (see Section 8.4.2).
System 2 even ends up below 20 centkWh=! without the government support (see
Exercise 8.5 at the end of this book). However, one has to trust in the specifications of
the manufacturer about a cycle lifespan of 10 000.

8.3.1.5 The Smart Home

If the self-consumption rate shall be further enhanced, it is a good idea to integrate more
consumers into the energy management system. Figure 8.24 shows the example of such
a “smart home.” Here, additionally, a domestic hot water heat pump is supplied by the
electricity from the solar plant. In winter, a mini combined heat and power unit (CHP)
produces the heat for domestic heating and at the same time charges the battery storage.

Source: SMA Solar Technology AG

Inverter
with storage

N

~ Energy mana-
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Figure 8.24 Example of a “Smart Home": With the help of an energy management system, including
storage, the different loads are automatically switched on and off to enhance the self-consumption
rate.
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Ifan electric car is purchased, its battery can be used as an additional external storage.
This may increase the self-consumption rate even up to 100%.

The profitability of such a solution will improve with further falling storage costs.
At the same time, more and more people are willing to spend extra money for a
far-reaching self-provision with eco-friendly energy. Additionally, storage systems
often offer an emergency function (buffer function) that can supply the house in case
of a power blackout.

8.3.2 Self-consumption in Commercial Enterprises

8.3.2.1 Example Production Factory

Commercial enterprises are especially suited for solar energy use. Often, the buildings
provide large roof areas for the solar plant with at the same time a high electricity
demand of the company. Furthermore, the demand typically arises at daytime. As an
example, Figure 8.25 shows the load course of a production factory. Additionally, the
feed-in power of a 200 kWp solar plant for a sunny (yellow) and a covered day (light
blue) is depicted. On weekdays, even on a sunny day, the whole produced energy is
self-consumed. Only at the weekend, the demand is clearly smaller than the solar offer
due to the halted production. Considered over the full year, a self-consumption rate of
about 80% can be assumed.

8.3.2.2 Example Hospital

A second example is shown in Figure 8.26. Here, the load curves of a hospital are
depicted. Also in this case, the highest energy demand occurs during daytime, now
however on all days of the week. Due to the very good temporal correlation of solar
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Figure 8.25 Solar energy use in a production factory: Due to the good temporal match between solar
offer and demand, high self-consumption rates follow. Only at the weekend outweighs the solar
energy. (Source: Load profile: Solarpraxis AG.)
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Figure 8.26 Solar energy use in a hospital: As there is a high power demand every day of the week,
practically the whole produced solar energy can be self-consumed. (Source: Load profile:
Solarpraxis AG.)

offer and demand here, practically the whole produced solar energy of the 200 kWp PV
plant can be self-consumed.

In both examples, we can assume that the investment in a PV plant will amortize in a
few years. In both cases, a storage is not necessary.

In connection with commercial enterprises, there is currently mainly only one
application, where a storage can be profitable: to limit the peak power taken out of the
grid. Many companies have electricity tariffs, where besides the energy price (price
per kWh) a power price has to be paid. This price depends on the taken peak power
during a month (or a year). Here, an energy management system can be employed,
which limits the power demand to a defined value. In case of such a limitation, the
consumers are provided by the battery storage. However, in a first step should be always
cleared if the temporal switching-off of some loads is possible. Only if this potential
is exhausted, the (relatively expensive) solution with a storage should be taken into
consideration.

8.4 Storage Deployment from the Point of View of the Grid

The solutions described above all have the aim to enhance the self-consumption of the
operator of the plant. The deployment of a storage, however, does not automatically lead
to a grid relieve. For instance, it is possible that on the morning of a sunny day, all plants
start to charge their storage with the solar energy. Afterward, it could happen that, e.g.
at noon, all storages are fully loaded and suddenly, the total solar power would be fed
into the grid. This would not be the favorable scenario of the grid operator.

Of course, it can be countered that this case is somewhat theoretical, as all plants
have different sites, orientations, and storage capacities. Therefore, the described effects
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possibly cancel each other. Nevertheless, from the grid point of view, it would be sensi-
ble, that storages also will take over grid services in the future.

8.4.1 Peak-shaving with Storages

Asan example, Figure 8.27a shows the case of a 5.6 kWp plant without storage on a sunny
day. The red curve depicts the grid exchange power (positive: grid feed-in, negative: grid
supply). Clearly visible are the large feed-in and demand peaks of almost 5kW. This is
primarily due to switching on and off of heavy users (e.g. a stove) in the household.

A better solution with respect to the grid requirements is shown in Figure 8.27b.
Here the plant was complemented by a 5.5kW storage. Besides an increase in the
self-consumption rate, it shall also achieve a limitation of the maximum grid exchange
power. For this, the storage is only charged in the case of exceeding the feed-in power
of 1.9 kW. Thus, it can store energy production peaks over the whole day.

In the opposite case, the “intelligent storage” limits the power drawn from the grid in
times of consumption peaks by providing additional power from the battery. As a result,
a more even course of the grid exchange power can be seen clearly. Now the maximum
demand peak only lies at 2.4 kW, which is solely half of the case without storage. This
“peak-shaving” therefore leads to an equalization of the grid exchange power and thus
to a grid relieve.

8.4.2 Governmental Funding Program for Solar Storages

With the aim of an accelerated deployment of solar storages, the German government
has created a funding program. The funding consists of low-interest loans and repay-
ment grants. The declared intent of the program is a support of only those systems that
in the long run will facilitate the relieving of the grid. This is mainly achieved by the
following requirement:

The maximum admissible power output of a PV plant at the grid-connection point is lim-
ited to 50% of the plant’s nominal power.

How will this requirement affect the behavior of a plant in the direction of the grid? To
make this clear, Figure 8.28 shows, in the upper diagram, the example of a “conventional
storage” on a sunny day. In the morning, first, mainly the battery is charged. Around
11 a.m., the storage is fully loaded, and the PV power is suddenly fed into the grid. As
already described, this leads to stronger power variations as it would be in the case of a
PV plant without storage. Therefore, this build-up cannot be a model for the future.

Entirely different is the case for a “grid-optimized storage” (lower diagram in
Figure 8.28). Here, the maximum feed-in power is limited to 50% of the plant’s nominal
power. The result (with a suitable charging strategy) is a slowly increasing feed-in
power in the morning. As soon as 50% of the nominal power is attained, this feed-in
power is held constant. The surplus energy is loaded into the storage, or it is consumed
by switchable loads. In contrast to the peak-shaving solution of the preceding section,
here though the production and load peaks are not totally suppressed. Nevertheless,
the very simple “50% method” ensures a very significant stabilization of the feed-in
with a positive effect on the grid loading and the grid stability.
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Figure 8.27 Peak-shaving using an intelligent storage: The high grid exchange power in the upper
diagram is strongly reduced by the energy management system including battery as shown in the
lower diagram. (Source: Solar Technology AG.)
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Figure 8.28 A comparison of different storage operating strategies: While the conventional method
leads to strongly varying feed-in powers, this can be moderated with the grid-optimized strategy.
(Source: German Solar Association.)

An additional requirement of the funding program is the installation of an interface
at the inverter. This shall facilitate the remote control of the PV plant along with the
storage by the grid operator. Up to now, this remote control is hardly used; however,
it is already a preparation on the grid of the future (smart grid). Despite the strongly
fluctuating feed-in power of renewable energies, this grid can show a high stability due
to intelligent decentralized battery storages.

Summarizing, we can state that battery storages are an interesting add-on to PV plants.
Due to the current prices, up to now they are profitable only in exceptional cases. To
enhance the degree of self-consumption, therefore, first an energy management system
should be implemented. The next step from the economic point of view is the use of the
solar electricity to operate a heat pump. The produced warm water can be directly used
for domestic hot water and domestic heating or can be stored in a hot water storage.

However, with the falling prices, battery storages are getting more and more attractive.
Moreover, they can offer additional benefits like emergency function or grid relieve.
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The large storages not considered here (compressed air storages, pump storages,
power-to-gas, etc.) will be treated in Chapter 11.

8.5 Stand-alone Systems

Photovoltaic stand-alone systems are typically used when there is no electric grid or the
costs for connecting to a grid are too high. Examples of stand-alone applications were
discussed already in the historical overview in Chapter 1 with the discussion of power for
satellites and telephone amplifiers. Even today, there are many application possibilities
for photovoltaics in places that are remote from electric grids. Besides relatively lim-
ited applications in mountain huts in the Alps or similar, the main use is in developing
countries.

8.5.1 Principal Structure

Figure 8.29 shows the block diagram of a simple stand-alone system using photovoltaics.
An important element is the storage, which typically is a lead or lithium ion battery.
This is protected from overloading by a charge controller, which contains an in-built
deep-discharge-proptection. DC loads, for instance, are energy-saving lamps, radios, or
also water pumps. If besides the direct current loads also alternating current loads are
used, then a special additional stand-alone inverter must be provided.

8.5.2 Examples of Stand-alone Systems

8.5.2.1 Solar Home Systems

There are billions of people in the world without access to an electric supply grid.
Instead, they often have to use inefficient kerosene lamps for lighting, and this fuel must
be transported over wide distances. Batteries are often the only source of energy for
radios, and so on. Here photovoltaics is an ideal alternative for making a considerable
contribution for improvement in quality of life and for environmental protection.

Charge
PV generator controller DC consumer
.] DC cablin
J- g Q
Stand-alone
inverter AC consumer

Battery 0

Figure 8.29 Block diagram of a photovoltaic stand-alone system: The battery fed by the module over
a charge controller makes the power available for the DC consumer. An additional stand-alone inverter
is provided in the case of AC consumers (e.g. refrigerator).




Storage of Solar Energy | 233
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Figure 8.30 Typical arrangement of a solar home system: The loads are typically DC-operated lamps,
radios, mobiles, and TV sets.

PV generator

The expression solar home systems (SHS) denominates mini solar systems of one
or two modules that provide the required electric energy for a house in developing
countries. Typical loads are DC-operated energy-saving lamps, radios, and TV sets
(Figure 8.30).

The main problems in the spread of solar home systems are the high initial costs of
the plants. Here micro-credit models, for instance, are a help with which customers can
make a down-payment and then monthly payments for their SHS. A pioneering role in
this field is the Grameen Shakti (translation: “village energy”) undertaking, a subsidiary
of the Grameen Bank famous for its micro-credits. This undertaking is responsible for
financing more than 500 000 solar home systems in Bangladesh (Figure 8.31). As the
installations are erected by specially trained technicians and servicing of customers is
organized through service offices, the result is high quality and a long life. If a system
should fail, then it is frequently due to the bridging of the charge controller by the owner
of the installation [105, www.gshakti.org].

The concept pioneered by Grameen Shakti now has many imitators. For instance,
there is a similar project in Ecuador that is sponsored by the government via a fund
for rural electrification (FERUM — Rural and Marginal Urban Electrification Fund). The
PV system consists of a 100 W module, a charge controller, and a 105 Ah battery with
three DC LED lamps. In addition, systems with inverters and PV power of up to 800 Wp
are also being installed [106].

Figure 8.31 Photos of solar home systems in Bangladesh: (a) Arrival of the components by river and
(b) installation of the plant on a hut. (Photos: Grameen Shakti; Microenergy International.)
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8.5.2.2 Hybrid Systems
If a whole year’s continuous supply of electric energy is to be ensured, then the solar
systems quickly reach their limits.

In order to equalize bad weather periods and even more seasonal fluctuations, high
PV power and large storage capacities must be built up that lead to unreasonable costs.
In this case, the solution is hybrid systems, which are a combination of various methods
of generating electricity. The combination with other renewable sources of energy such
as waterpower, wind turbines, and biomass is obvious. In addition, the use of a diesel
generator makes sense in order to bridge gaps in supply.

From an economic point of view, hybrid systems with a PV, a diesel generator, and
a large battery storage are often cheaper than plants in which only diesel generators
are used. Reasons for this are the high servicing effort, short life span, and very poor
part-load efficiency of diesel generators [106].

Hybrid systems can be organized as pure DC systems, mixed DC/AC systems, or also
as pure AC systems. For larger plants, the trend is definitely pure AC systems as they are
very flexible and can be easily extended. Figure 8.32 shows an example of such a system
that is equipped with inverters by SMA.

The heart is the Sunny [sland battery inverter that generates a stable alternating cur-
rent grid. The batteries serve as the basis for the energy, and these again are charged by
a PV generator. Other plants feed into the AC grid, for example, a further PV genera-
tor via a normal grid inverter (Sunny Boy) or a wind turbine via a special wind energy
inverter (Windy Boy).

If less power is used in the AC grid than is generated, then the Sunny Island feeds the
excess energy into the batteries. If these are already full, then other generators must be
turned off. For this purpose, SMA uses the SelfSync® process, which works in a similar
manner to the power controls of large power stations in the energy supply grids. If the
Sunny Island reduces the frequency of the AC grid, then this is a command for the other
inverters to reduce the fed-in effective power. At the same time, the amount of voltage
of the AC grid determines the quantity of the fed-in reactive power.

If, on the other hand, more power is consumed than can actually be generated, then
the Sunny Island accesses the batteries. If this is still insufficient, then the device auto-
matically starts the diesel generator or will switch off certain loads.

Batteries

ki

T 999
Charge controller
Diesel Sunny = Sunny = Wind =
generator Island | . Boy | . inverter | — @
! ©
AC AC AC | |

Figure 8.32 Arrangement of a hybrid system with pure AC coupling of generators and consumers: The
Sunny Island generates a stable AC grid and can start the diesel generator or switch off loads in case of
demand bottlenecks [107].
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It is clear that this system is very flexible as further generators can simply be connected
to the alternating current grid. Besides SMA, other producers also offer similar systems
(e.g. KACO new energy).

If a whole village is connected to the hybrid system, this is also called a micro-grid.
If, again, several micro-grids are interconnected, this is known as a mini-grid. Thus,
it is clear that the technologies for developing countries offer a great opportunity to
decentrally electrify rural areas in an evolutionary manner and then to interconnect to
ever larger grid units.

8.5.3 Dimensioning Stand-alone Plants

Dimensioning is relatively simple in the case of plants connected to the grid as one
assumes that the public grid will be able to absorb the power generated at all times. This
is much different for stand-alone systems: Here, the consumption must be determined
as accurately as possible and then the PV generator and storage must be dimensioned
in accordance with the radiation conditions at the plant location.

In the following, we will become acquainted with a simple scheme for planning a
stand-alone system that works with tables. The scheme was mostly taken over from
the guidelines for photovoltaic plants of the Deutsche Gesellschaft fiir Sonnenergie e.V.
(German Association for Solar Energy) [22]. This method of calculation is naturally not
nearly as accurate as an analysis with a stand-alone plant design program, but it can
provide a good first estimate.

8.5.3.1 Acquiring the Energy Consumption
The best way of determining energy consumption is by means of a table in which the
nominal consumption of the individual consumers and the daily operating time is
listed. As an example, we will assume a small holiday cottage near Munich that is to
be used throughout the year (see Table 8.4). It is advisable to list the summer season
(May-September) and the winter season (October—April) separately.

A special case is the refrigerator: In order to save energy especially in winter, it is
assumed that the refrigerator is switched off in winter. Also one usually does not know

Table 8.4 Consumption balance of a small holiday cottage.

Nom. power P Daily operating Daily consumption

Consumer (W) time t (h) W (Wh)
Summer Winter Summer  Winter

Three lamps in living 3x12=36 1 3 36 108
room
Two reading lamps in 2x7=14 1 2 14 28
bedroom
One outside lamp 10 0.1 0.5 1 5
with motion detector
One TV 50 2 3 100 150
One refrigerator 50 Unknown  Switched off 200 Switched off

Total 160 351 291
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the daily operating times of a refrigerator, but the data sheet usually states the daily
energy consumption (here 0.3 kWh).

After determining the energy consumption, we can turn our attention to the
dimensioning of the PV generator.

8.5.3.2 Dimensioning the PV Generator

First, we must find out what the yield of a solar module is in the respective months. Basic
data is shown in Table 2.2 in Chapter 2, which gives the daily radiation H on a horizontal
area for various places. Now, we will look up in which month in the summer season,
the radiation is weakest. In the case of Munich, this is September with an radiation of
3.53kWh (m? d)~1.

Instead of the radiation, we will simplify by considering Sun full-load hours
(again — see Chapter 2). The Sun requires 3.53 full-load hours to generate the whole
radiation on a September day. A 100 W module lying flat on the ground on this day
will then generate energy of 3.53h-100 W =353 Wh. If we slant it, then the yield is
increased, which we can coarsely determine by means of a correction factor, Cg, ..,
according to Table 8.5. In the case of south alignment and a tilt angle of 30°, we get a
day’s yield of 353 Wh 1.25=441.3 Wh.

Finally, we should take into account the effects of temperature on the module yield; this
is done using a correction factor, Cy, , that is listed in Table 8.6. As is to be expected,
the warm climate of the south-oriented site makes a difference to the yield.

Added to the given correction factors there are also loss factors. First, we will assume
a fixed amount of up to 6% for the electrical losses in the direct current lines. These we
will take into account with the line loss factor V}, . = 0.94.

.ine

Table 8.5 Correction factor, C
sites [22, 40].

sianes fOF deviations from the horizontal in Germany and other

Site Direction Slantangle Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Germany South 30° 1.67 1.54 1.31 1.16 1.07 1.01 1.02 1.10 1.25 1.38 1.58 1.68
45° 1.88 1.70 1.37 1.15 1.02 0.95 0.96 1.08 1.28 1.46 1.76 1.93

60° 2.02 1.77 1.36 1.09 0.93 0.84 0.86 1.00 1.25 1.48 1.85 2.07

Southwest 30° 1.55 1.36 1.21 1.08 1.02 0.97 0.96 1.05 1.16 1.29 1.42 148

45° 1.73 146 1.24 1.06 0.98 091 090 1.02 1.17 1.35 1.54 1.61

60° 1.83 1.49 1.22 0.99 0.89 0.82 0.81 0.94 1.13 1.34 1.56 1.68

West 30° 1.10 0.98 0.98 0.93 0.92 0.90 0.88 0.93 096 1.02 1.01 0.95

45° 1.12 0.97 0.95 0.87 0.86 0.83 0.81 0.87 0.92 1.00 0.99 0.93

60° 1.10 0.93 0.90 0.80 0.78 0.76 0.74 0.79 0.86 0.95 0.96 0.91

Southeast 30° 1.35 1.36 1.19 1.12 1.05 1.02 1.05 1.08 1.16 1.20 1.35 1.45

45° 143 146 1.21 1.11 1.01 0.97 1.01 1.05 1.17 1.22 145 1.61

60° 147 1.48 1.18 1.05 0.93 0.89 0.94 0.98 1.12 1.18 1.46 1.68

East 30° 0.87 0.98 0.95 0.97 0.96 0.98 1.00 0.96 0.95 0.90 0.94 0.95

45° 0.83 0.98 0.91 0.93 0.90 0.93 0.96 091 0.91 0.86 0.92 0.93

60° 0.80 0.94 0.85 0.86 0.83 0.85 0.90 0.84 0.84 0.80 0.86 0.89

Marseille South 60° 1.80 1.43 1.20 0.97 0.82 0.76 0.79 091 1.11 1.35 1.65 1.89

Cairo South 60° 1.39 1.21 1.00 0.82 0.68 0.62 0.65 0.75 0.93 1.15 1.34 1.44
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Table 8.6 Correction factor, Cy,.,,., for various sites in case of on-roof installations [40].

emp’
Site Jan Feb Mar Apr May Jun Jul Aug Sep  Oct Nov  Dec
Berlin 1.06 105 1.02 098 094 093 092 093 09 1.00 1.04 1.06
Marseille 098 098 095 093 091 089 087 088 091 093 097 098
Cairo 093 092 090 088 086 084 084 084 08 0.87 09 093

In addition, a battery can never completely output the full amount of energy that
was put in during charging as the electro-chemical conversion processes incur losses.
Experience values for temperate regions are 10% and in hot climates approximately dou-
ble. For our cottage in Munich, we will therefore calculate with a conversion loss factor,
Ve onys 0f 0.9.

Finally, stand-alone plants to 500 Wp are usually produced without an MPP controller.
This we will account for with the adaptation loss factor, V,, ., also of 0.9.

Now we can finally calculate the required module power with the following equation:

w

9
NSun : CSlant ' C'Te-mp ' VLine ' VConv : VAdapt

Ppy = (8.17)
where

W =Energy consumed per day;

N, = Sun full-load hours.

For summer operation in the case of a south-oriented PV generator at a 30° inclination
angle, we get

351 Wh
Ppy =
3.53 h-1.25-0.96-0.94-0.9-0.9

A 110 W module would just about be good enough to cover the daily demand.

If we do the same calculation for the winter half-year (with December as the critical
month), then we get a required generator size of
B 291 Wh
T 0.79 h-1.68-1.06-0.94-0.9-0.9

Winter thus clearly dominates the number of modules required.

= 108.8 Wp. (8.18)

PPV

=271.7 Wp. (8.19)

December is the worst month as regards solar radiation. Could one not optimize
the slant of the module for this month?

E This is really a good idea! According to Table 8.5, an inclination of 60° is
the most advantageous for December. This results in a required PV perfor-
mance of only 220.5 Wp. For instance, we could thus use two 120 W modules
connected in parallel as a solar generator, which would then still be 10%
overdimensioned.
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8.5.3.3 Selecting the Battery
Two aspects are especially important when selecting the battery:

1. The number of desired autonomy days.

2. The increase of the battery life for lesser discharge depth.

The term autonomy days N, is understood to be the number of days on which the
consumers can be further operated even in bad weather.

A rule-of-thumb value for autonomy days in Germany is Summer: 3.5 days; winter:
5.5 days.

In order to achieve a high battery lifespan, we make the decision that batteries must never
have a state of charge of less than 30%.

In the end, the user must decide what supply safety he wishes to achieve with the
stand-alone system.
Accounting for these two conditions leads to the following equation:

W-N
Cy= —2 (8.20)
07 Vy
where V =system voltage, here assumed to be V =12V.
In our case, this results in summer:
Cy= 2L Wh:35_ 1463 an (8.21)
07-12 V
Naturally, the requirements are higher in winter:
Cy= 2L Wh-55 _ 1955 ap (8.22)
07-12 V
kWh Holiday cottage Munich
24
22
20
18
16
14
12
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8
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2
0

Jan Feb Mar Apr May  Jun Jul Aug  Sep Oct Nov  Dec
I PV generated energy 208 kWh 1 Consumption solar covered 112 kWh
I Consumption not covered 2.1 kWh

Figure 8.33 Simulation of the holiday cottage in Munich: With the design of the plant for the winter
half, only about half the generated electricity can be used (simulation with PV-Sol Expert).
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Here, for instance a 12V battery with 200 Ah capacity would be a good choice. As
a result, we will therefore select two solar modules each 120 W and a battery with a
capacity of 200 Ah.

On the website www.dgs-berlin.de, there is an Excel tool with which the calculation
according to this scheme can be comfortably worked out for a series of other sites in the
world. Further, the tool assists in the dimensioning of the DC line cross section. There
are, of course, many other simulation programs with which stand-alone plants can be
calculated (see also the overview in Chapter 9).

This example shows that in summer, there will be a large surplus of energy that can
normally not be used sensibly. Despite this, it is conceivable with the selected dimen-
sioning that no full supply can be ensured in bad weather periods. If, for instance, one
simulates this holiday cottage with the PV-Sol Expert simulation tool, then one actually
obtains a solar coverage of 98% over the year (Figure 8.33). However, to cover the last
2 kWh with solar energy, one would have to increase the battery capacity by 50%. This is
in no relationship to the additional costs. Instead, a small emergency generator would be
recommended that in winter would occasionally recharge the battery. In this case, one
could even halve the battery capacity, for instance to 100 Ah, and still achieve a solar
coverage of 93%.
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Trust is good — control is better. This saying also applies to photovoltaics. That is why
this chapter is devoted to presenting the most important principles for acquisition of
solar radiation and for performance and quality analysis of photovoltaic plants.

9.1 Measurement of Solar Radiation

It is necessary to use radiation sensors in order to determine the radiation behavior at
various sites as accurately as possible. This measurement deals mostly with the deter-
mination of global radiation but sometimes also with the separate acquisition of direct
and diffused radiation (see Chapter 2). For this purpose, we will look at various types of
sensors and discuss their special features.

9.1.1 Global Radiation Sensors

9.1.1.1 Pyranometer

The most accurate sensor for measuring global radiation is pyranometer. The name is
derived from the ancient Greek of pyr: “fire” and ourands: “heaven”; to a certain extent,
the instrument measures the strength of the Sun’s “fire” from the sky. The structure of a
pyranometer is shown in Figure 9.1. The decisive element is the black absorber surface.
The Sun’s rays cause this to heat up compared to the environmental temperature so that
the temperature difference AJ is a measure of the incident irradiance E:

A9 =9,-9, =const-E (9.1)

with

8, = temperature of the absorber;

9, =temperature of the ambience.

The temperature difference is determined very accurately by means of a thermopile,
which is understood to be a series connection of several thermal elements.

The two glass domes have two tasks: First, they ensure that the heated absorber sur-
face re-radiates as little as possible of the heat taken up. Second, the hemispherical
form secures that the sensitivity depends on the cosine of the incident angle (so-called
cosine response). A vertical radiation thus has a maximum effect on the absorber surface,
whereas the horizontal one should have no effect at all.

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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Outside hemisphere Global radiation
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Absorber surface
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Drying
cartridge

Figure 9.1 Structure and view of a pyranometer: The absorber surface is heated by the Sun’s radiation
so that via the temperature the irradiance can be acquired. Photo: Kipp and Zonen.

In order to prevent the glass cover from misting, many pyranometers have a drying
cartridge of silica gel that absorbs the moisture. The cartridge must be replaced after
about 6 months.

The photo in Figure 9.1 shows the pyranometer with the normal white plastic cover;
the sunshade is meant to prevent the pyranometer housing from heating up due to solar
radiation. The black absorber surface detects practically the whole of the Sun’s spec-
trum with a constant sensitivity. However, because of the glass dome, the measurable
spectrum is limited to the range of 300—2800 nm, but this is no problem as only a small
portion of the solar radiation is not acquired (see Figure 9.2).

The voltage signal output by the thermopile is very small, typically around 10 mV with
full Sun irradiance (1000 W m™2). For this reason, the signal is best increased by means
of an external amplifier to manageable voltage values such as 0-10 V.

Pyranometers are always used if as accurate as possible global radiation measurement
data are required. For this purpose, various classes of accuracy are defined in the ISO
Standard 9060 (see Table 9.1).

Table 9.1 shows that there are great differences between the individual classes. Spe-
cial note should be taken of the peculiar naming: Best Class is not the “First Class” but
“Secondary Standard”!
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Figure 9.2 Spectral sensitivity of pyranometer and solar cell sensor: The pyranometer absorbs almost
the whole of the solar spectrum, whereas the solar cell only detects a limited portion.
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Table 9.1 Accuracy classes of pyranometers to ISO 9060.

Property Second class First class Secondary standard
Quality Fair Good Excellent
Accuracy (daily sum) (%) +10 +5 +2
Resolution (W m™2) +10 +5 +1
Long-term stability (%) +3 +1.5 +0.8
Response time (s) <60 <30 <15

9.1.1.2 Radiation Sensors from Solar Cells

A pyranometer costs between 600€ and 2000€, depending on the class. For this reason,
radiation sensors from solar cells are an economical alternative. These are mostly small
c-Si cells that have been specially encapsulated. In order to measure the irradiance, the
solar cell is short-circuited with a low-ohmed shunt resistor, and the voltage drop at
the shunt is measured. As the short-circuit current of a solar cell is proportional to the
irradiance, a simple arrangement is possible. The temperature dependency of I~ can
be compensated for by building in a temperature sensor together with a downstream
temperature-dependent voltage amplifier.

For a price range between 100€ and 500€, one obtains sensors with given accuracy of
+5% to £10%. However, it must be noted that the c-Si solar cell always only measures a
small portion of the Sun’s spectrum (see Figure 9.2). If the sensor is calibrated to an AM
1.5 spectrum, then it will show a deviation for a low-lying Sun (e.g. AM 4). Added to this
is that the flat cover sheet has a reflection that is dependent on the angle of incidence.

Therefore, solar cell radiation sensors are mainly used for continuous performance
monitoring of a PV plant. For this purpose, they are mounted at the module level so
that they receive the exact radiation available to the PV plant (Figure 9.3). This is why the
radiation sensor should have the same technology (c-Si, a-Si, CdTe, etc.) as the modules
in the plant.

Figure 9.3 Various reference sensors of c-Si solar cells at the experimental rig of the Mlnster
University of Applied Sciences: The modules are installed at module level to measure the incident
radiation on the solar module.
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Table 9.2 Comparison of pyranometers and solar cell sensors.

Pyranometer Solar cell sensor

+ Very high accuracy + Economical

+ Sensitivity independent of 4 + Behaves as a solar module

+ Hardly direction dependent + Small response time (<1 s)

— Expensive — Strong spectral dependency

— Sluggish — Strong directional dependency

Use: Measurement of global radiation for Use: Measurement of radiation in module
comparing various sites level for plant monitoring

In this case, the limited spectral sensitivity of the sensors is an advantage as they cor-
respond exactly to that of the monitored modules. Table 9.2 summarizes the advantages
and disadvantages of both types of sensors.

Nowadays, there are also sensors on the market that are sold as pyranometers with sil-
icon photodiode. These are actually c-Si sensors that possess a glass dome with a scatter
pane in order to reduce the directional dependency of the sensor.

9.1.2 Measuring Direct and Diffuse Radiation

In Chapter 2, we saw that for the most accurate yield estimate, the separation of the
global radiation into direct and diffuse radiation is necessary. There are special sensors
for this. For determining the direct radiation, use is made of a pyrheliometer (Helios:
a Greek Sun god). A typical model can be seen in Figure 9.4: The actual sensor is sit-
uated at the lower end of the tube. This only receives light when it comes exactly in
front through a pinhole at the start of the tube. For this reason, the pyrheliometer must
continuously track the Sun.

In the case of diffuse radiation, one uses a normal pyranometer in which the direct
radiation is carried out by a tracker shade ball (Figure 9.5). The much cheaper variant is
a fixed shade ring whose height, however, must be adjusted every 10 days

Figure 9.4 Pyrheliometer for measuring direct radiation: The instrument must continuously track the
Sun. Photos: Kipp and Zonen.
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Figure 9.5 Sensors for measuring diffuse radiation: Whereas the shade ball variant must continuously
track the Sun, the shade ring is satisfied with an occasional adjustment of the tilt angle. Photos: Kipp
and Zonen.

9.2 Measuring the Power of Solar Modules

When purchasing a fairly expensive solar plant, the customer expects the power of the
module to correspond to what was agreed-upon during the purchase. As we saw in
Chapter 6 in the discussion about mismatching, it is not sufficient when the sum of
all the power of the modules corresponds to the agreed-to nominal power; instead, the
powers of the individual modules should have the smallest possible tolerance. In order
to ensure this, the modules must be measured very precisely by the producer. For this
purpose, almost exclusive use is made of module flashers.

9.2.1 Build-up of a Solar Module Power Test Rig

An important element of a module test rig is the module flasher (also called solar simu-
lator). This designates a source of radiation that generates a flash of light corresponding
to the spectrum of the Sun. It consists mostly of a Xenon flash lamp with a filter in
front in order to approach as near as possible to AM 1.5 spectrum. During the period of
the flash (e.g. 1 ms), the I/V characteristic curve is electrically measured. For this, one
varies the resistance of the connected electronic load and, at the same time measures,
via computer control, the voltage and current of the module (Figure 9.6).

The reason for the use of a flash of light is the fact that the module scarcely heats up in
the short time period. Thus, one can assume a constant temperature. In order that the
solar module is homogenously illuminated, the flash lamp should be placed at a great
distance (e.g. 5 m) from the module. A laser pointer acts as an aid to direction and must
be aimed at the center of the module.

The irradiance during the measurement should be exactly 1000 W m~2, which is why it
is controlled by a reference solar cell sensor. The sensor must again be calibrated in order
to achieve a high degree of accuracy during measurement. This calibration is carried
out by means of a reference module (the “golden module”), which is understood to be
a module that was measured by an accredited testing laboratory (e.g. TUV Rheinland
or Fraunhofer ISE) with an error of a maximum of +2%. After the calibration of the
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Figure 9.6 Principle arrangement of a solar module power test rig: The Xenon lamp generates a flash
of light with an AM 1.5 spectrum. During the flash, the I/V characteristic curve of the solar module is
measured with the help of an electronic load. Source: Berger Lichttechnik.
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reference sensor, the measurement of the golden module must have the same power as
the value stated on the certificate of the test laboratory.

9.2.2 Quality Classification of Module Flashers

The EN 60904-9 standard specifies the requirements that a solar simulator must fulfill
with regards to spectrum as well as homogeneity and timely stability of the irradiance
[108]. For this purpose, different classes are defined from which the quality of a flasher
can be derived. Table 9.3 shows the conditions that lead to a division into the classes A,
B, or C.

In order to evaluate the spectral adaptation, an investigation is carried out in six
defined spectral regions between 400 and 1100 nm on how well the flasher simulates
the AM 1.5 spectrum. In order, for instance, to achieve Class A, there must be no
deviation of more than +25% in any of the regions. Much more difficult to achieve is a
homogenous illumination of the module area. The maximum deviation demanded of
Class A of 2% between minimum and maximum irradiance can be reached for large
measurement areas of, for example, 2 m X 2 m only with much effort. For this reason,
there are a number of ABA flashers on the market. However, from Chapter 6, we know
that even a reduced radiation limited to a small area can have a large effect on the power
of a solar module. For this reason, one should only accept measurements that have been

Table 9.3 Classification of solar simulators [108].

Spectral Inhomogeneity Long-term instability
Classification adaptation to AM 1.5 (%) of irradiance (%) of the irradiance (%)
A +25 2 2
B +40 5 5

C +60-100 10 10
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carried out with flashers of Class AAA. In this case, the module performances should
be determined with an accuracy of +3%.

9.2.3 Determination of the Module Parameters

The most important parameters Vo, I, and Pypp can be directly derived from the
received I/V curve of the module under standard conditions. In addition, one can deter-
mine the shunt resistance R, and series resistance R of the module from the slope in
the short-circuit and open circuit point as described in Section 4.5.

However, a more accurate determination is possible with the flasher in the case of
series resistance. For this, two characteristic curves must be taken at different irradi-
ances (e.g. 1000 and 800 W m™2) (see Figure 9.7). Now one determines an operating
point Q, on the upper characteristic curve somewhat to the right of MPP and deter-
mines the current difference A/ between I¢-; and the current in point Q;. Then one
determines the operating point Q, on the lower characteristic curve at which the current
is g, — Al Ry is calculated according to the following equation:

Ry=-——2" 01 92)
Iscy = Isc

This method was specified in the DIN EN 60891 standard in 1994 and is now some-
what out of date [109]. A follow-up standard was issued in 2010 that specifies the tak-
ing of at least three characteristic curves at different irradiances. The series resistance
is defined by means of a mathematical method, the details of which can be found in
Ref. [110].

In order to estimate the quality of a solar module, the weak light behavior should
always be investigated. For this purpose, the module is irradiated, for instance,
in sequence with 100, 200, 400, and 700 W m~2, and the decay of the efficiency
compared to 1000 W m~2 is determined (see also Section 6.1.5). The different irra-
diances are obtained in that an optical attenuator (“fly screen”) is placed in front of
the lamp.

@ Could we not just reduce the current of the lamp to get a lower irradiance?

Figure 9.7 Determination of the /
series resistance R: After sketching Isc1
the horizontal help lines, the two Al - Q |po_Ye—Vi
operating points Q, and Q, that lead * lsca— Isc
to the determination of R, are found
[109].

Isco
Al Q»

ViV,
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@ Unfortunately, lowering the lamp current also lowers the lamp temperature
and thus the lamp spectrum. The current should only be reduced to a
maximum to 900 W m~2 where the change of the spectrum is still acceptable.

9.3 Peak Power Measurement at Site

When building up a photovoltaic plant, one normally assumes that the power of the
purchased modules corresponds to the data sheet values. A precautionary checking of
all modules with the flasher would, in any case, be too expensive. A cheaper alternative
to laboratory measurements is the peak power measurement of the whole plant at site.

9.3.1 Principle of Peak Power Measurement

In peak power measurement at site, a whole string or even the whole solar generator is
measured at once. The source of light is the Sun; the actual irradiance is measured with
a radiation sensor that points in the same direction as the solar modules. The module
temperature is measured at the same time.

The actual measurement is carried out as follows: At time point ¢ =0, the solar gen-
erator is connected to a large capacitor (see Figure 9.8). The solar generator loads the
capacitor, for instance, for 1 s. In this it runs through the whole //V curve from the
short-circuit point (empty capacitor) to the open-circuit point (charged capacitor). Dur-
ing the charging process, the microcontroller continuously measures the voltage and
current and can thus acquire the whole of the characteristic curve.

With simultaneously recorded radiation and module temperature, the determined
MPP power can then be converted to the value for STC conditions (hence, the desig-
nation peak power measurement).

In the case of the module flasher, use was made of the changeable resistance
in order to run through the characteristic curve. Why is a capacitor used here?

@ When measuring a whole solar generator, high powers of, for instance, 10 kW
are easily reached. The electrical load would, therefore, have to be very large
and well cooled. With the capacitor, however, almost no power loss occurs so

that the device can be relatively small.

9.3.2 Possibilities and Limits of the Measurement Principle

A large disadvantage of measurements at site is the dependency on the weather. Most
of the producers of characteristic curve measurement instruments admit that exact
measurements are only possible with irradiance over 500 W m~2. A study carried out at
the Miinster University of Applied Sciences (Miinster UAS), however, showed that even
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Figure 9.8 Arrangement of a characteristic curve measurement instrument: After the switch is closed,
the solar generator charges the capacitor. In this, it runs through the whole I/V characteristic curve
from the short circuit to the open circuit point.

in this case the peak power was still strongly dependent on the radiation and module
temperature [111]. The error tolerances of some producers of +5% are certainly very
optimistic because already the radiation sensors supplied have their own tolerances of
+5%.

Besides the peak power determinations, also the reported characteristic curve is
very informative. It can provide information on cabling errors or defective modules.
Figure 9.9 shows two examples of characteristic curves.

The left picture shows an example of a curve of a string measurement, in which a
slanted decay is noticeable in the upper region. This can be an indication of partly shaded
modules. In this particular case, however, there was no shading; instead the modules
were of different qualities. Because of this “proof curve,” all the modules of the string
were replaced by the producer. The picture on the right shows the effects of errors in the
string cabling. Here a string of eight modules was connected in parallel with one string
of seven modules shown by the dip in the right side of the characteristic curve.

The series resistance of the whole measured string can also be determined from this
characteristic curve [14]. If this is much larger than the sum of the series resistances of
the individual modules, then it points to high contact resistances at the terminals of the
string cabling.

To summarize, the characteristic curve measurement at site is a very informative
method with information on quality of modules and cabling. Therefore, this should be
carried out as standard within the scope of plant acceptance for comprehensive quality
control.

9.4 Thermographic Measuring Technology

Infrared thermography offers the possibility of carrying out a time-saving quality
check of solar modules. We will first briefly deal with the principle of the function of
thermography and then look at the two most important methods of bright and dark
thermography.
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Figure 9.9 Measured measurement curves: (a) A string with modules of different quality and (b) the
effects of incorrect string cabling.

9.4.1 Principle of Infrared Temperature Measurement

In Chapter 2, we learned that the Sun is a blackbody radiator. An ideal blackbody
radiator radiates a characteristic light spectrum depending on the surface temperature
(Planck’s law of blackbody radiation; see Figure 2.2). If this spectrum is integrated over
the whole wavelength region, then the result is the Stefan—Boltzmann law:

Py=c-T* (9.3)
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Table 9.4 Emission factors of various materials [112].

Material Emission factor Material Emission factor
Blackbody radiator 1 Aluminum, polished 0.18
Steel, black painted 0.96 Aluminum, oxidized 0.19
Steel, polished 0.07 Glass sheet 0.8-0.9
with

Py = optical power of the blackbody radiator;

o = Stefan—Boltzmann-constant: ¢ = 5.67051 x 1078 W (m? K*)~1;

T = surface temperature of the blackbody radiator.

The optical power of the ideal blackbody radiator thus depends solely on a constant
as well as the surface temperature of the radiator.

If the surface of the radiator is not ideally black, then only a portion of the possible
power is irradiated to the outside. This is accounted for in Equation (9.3) by the intro-
duction of an emission factor e:

P=¢-¢-T* (9.4)

with

€ = emission factor.

If the emission factor of a radiator is known, then one can determine the surface tem-
perature by means of a measurement of the radiation power. Table 9.4 lists the emission
factors of some materials. From the example of steel, it is clear that it is not the material
in itself, but the surface properties that are decisive in the emission factor. Basically one
can say that the stronger the reflective effect of a surface, the smaller the emission factor.

In simple IR thermometers, the radiation emitted by a surface is led by means of a
lens to a sensor that detects the strength of the radiation. From this and the known
emission factor, the surface temperature can be determined. Thermography cameras use
the same principle, but here a whole array of detectors is used so that a two-dimensional
temperature picture can be generated.

9.4.2 Bright Thermography of Solar Modules

Bright thermography is understood to be the temperature analysis of solar modules in
sunlight. In the simplest case, one views the solar generator with a thermographic cam-
era and searches for noticeable temperature peaks. Figure 9.10 shows an example in
which an on-roof installation was investigated.

Two cells of the module at the bottom right whose temperatures are approximately
20 K above the other cells are clearly noticeable. Apparently, they deliver too little cur-
rent and thus heat up (load operation, see also Chapter 6). At the same time, the region of
the module connection box is clearly heated up, which indicates an active bypass diode.
A characteristic curve measurement of the module confirmed that the module provided
approximately 30% less power. Based on this malfunction picture, the producer replaced
all modules of the installation within the warranty period.

The temperature picture of a solar module depends strongly on the actual operating
condition. Figure 9.11 shows four modules, of which one is in open circuit, one in short
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Figure 9.10 Example of thermographic measurement of an on-roof installation: Two cells of the
module at the bottom right clearly show noticeable spots. Photos: T. Stegemann, Miinster UAS.

circuit, and two are in MPP operation. The thermography picture of the module in open
circuit is relatively homogenous, as here the light absorption has led to even heating. In
the case of the short-circuited module, there are clear temperature differences between
the individual cells; here the load operation of the weaker cells can be seen. The cell at
the top right has a temperature of 75 °C; it is approximately 30 K above the temperature
of the other cells. In MPP operation, the differences are not nearly so distinct.

After the short-circuit operation, the bottom-left module was changed to MPP oper-
ation and was measured by thermography again (not shown in Figure 9.11). In this case,
the weak cell only showed a temperature increase of 3 K compared to the other cells.

In the short-circuit operation of a solar module, the different cell qualities are much more
in evidence in the thermography picture than in MPP operation.

In Figure 9.11, the MPP modules seem to have the lowest temperatures, while
the open-circuit and short-circuit modules are somewhat hotter. Is this a
coincidence?

@ It is really no coincidence! The MPP modules give up a part of their irradiated
optical power as electrical power to the inverter. This part, therefore, does not
lead to heating up the module. In the two other modules (open circuit and
short circuit), no electrical power is output, and therefore, they heat up more
strongly. In the particular case, the difference is 2-4 K.

A module in short-circuit or open-circuit operation heats up slightly more than one in MPP
operation.
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20.0

Figure 9.11 Thermography picture of modules in various operating conditions: The module in open
circuit shows a homogenous heating, whereas the short-circuit operation leads to different heating of
the cells. Source: Photo: Miinster UAS.

The knowledge of the characteristic thermo-pictures of the various operating con-
ditions makes thermography a very effective means of quality control of photovoltaic
plants. It is very easy to recognize incorrectly connected and defective modules.

If a thermography camera is too expensive, one can also do without it if need be.
Figure 9.12 shows the module of Figure 9.10 taken on a cold November day with
hoarfrost on the modules.

Figure 9.12 “Thermography for the poor” on a cold November day: The two cells of the modules from
Figure 9.10 can clearly be seen as free from hoarfrost. Photo: T. Stegemann, Miinster UAS.
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Figure 9.13 Dark thermography at the front and rear sides of a module: The inactive cell area top right
can be much better recognized from the rear of the module. Photo: Miinster UAS.

9.4.3 Dark Thermography

Besides thermography under illumination, measurements in the dark laboratory can
also provide information on the module. In this, the module is operated in the IVth quad-
rant (see Figure 6.1) with a high reverse current of, for instance, double the short-circuit
current.

This current leads to heating of the finger contacts on the top side of the cell. Error
positions with high contact resistances are clearly seen by means of temperature peaks
(Figure 9.13). At the same time, the reverse current ensures a relative even heating of
the cells. Any inactive cell region can also be recognized. Measurement in the labora-
tory also has the advantage that the module can be viewed from the bottom. The thin
rear-side foil provides much better “picture sharpness” than the thick front glass that
strongly evens out the temperature picture.

9.5 Electroluminescence Measuring Technology

The last method of measuring we will look at is electroluminescence (EL measurement)
measuring technology.

9.5.1 Principle of Measurement

The idea here is to light up a solar module as a large-surface LED. For this purpose,
the module is operated in the reverse current region, thus in the IVth quadrant (see
Figure 6.1). A strong power supply is used to drive a reverse current to the level of the
short-circuit current through the module. With this, the p—n junction is operated in
the forward region, and light emission is possible. However, we know from Section 3.6
that c-Si is an indirect semiconductor. As a phonon is required here for the interaction
between photon and electron—hole pair, not only is the absorption of light relatively
weak but, in the opposite case, the emission is too. Added to this is the fact that the
bandgap of silicon leads to a spectrum of about 1150 nm. This wavelength can hardly be
detected by a normal charged coupled device (CCD) camera.
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Figure 9.14 Problem with electroluminescence measurements: The emission spectrum of ¢-Si is at the
sensitivity limit of CCD cameras and can therefore only be detected very weakly [113].

Figure 9.14 shows the problem: The spectral sensitivity of the CCD sensor made of sili-
con decays strongly in the region of the bandgap of silicon. The already low light emission
of the solar module can thus only be photographed at the noise limit. Nowadays, special
(and expensive) CCD cameras are available that can provide usable pictures.

A trick can be used to improve the quality of the photographed pictures: A picture of
the current-less solar module is also taken, which is then “subtracted” from the electro-
luminescence picture. In this way, the inherent noise of the camera and any foreign light
can be well compensated.

9.5.2 Examples of Photos

What do typical electroluminescence pictures look like? Figure 9.15 shows at the left a
detailed photo of an individual cell taken with a special camera. Spider web-type micro-
cracks can be clearly seen that have probably been caused by point mechanical loading.

2 reen
rinting error 1

\

Inactive
areas

Microcrack

Cell 1 (special camera) Cell 2 Cell 1 (ordinary camera)

Figure 9.15 Photographed electroluminescence pictures of two solar cells: Both cells show a
microcrack that does not lead to a reduction of power at cell 1. In the case of cell 2, however, dark areas
can be seen that can no longer contribute to the photocurrent. The right-hand photo again shows

cell 1, but here, photographed with an altered cheap digital reflex camera. Source: Miinster UAS.
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Nevertheless, the whole cell lights brightly as the current, as before, can be led through
the two busbars and the contact fingers to all parts of the cell.

Things look different for cell 2: There is an inactive region that can be seen at the bot-
tom right as the current cannot bridge the microcrack. There is also a dark area at the
top left indicating that the microcrack runs parallel to the left busbar. The dark horizon-
tal strip at the top right shows a missing contact finger piece, which could have been
caused by a blocked screen-printing mask (see also Section 5.1.3).

The dark regions are especially critical for cell performance. Although electron—hole
pairs are also formed in normal operation of the solar cell, they cannot move to the
bus bar and thus recombine without being used. This causes sinking of the short-circuit
current of the cell and also that of the cell string of the module.

An investigation at the Minster University of Applied Sciences showed that cheaper
digital single-lens reflex (DSLR) cameras can also be used for EL photos after being
altered [114, 115]. This is shown in Figure 9.15 with the same cell as before, but now as a
photo with a “low-cost camera.” The picture is not quite as sharp and has less contrast,
yet the relevant details can be well recognized.

Figure 9.16 shows a module that seems completely undamaged from the outside. The
EL photo, however, shows many microcracks and electrically inactive regions. In this
case, the microcracks are due to improper transport of the module.

Naturally, the dark regions in the dotted circles from the right are particularly unpleas-
ant. In the case of the cells with the dashed circles from the left, the microcracks have no
effect on the performance of the module. But if a microcrack does exist, then it can grow
in the course of time under the influence of wind, temperature changes, and snow loads

F’I'-%%:_;.:
IIIEHIII

m/Screen printing errors —

Cracks without
immediate
effects on

module power

I~ Cracks with
| effects on
— module power

Figure 9.16 View and EL photo of a solar module that was improperly transported.
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and also lead to degradation of performance [116]. Thus, by means of EL photos, one
can obtain information on the damage to the module even before there are any electrical
effects.

The top, solid circles in Figure 9.16 are screen-printing errors. These are not necessar-
ily dramatic for the purchaser of the solar module as they occur during production and
do not propagate themselves. The problem is rather with the producer, who has to sell
the module with a lesser power than is possible.

Thin-film modules can also be investigated by means of the electroluminescence
technology as is shown in Figure 9.17. This is a micromorphic module in which two
dark points are noticeable. These are caused by local shunts (short circuits) that can
occur during the module production in the integrated series connection (see also
Section 5.2.7).

9.5.3 Low-cost Outdoor Electroluminescence Measurements

Notably the EL technique offers the possibility to get detailed information about the state
of a module. Therefore, it is close at hand to use this technique also at already installed
PV plants for fault detection. As we have seen in Section 9.2.5, there exist inexpensive
“measurement devices” in the form of modified digital reflex cameras. With them in
many cases, it is possible to detect faults at site without demounting the modules and
costly taking them to the lab.

The principle of such an outdoor measurement shows Figure 9.18. With a high volt-
age power supply, a whole string of modules is energized to examine several modules
at one time. The power supply should have at least provide 600 V and 5 A to cover
the typical application cases. As well, the camera as the power supply can be remote
controlled by the laptop. This facilitates, for example, the subsequent exposure of ener-
gized and nonenergized string. Both EL photos can then be subtracted from each other
to reduce the disturbing influence of stray light. Additionally, the stray light should be
further reduced by the use of specific infrared filters [8].

A first measurement example is shown in Figure 9.19. Here subsequently, the two
strings of an on-roof PV plant were energized. This first of all serves to clear if all modules

Local shunts

Figure 9.17 EL photo of a micromorphic thin film module: The two dark spots are caused by local
shunts, which could already have been caused during module production.
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Figure 9.18 Setup for low-cost outdoor electroluminescence measurements: A whole string is
energized to examine several modules at the same time.

Figure 9.19 On-site examination of an on-roof plant: Subsequently string 1 and string 2 are energized
to inspect the modules for damage. Photos: M. Diehl.

are connected and which modules belong to what string. Moreover, it can be seen in the
exposures that no severe module damages are present. If furthermore the modules shall
be examined for microcracks, additional photos have to be taken in proximity of the
modules.

Another example is to be seen in Figure 9.20. The central module contains two defec-
tive bypass diodes. These form a short circuit each, which shunts the reverse current
through the two right-hand-side cell strings. Therefore, these cells remain dark. Such
faults typically often are not detected over years and lead to yield losses.

Even fused, nonexistent or not connected bypass diodes can be detected with
clever approaches. For this, a small reverse voltage is applied to the string under test
(Figure 9.21a). If all bypass diodes are okay, they are operated in the forward direction
and are therefore conductive. Per bypass diode results a forward voltage of about 0.4 V.
If the string comprises, for example, 15 modules, then the following voltage drop V..
results:

Viotal = VEpD_Complete & 15304V =18 V. (9.5)
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Figure 9.20 Detection of defective bypass diodes: In the central module two cell strings remain dark
as they are shunted by defective bypass diodes. Photos: M. Diehl.

If now despite an applied voltage in the range of Vpp_ complere 1O current flows, then at
least one bypass diode is missing or inoperable. In order to find out which bypass diode
is the evildoer, the applied voltage is further increased until, for example, one tenth of
the modules nominal current is reached. This current is possible through the beginning
avalanche breakthrough of the cells in the affected cell string (see Section 6.1.1). As the
cells are heated up due to the converted power, the concerned solar module can be easily
detected by thermography. Figure 9.21 shows on the right the considerable warming up
of the cells operated in breakthrough.

Taking EL photos at night is sometimes cumbersome and tedious. Significantly easier
and quicker is using the video mode of the camera. With some tricks, it is possible to
attain a sufficient brightness of the EL video. For details, see Ref. [18].

Summarizing, the outdoor EL technique provides a series of advantages with respect
to thermography. It offers significantly higher resolutions and often gives direct evidence
at the kind of the present defect. Moreover, in contrast to thermography, the EL expo-
sures can be also done in an oblique angle to the modules. A disadvantage, of course, is
the fact that solar modules under survey have to be externally energized.

It can be expected that the low-cost outdoor EL technique will become a stan-
dard measuring technology for PV plants beside thermography and peak power
determination [8].

9.6 Analysis of Potential Induced Degradation (PID)

Already in Chapter 7, we shortly got to know the phenomenon of potential induced
degradation (PID). Under this term, all mechanisms are summarized where solar
modules show a power reduction due to a high voltage between module cable and
ground potential. In case of thin-film modules, beside the power reduction even a
permanent damage of the modules can occur caused by the corrosion of the transparent
electrode. This is not typical for c-Si modules; here the degradation effect is (at least
mostly) reversible.
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Figure 9.21 Fault case fused, missing, or not connected bypass diode: Only at a clearly increased
voltage, a significant current flows. This one heats the concerned cell string, which can be easily
localized by thermography. Photo: M. Diehl.

9.6.1 Explanation of the PID Effect

What now causes the power reduction? To explain this, Figure 9.22 shows the situation
at the edge of a solar module with p-type cells. If the frame is grounded and, at the same
time, a high negative voltage is present at the module connection cables, the potential
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Figure 9.22 Genesis of the PID effect: Sodium ions migrate through the cover glass and the EVA to the
cells. There they penetrate into existing lattice faults and provoke a local short circuit of the p-n
junction.

difference can cause a migration of sodium ions through the cover glass of the mod-
ule. They migrate further through the EVA and the silicon nitride antireflection coating
down to the n*-emitter. Actually, they could hardly go on then.

However, in the silicon crystal at some places, there exist so-called stacking faults.
These are two-dimensional crystal faults, which extend some micrometers into the crys-
tal and normally do no harm. In this case, though, they serve as a gateway for the sodium
atoms. The Na*-ions take up electrons of the emitter and form a razor-thin layer of
sodium atoms, which reaches down into the base.

This quasi-metallic layer then locally shunts the p—n junction (PID shunting) [117]. In
the IV curve of the module, this is to be seen in a drastically reduction of the shunt resis-
tance Ry, (see Figure 9.25). Moreover, the sodium layers act as recombination centers
for the electron—hole pairs, which are generated by the sunlight. This leads to a further
decline of the module efficiency.

The migration of the sodium ions from the frame to the cells provokes vice versa a
leakage current of electrons out of the cells to the module frame. For reasons of clarity,
this leakage current is not depicted in Figure 9.22.

Surveys at PV plants have shown that PID arises mainly at damp weather. Obviously,
the electric conducting water film on the glass surface establishes ground potential on
the whole topside of the glass. Therefore, the migration of the ions not only happens at
the module edge but also on the whole module area.

Obviously, PID happens in some modules built up with p-type cells. Would it
not be smarter to use modules with n-type cells instead?
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E Unfortunately, also n-type cells (to memorize: n-base with p*-emitter) are not
immune against PID. Concretely spoken, the PID effect even first arose at
n-type cells. These were the back-contact cells of SunPower (see
Section 4.7.2). In the case of n-type cells, however, a positive voltage between
cells and frame is necessary to provoke the PID effect.

9.6.2 Test of Modules for PID

The effect described above only occurs at some modules. Obviously, the interaction
between EVA, antireflection coating, and silicon crystal plays a decisive role. Mean-
while, the effect was even observed at such modules, which had been labeled by the
manufacturer as “PID free.” Therefore, in case of new module types, also the proneness
of the respective module to PID is examined.

A simple testing method is shown in Figure 9.23. The module front side is totally cov-
ered with a conductive aluminum foil to simulate the “worst case.” Then a voltage of
V' =-1000V is applied for 168 h (7 days) between the shunted module cables and earth
potential. In the subsequent power determination under standard test conditions, no
power degradation is allowed to occur.

As an example, Figure 9.24 shows the test results for two concrete modules. These
stem from a PV plant with yield losses. The testing reveals a dramatic behavior. Module
A already at the beginning has a power reduction of about 6% with respect to the nom-
inal module power Py. After application of the voltage of —1000 V, the module power
reduces within 7 days to only 62% of Py. For module B, the degradation starts already
with 13% and increases in 1 week to 33%. However, after the subsequent reverse of the
voltage polarity a “healing effect” can be observed. The power of both modules attains
almost the initial value again.

Also interesting is the variation of the current/voltage curve under the influence of
potential-induced degradation. For this, in Figure 9.25 the characteristic curve of mod-
ule A before and after the application of —1000 V is depicted. The prior damage of the
module can already be seen at the irregular curve at the start. Within 3 days, the fill
factor decreases from 70% to 60% and ends up on the 7th day at 50%. The main reason

P
+ C)l V=-1000 V
Connection to frame and @
front-mounted aluminum foil —

Figure 9.23 Setup to measure the PID effect: Between the cells and the module frame a voltage of
V' =-1000V is applied. The current meter serves to determine the leakage current.
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Figure 9.24 Result of a PID survey: At applied negative voltage, the modules show a considerable loss
of power. After reversing the polarity, almost the original power sets in again.
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Figure 9.25 Influence of the PID effect on the I/V curve: The fill factor massively sinks, which is mainly
caused by the reduction of the shunt resistance.

here is the shunting of the cells, which results in a reduction of the shunt resistance Ry,
(compare Figure 4.14).

9.6.3 EL Investigations to PID

Also in the case of PID, the EL measurement is very helpful. The shunting of the involved
cells causes a lower brightness in the EL picture. This effect is shown in Figure 9.26. After
PID influence over a week, several cells become almost totally dark (central module).
Further, dark stripes and flaws appear. After applying a positive voltage over several days,
practically the original picture can be seen again.

Even more relevant for practice is the PID at-site survey of modules with the help of
outdoor EL measurement technique. As an example, Figure 9.27 shows EL exposures of
energized strings of an on-roof plant. The bright shining modules are located at the pos-
itive end of the string. These are not affected by PID, as in normal operation almost no
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Figure 9.26 The EL exposures reveal the PID effect by clearly darkened cells, which is reversed after
PID healing.

Figure 9.27 EL exposures of two strings affected by PID: The modules on the positive side of the
strings show no anomalies, while the modules with stronger negative potential have the typical PID
pattern. Photos: M. Diehl.

negative potential against ground is present. The situation is different for the modules at
the negative side of the string. Their potential with respect to ground is (in normal power
generation mode) the more negative, the more they are connected to the negative end of
the string. This can clearly be seen at the modules getting darker and darker to the end.

Summarizing, it has to be admitted that the problems with potential induced degra-
dation of solar modules are not fixed yet. Despite the progress in the explanation of the
PID effect, even today PID-prone modules are still sold on the market. Here, only a con-
sequent PID testing of newly offered module types can solve the problem. At the same
time, with the outdoor EL method, a very revealing method on-site is available.
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Design and Operation of Grid-connected Plants

This chapter deals with the steps required for erecting a photovoltaic plant. The impor-
tant aspects will be discussed starting with the choice of location and suitability of the
roof, through yield estimates up to choice of components, and plant installation. A fur-
ther important subject is investment calculations for photovoltaic plants. Finally, we will
deal with methods of monitoring plants and operating results of actual plants.

10.1 Planning and Dimensioning

This subject will place the emphasis on the selection of the site as well as the effects of
shading. In addition, software tools for plant dimensioning and yield estimates will be
presented.

10.1.1 Selection of Site

Before an investment decision for a photovoltaic plant is made, there should be an exact
investigation of the boundary conditions at the planned site. An important criterion for
the economic viability of the plant is the annual radiation at the site of the plant. As
was seen in Chapter 2, this varies in Germany between 900 and 1150 kWh (m=2 a7!).
A second important factor for roof installations is the orientation of the roof and its
pitch. Here, we determined that the optimum is a south-oriented roof with a pitch of
approximately 35° (for Germany). Orientation of this roof to the southwest reduces the
yield only by around 5%, but in the case of a west-facing roof, the losses are already
almost 20% (see Table 2.4). A check must also be carried out whether shading occurs
and what effect this will have on the yield of the plant.

A further cause of loss is module soiling. This seldom occurs for a module inclination
from 30°, as rainwater brings with it sufficient self-cleansing. Typical losses then are
between 2% and 3%. For flatter inclination angles, losses due to bird droppings, dust,
and so on can easily reach up to 10%. For agricultural operations, the impairment from
the dirt of stable ventilators can be even greater. In these cases, regular cleaning is rec-
ommended.

10.1.2 Shading

A shading analysis should be carried out in order to recognize possible shading and
estimate its effects.

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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10.1.2.1 Shading Analysis

The simplest shading analysis is to stand at the installation site (on the roof) of the
planned system and look to the east, south, and west to see if there are any positions
of possible shading. If there is only a single object (e.g. a high tree), then its sideways
position can easily be determined by means of a compass. The height angle y, ;. of the
shade object is calculated from the distance d and the height difference A% to the roof
center (see Figure 10.1):

hy,—h
Yshade = arctan < 2 p 1> = arctan <A7h> . (10.1)

This method is time-consuming in the case of several shading objects. A convenient
aid is the Sun path indicator with transparent film (Figure 10.2a). This contains a com-
pass with a spirit level for aligning the device as well as a wide-angle lens through which
the surroundings are viewed. A marker is then used to draw the silhouette of the sur-
roundings on the film. As the film also shows the angle of the Sun during the course
of the year, a rough estimate can be made of when the shading is likely to occur. These
coordinates of the objects of shading can also be incorporated into a simulation program
that carries out a relatively accurate determination of the effects on the energy yield (see
Section 10.1.3.2).

More elegant than manually drawing-in the shading horizon is automatic recording.
In the right-hand picture, Figure 10.2 shows the SunEye device that photographs the
surroundings using a fish-eye lens. The shading horizon is then determined semiau-
tomatically. At the same time, with the use of a built-in GPS receiver, the device can
determine the exact site and can thus carry out the site yield calculation directly.

Figure 10.3 shows the Sun path diagram known from Figure 2.12 with a shading hori-
zon as an example.

Apparently, the house on the right only has a slight influence as it causes shading only
during the winter months from 14:00 h. However, the tree on the left provides morning
shade for almost 2 h from September to March.

10.1.2.2 Near Shading

The shading horizon is usually formed by far distant objects that often generate only a
diffuse shade and do not lead to a full shading of the affected modules. Nearby objects
such as roof dormers or chimneys are different as they form deep shading. A special

d

Ah

Figure 10.1 Determining the height angle of a shading object [22].



Design and Operation of Grid-connected Plants

Figure 10.2 Two variants of the shading analysis: The panel (a) shows the manually operated Sun path
indicator and the panel (b) shows the SunEye device that permits automatic acquisition of the shading
horizon.

East South West
o /—wur ‘ i
60 13h /True Local time |
/ TLT
50

k/o/ 1/21.A;\o\ o
3/o/ﬂ/ﬂrjonﬁ\o\ AN
;2\
>
30 6

N
o
oe)
D
\Ckgb

7h /94 21. FebruaryT~0_

A~
10-2'/0 ~ /O)\’

w
o

Sun height yg

U\ (\&gh
0 - : : i E
-120  -90 -60 30 0 90 120

Sun azimuth ag

Figure 10.3 Example of a Sun path diagram with shading horizon: Whereas the house hardly has any
effect, the tree provides daily morning shading from September to March.

case is caused by small objects such as aerial tubes, lightning protection rods, or
overhead lines. Whether these cause deep shading depends on the respective distances.
Figure 10.4 explains the correlation on the basis of a sketch.

In the upper picture, an aerial tube is positioned relatively near the solar module. The
result is broad deep shading that can lead to clear yield impairment. If the aerial tube
is further away, then the width of the deep shading on the module is reduced. In the
lower picture, the aerial tube is just far enough away that there is no more deep shading.
This minimal distance rg,, 4. i, Should be adhered to as far as possible. It can be simply
calculated with the aid of the intercept theorem:

== ~

dShade dS dS
With the information for rg; and dg from Table 2.1, one can then derive an approxima-
tion equation for the minimum distance rgy,4. min Of the shading object of solar modules:

; _ Tse _ 149.6Ml<m.d
Shade_Min ds Shade 1.393 M km Shade

T'Shade _Min _ Tsp + T'Shade_Min ~ rS_E (102)

= 107'dshade' (10.3)
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Figure 10.4 Problem of near shading: At short distances of the shading object, there is a
disadvantageous deep shade. The lower picture shows the minimum distance g, .q. uir- @t Which no
deep shading will occur [22].

Example 10.1 Prevention of deep shading
Lightning protection rods of 1 cm are required in front of the installation. The mini-
mum distance for preventing deep shading is

Tshade_vin = 107dgpoqe = 107 cm.

The distance of 1.07 m should not be undercut if possible. [

10.1.2.3 Self-shading
In the case of flat-roof or freestanding plants, it is possible that the rows of mod-
ules shade each other. In order to prevent this, certain minimum spacings must be
adhered to.

A rule of thumb here is that at noon on December 21 (in the Northern Hemisphere),
there must not be any shading. We can see from Figure 10.3 that this requires an angle of
the Sun y¢ of 15°. The case is shown in Figure 10.5 in which the minimum spacing of the

S’

| Module row

I Amin |

Figure 10.5 Prevention of self-shading: The spacing d,,;, is the result of the requirement that there
must be no shading even on the shortest day in the year (midday).
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modules can be determined for a given angle of the Sun and defined module inclination
angle.

The minimal module spacing d,;;, in this case can be found by means of a similar
calculation to that shown in Figure 2.15.

sin(yg +
Aptin = b'—(?’s P (10.4)
sin yg
with b: module width.
Unfortunately, because of this condition, only a part of the available area can be used.
For this purpose, we define the area utilization ratio f; that gives the relationship of

module width b and module spacing d:
b
Soa = 7 (10.5)

In order to accommodate as much photovoltaic power on a flat roof surface as
possible, the optimum module inclination angle of 35° is often changed, for instance,
to 20°.

Example 10.2 Area utilization ratios for various inclination angles

Two variations of flat-roof plants are planned: For a module width of 1 m in the first
case, the inclination angle is 35° and 20° in the second case. What is the area utilization
ratio for an angle of the Sun of 15°? [ ]

In the first case, Equation (10.4) gives a minimum spacing of 2.96 m and in the sec-
ond case d,;,, = 2.26 m. The result of this is an area utilization ratio of 34% and 44%,
respectively. Therefore, in the second case, approximately 29% more photovoltaic power
can be installed. The achievable energy yield per module area was only reduced by 2%
(see Table 2.4).

10.1.2.4 Optimized String Connection

Section 6.2 showed that the effect of shading could be reduced by suitable string con-
nections. We found there that simultaneously shaded modules should be connected into
one string if possible. Figure 10.6 shows the application of this rule for two cases. The left
picture shows a chimney, the shade of which wanders from left to right over the plant
in the course of the day. Usually, only one string is affected by the shading with vertical
connections of the modules. In the picture on the right, we see the slanted shading of a
roof dormer that occurs in the late afternoon with the Sun low in the horizon. Here, the
modules are best connected diagonally in order to limit the effects.

Chimney shading Dormer shading

Figure 10.6 Optimized string connection for two cases of shading: Whereas the vertical chimney
shading requires a vertical module connection, in the case of the slanted shading caused by the
dormer, this is better carried out diagonally [118].
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10.1.3 Plant Dimensioning and Simulation Programs

10.1.3.1 Inverter Design Tools

In Section 7.2, we dealt with the dimensioning of inverters and became acquainted with
various rules for plant design. Nowadays, practically all inverter manufacturers offer
design tools for optimum combination of solar generators and inverters. Table 10.1 lists
the tools of five manufacturers.

Besides the actual inverter dimensioning, some of the programs also provide aids to
cable-loss calculations. Further, some tools also comprise simple yield estimates but of
different qualities. For exact yield prognosis, it is better to turn to professional time-step
programs as described in the following sections.

10.1.3.2 Simulation Programs for Photovoltaic Plants
An accurate yield prognosis for an actual plant at a particular site is best achieved with a
professional simulation program. The program typically works in the time-step method
in which the radiation (e.g. in the three-component model, see Chapter 2) is calculated
for the whole year in minute or hour grids. At the same time, the temperature coefficients
and the weak light behavior of the solar modules are entered in the current and voltage
calculation on the DC side. The efficiency curve of the inverters and cable losses are also
taken into account in order to simulate the annual power fed into the public grid.
Table 10.2 shows the properties of a selection of the simulation programs available in
the market. Besides two commercial programs, it also contains free versions.
It is important for the accurate simulation results to have a large number of weather
data sets in order to represent the situation at the planned site as accurately as possible.

Table 10.1 Summary of the dimensioning tools of various inverter manufacturers.

String sizing Solar Solar info Sunny
Name tool PV-size configurator  design design
Manufacturer Kaco New Power One Inc. Fronius Sungrow Power SMA AG
Energy GmbH International Supply Co.
GmbH
Inverter Yes Yes Yes Yes Yes
dimensioning
Yield estimate No Only coarse No Only coarse Yes
Cable loss No No Yes Yes Yes
calculation
Self-consumption No No No No Yes
consideration
Storage use No No No No Yes
consideration
Available as Online tool Download Online tool/ Download Online tool/
download download
Web address www.kaco- www.power- www.fronius  www www.sma.de
newenergy.com one.com .com sungrowpower
.com
Remarks — Cumbersome — — Good user

user guidance guidance



http://www.kaco-newenergy.com
http://www.kaco-newenergy.com
http://www.power-one.com/
http://www.power-one.com/
http://www.fronius.com
http://www.fronius.com
http://www.sungrowpower.com
http://www.sungrowpower.com
http://www.sungrowpower.com
http://www.sma.de

Table 10.2 Collation of simulation programs for yield prognosis.

Name PV-Sol premium PV Scout premium Greenius Free RETScreen PVGIS
Number of More than 8000 900 11 6700 From satellite
weather datasets worldwide pictures
Number of module 13 000 50.000 25 (editable) — —
datasets
Time resolution of 1h, 1 min 1 min 1h — —
simulation
Shading simulation Horizon and near Near objects (only Horizon No Horizon
objects, 3D visualization)
visualization
Self-consumption Yes Yes No Yes Limited
consideration
Storage use Yes (including Yes No No No
consideration electric cars)
Suitable for island Yes No No Yes Limited
plants
Investment Yes Yes Yes Yes No
calculation
Price 1300€ 500€ Free Free
Web address www.valentin- www.solarschmiede freegrenius.dlr.de www.retscreen.net ejrc.ec
software.com .de .europa.eu/pvgis
Remarks Very comprehensive Export of part lists Also for wind and Excel-based, also Online-tool

and connection
plans

solar thermal

for wind, water, etc.



http://re.jrc.ec.europa.eu/pvgis
http://re.jrc.ec.europa.eu/pvgis
http://www.solarschmiede.de
http://www.solarschmiede.de
http://freegrenius.dlr.de
http://re.jrc.ec.europa.eu/pvgis
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Figure 10.7 (a) Shading simulation with PV-Sol: The three-dimensional depiction permits visualization
of the shading for each time of the year. The panel (b) shows the frequency of shading of the
individual modules.

Besides the existing datasets, some programs provide the possibility of entering the data
from additional sites.

There are many different ways of dealing with shading. Especially elegant is the
three-dimensional plant depiction of the PV-Sol program with which the shading can
be seen very clearly. Figure 10.7 shows on the left the three-dimensional depiction of an
on-roof installation, shaded by a chimney and a tree. The example shows the shading
on March 15 at 12:30 in Berlin: Because of the low position of the Sun in March, this
causes heavy shading. The effect on the yield can be seen in the screenshot in the
right-hand picture: Here the frequency of the shading is shown for every module over
the year. The two modules above the chimney are the most affected with frequencies of
10.6% and 14.1%. This depiction can then be used to create a shade-optimized string
connection and then to calculate the yield. For a simulation that is as near to reality as
possible, it is able to provide information on how many bypass diodes are contained in
each module per type of module.

Besides the simulation programs, photovoltaic online databases are also available
for forecasting the yield of a planned installation as accurately as possible. Thus, for
instance, under www.sunnyportal.com, yield data of approximately 50 000 photovoltaic
plants worldwide are freely available. There it is possible to find average yields of plants
in one’s own region, which is a good estimation of the achievable yield.

Further online databases as well as links to solar maps and yield simulation programs
are available in the Appendix. Besides this, there is a checklist that describes what is to
be taken into account before and during the installation of a photovoltaic system.

10.2 Economics of Photovoltaic Plants

The economic operation of photovoltaic plants has only become possible in Germany
with the Renewable Energy Law (Erneuerbare-Energien-Gesetz: EEG). For this reason,
we will first look in more detail at the framework conditions of this law. Then we will
look at a method for profit calculation with which the economics of the investment in a
photovoltaic plant can be determined.


http://www.sunnyportal.com
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10.2.1 The Renewable Energy Law

The EEG was enacted by the German Bundestag in 2000. For the first time, it provided
a country-wide regulation of cost-covering compensation of energy from photovoltaic
plants. The aim of the EEG is the provision of a continuous demand for photovoltaic
plants in order to achieve cost reductions through mass production. The result was very
impressive: Within the first 10 years, the prices for photovoltaic plants were reduced by
approximately 70%.

The amount of the compensation depends on the year of erection of the plant and
remains constant for 20 years. A plant that is built in the next year receives less com-
pensation that again remains constant for 20 years. The compensation regression of the
EEG that was only 5% per year in its early years has been substantially increased as the
prices of plants have been driven down overproportionally.

10.2.2 Return Calculation

If one asks various providers of photovoltaic plants what the profit is, one receives greatly
varying numbers as an answer. On the one hand, this is because different annual energy
yields are assumed. On the other hand, the cause is often in the definition of “return.”
Thus, in some calculations, possible savings in tax are taken into account. Often it is
assumed that the plant is in large part financed with a credit and only the return on
equity is given in which the total return only refers to the own capital that was used. We
want to make it simpler for ourselves but still achieve a high degree of transparency and
traceability.

10.2.2.1 Input Parameters
The input parameters of any investment calculation are the investment costs K, for
the construction of the photovoltaic plant, the annual operation costs K, and the
expected annual income K, .. In the investment costs and all other amounts, use is made
of the net values as the VAT is only a posting that is offset with the finance department
in the following year.

The following applies for the annual operation costs K,

The annual operating costs K., (including service costs) are typically taken as 1.5% of
the investment costs of a photovoltaic plant.

The operating costs include expenditures for insurance, meter costs, electricity costs
of a data logger, and so on. Besides this, in the lifetime of a plant, one must take defects,
especially of the inverter, into account. The calculated operating costs are also to be seen
as reserve for repairs and should not be less than described above for the investment
calculation.

The annual income depends on the amount of the feed-in tariff k.., and the achieved
annual energy yield W,

lear*

I(Inc = EEG'WYear' (106)
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10.2.2.2 Amortization Time

The simplest calculation model is the view of the amortization time. This is understood
to be the time it takes to recoup the capital expended. In the years after that, one is in the
profit zone. The amortization time T, is obtained by the division of the investment
sum K, by the annual surplus K, . that is further understood to be the difference
between the annual income and operating costs:

K K,

= . (10.7)
- I<Oper I(Surplus

TAmort = K

Inc

Example 10.3 Amortization time of a 5 kW plant

Susie Sunny purchases a 5 kW plant at a price of 7000€. She calculates conservatively
with a specific yield wy,,, of 850 kWh/(kWp a). She receives 12 cents/kWh as feed-in
compensation. [ |

The annual income is

850kWh

W5 kWplZ Cel’lt/l(Wh = 510€/a

Kine = Wyear'Psrckeeg =

With the operating costs of 105€, this leads to an annual surplus of 405€. Thus the amor-
tization time is

K _ 70006 _ oo
Amort Kguprs ~ 405€/a R

If one calculates this example with an annual specific yield of 900 kWh/kWp, then
there is a better amortization time of 16.1 years. With an operating time of feed-in com-
pensation of 20 years, Ms. Sunny therefore has only 4 years of making a profit.

10.2.2.3 Property Return

Although the amortization time is a very clear measurement, it does not take into
account the interest of the capital used. For Ms. Sunny, the 510€ that she receives after
the first year is to a certain extent more valuable than the amount of the second year as
she can invest the money in the bank again and collect interest on it.

For the sake of clarity, we will present two investors: Charles Cash and Susie Sunny.
Mr. Cash has 7000€ available that he invests with his bank at fixed interest p for 20 years.
At the end of each year, he receives interest that is immediately invested again. With the
compound interest rate equation, one can now calculate how much money K, he will
have at the end of the # years:

K, = Ky(1 + p)" = Kyq" (10.8)

with ¢: interest factor: g =1 + p.
Assume, for instance, an interest rate of 3%, then after 20 years Mr. Cash will have a
sum of

Ky, = Ky(1 + p)* = 7000€-1.03%° = 12643€. (10.9)

Ms. Sunny also has 7000€ available and invests the money in a photovoltaic plant.
Every year she receives an income from the power feed-in and invests this money;, less
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the deductions of the operating costs, also at an interest rate of p at the bank. Here, too,
we can work out how much money she has saved after 20 years:

Ky = Keyepi @ + 4 + "7 +-- -+ 4" +4°). (10.10)
The sum in Equation (10.10) can be simplified with the help of the mathematically
well-known geometric series so that we finally obtain the so-called savings bank
equation:
20 _ 1
-1
Assume that for Ms. Sunny, there is again an annual surplus of 405€ so that her income
after 20 years is

KZO = I<Surplus' (1011)

20 _
Ky = 4056M = 10883€. (10.12)
1.03-1
In 20 years, Ms. Sunny thus has earned less money than Mr. Cash.
The property return is the interest that must be inserted in the Equations (10.8) and

(10.11) so that in both cases, the same money amount is calculated. In other words:

We compare the investments in a photovoltaic plant with a money investment in a bank
and define the appropriate rate of interest that applies to the same end amount as prop-
erty return of the photovoltaic plant.

If we carry out this comparison for Ms. Sunny’s plant, then we get a property return
of 1.4%. In Figure 10.8, the capital development for this case of Charles Cash and Susie
Sunny are compared. After 20 years, both have about 9300€.

The return given in the example of 1.4% is quite low.

In the EEG, the feed-in tariff originally depended on the actual prices of photovoltaic
plants with a desired property return of 7.4%. Those high values, nowadays, only can be
achieved with high self-consumption rates (Section 10.2.2.4).

10 000
9000 /| M Investment r I
8000 { Il PV-investment
€ 7000 Erini
£ 6000 | iiikl
g 5000 | iiikl
o
¢ 4000 | BERE
X
& 3000 - BERE
; 11inl
2000 -
1000 1L
o piild

01 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20
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Figure 10.8 Explanation of property return: The investment in a photovoltaic plant is compared with
an investment of money in which an amount is invested with compound interest for 20 years [119].
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A PV installer has told me that one can get a return on equity of more than
10% with a photovoltaic plant. What does he mean by this? Isn't this in
contradiction with the previously mentioned returns?

E The term return on equity refers to the return of a plant with the capital used.
Assume that Ms. Sunny has a top site in south Germany, and thus achieves a
property return of 5%. In order to finance this she takes out a credit of 6000€
at a bank with a rate of interest of 3%. The remaining 1000€ is her own
resources. With the borrowed 6000€, she achieves a profit of around 2%.
The return on equity refers to the return on the 1000€ of own capital and
achieves, for instance, a value of 12%.

The result of this calculation depends greatly on the assumptions. If Ms. Sunny were
to take up the whole investment sum as credit, then the return on equity is infinite. This
shows that this return on equity is no sensible measure on which an investment decision
can be based.

10.2.2.4 Profit Increase Through Self-consumption of Solar Power

As already described in Section 8.3, the profit of a photovoltaic plant can be increased
in that the largest possible portion of the energy generated is used by oneself. If Susie
Sunny and her family have the typical energy demand of 4500 kWh per year, then she
can assume a self-consumption rate a; of approximately 30% [104]. We will assume the
price of the energy taken from the grid to be k. = 28 cent/kWh. Thus, the calculation
of Example 10.3 can now be modified:

Taken

Example 10.4 Amortization time of a 5 kW plant with 30% self-consumption
We will first derive an “Average compensation” k... from the two current parts:

Ka

Vi

Aver
er — aSelf'kTaken + (1 - aSelf)'kEEG =0.328 Ct/kWh
+0.7-12 ct/kWh = 16.8 cent/kWh.

If we calculate Example 10.3 with this feed-in tariff, then the amortization time with
the self-consumption is reduced from 17.3 to 11.5 years. The return increases from 1.4%
to 6%. [ |

With further decreasing feed-in tariffs and simultaneously increasing power con-
sumption costs, solar power self-consumption will in future play an increasing role in
the profitability of a photovoltaic plant.

10.2.2.5 Further Influences
The previous calculation can be further tweaked. Thus, for instance, one can inte-
grate the general price increase on the assumption of an increase of almost 2% per
annum.

Besides this, there is the question whether the modules will perform at full power also
after 20 years. The producers of the modules generally give a power guarantee of 90%
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within the first 10 years of operation and 80% on the nominal module power within
20 years. Thus, one can factor in an assumption of a conservative annual performance
degradation of 1% in the expected feed-in tariff. On the other hand, experience with
c-Si standard modules shows that the degradation is more likely to be 0.5% per annum
so that this value should be sufficient.

Finally, it should not be forgotten that a photovoltaic plant is not valueless after
20 years. The components can fulfill their tasks for many more years. If the plant
continues to be connected to the grid, it can reduce the own consumption costs.
Further, it cannot be ignored that certain compensation will be paid also after 20 years,
as macroeconomically it will still be more advantageous than, for instance, building
new coal-fired power stations. An Excel program is available under www.textbook-pv
.org with which simple profit calculations can be carried out in a traceable manner.

10.3 Surveillance, Monitoring, and Visualization

What do the three terms in this heading mean? Plant surveillance is an alarm system that
gives early warning of failures or largely reduced yields. Plant monitoring goes beyond
this aim: It is meant to compare the actual performance of a plant with other plants
and in the best case give information on how the plant yield can be further increased.
Plant visualization, on the other hand, is thought of as a descriptive information on the
current status of the plant. In the following, we will look at the respective aspects of the
three measures.

10.3.1 Methods of Plant Surveillance

The simplest type of plant surveillance is to occasionally look at the display of the
inverter. This should show that the inverter is feeding the grid and that the plant is
running in maximum power point (MPP) operation.

More accurate information is obtained when the generated energy is read off at the
end of the month or the week and then compared with the yields of other plants. If the
yield of the own plant is much lower, then the cause must be searched for. Nowadays,
there are a series of online databases in which the yields of thousands of plants are avail-
able on a daily basis. Much more elegant than a manual comparison is the use of a data
logger that compares the own daily yields with similarly oriented plants. If there is a
large difference then, for instance, an SMS alarm message is output. The data logger’s
Internet connection has the additional advantage that the data is regularly saved on a
central server and can even be called up years later. Examples of these types of databases
are www.sunnyportal.com as well as home.solarlog-web.net.

An alternative for checking the plant based on reference plants is the immediate com-
parison of the current plant performance with the present radiation. For this purpose, a
solar cell radiation sensor is mounted at the generator level as described in Section 8.1.
Besides this, the measurement of the module temperature is helpful in this way to
obtain a preferably good estimate of the expected plant power. Various commercial
data loggers offer this special function and can also trigger an alarm per e-mail, SMS, or
signal horn.
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10.3.2 Monitoring PV Plants

10.3.2.1 Specific Yields
The yield of a photovoltaic plant depends primarily on the radiation energy H, arriving
at the generator. The observation time selected is usually a year, but sometimes a month
or even a day. The reference yield Y}, is defined as (Figure 10.9):
Yy = & (10.13)
Esrc
With this, one references the radiation energy to the full irradiance of the Sun under
standard test conditions (STC). The radiation energy Hg is given in kWh/m?, and if
this is divided by 1000 W/m?, the result is the unit hours. The reference yield Y} thus
gives the number of hours during which the Sun would have to shine with full force
on the solar generator in order to generate the energy H. Similar to that described in
Chapter 2, we call this the Sun full load hours:

The reference yield Y, gives the number of Sun full load hours at the generator level
per year.

Unfortunately, losses occur in a real photovoltaic plant so that the reference yield
cannot be completely used for the production of electricity. This is shown clearly in
Figure 10.10.

The result of the generator losses L. (capture losses) means that only the generator
yield Y, (array yield) remains at the output of the solar generator.

Y, = WDC. (10.14)
Psrc

In the following inverter including cables, there are also system losses L that finally
lead to the end yield Y. (final yield).

WAC

Yr = .
! Psrc

(10.15)

Both the generator yield and the final yield are referenced to the STC power of the
plant so that here, too, the result is the unit h.

Public
grid

Ya System losses L Ye

Generator YA End ve = Wac
- A= —— . F=
yield: Pstc yield: Pstc

Figure 10.9 Specific yields of a photovoltaic plant: The generator yield Y, is less than the generator
loss and lower than the reference yield Y; the end yield Y, again corresponds to the generator yield
lessened by the system losses.
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Figure 10.10 A child-centric visualization of a photovoltaic plant with VisiKid: Panel (a) is the internal
structure of the prototype developed by the Miinster UAS; panel (b) is a view of the commercial series
device. Photo: IKS Photovoltaic GmbH.

The final yield Y, gives the number of plant full load hours per year.

Naturally, this quantity is the most important size for the owner of the photovoltaic
plant as this is used to determine how much energy is fed into the public grid per year.
Up to now, we have also designated this as the specific annual yield wy,,,.

10.3.2.2 Losses
How are these losses caused? There are many causes for generator losses L

e The modules have less power than is stated in the data sheet.
e The module temperature is higher than 25 °C.

e The modules are soiled or partly shaded.

e There is a mismatch between modules of a string.

e The modules are not being operated in MPP.

e There are ohmic losses in the DC lines.

The system losses Lq are primarily caused by the inverter:

o The efficiency of the inverter is less than 100%.

e The inverter is underdimensioned and limits the output power during high input
power.

e There are ohmic losses in the AC lines.

10.3.2.3 Performance Ratio

If the desire is to determine the efficiency with which the photovoltaic plant handles the
available radiation energy, then the performance ratio (PR) can be used as a measure.
This compares the final yield with the reference yield:

Y,
PR = L. (10.16)
YR
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The performance ratio is typically between 75% and 85% and with very good plants, it
can even reach higher values.

Example 10.5 Yield and performance ratio of a 5 kWp plant
The annual radiation of a south-oriented roof with a pitch of 25° was 1100 kWh/m?
in a year. The system installed there fed 4500 kWh into the grid in the same year. ]

The reference yield is
Hg  1100kWh/(m?a)

Y, = = =1100h/a.
RZ Eoe  1000W/m? /a
The final yield is
W 4500 kWh
Y, = —AC _ /2 _ 900 h/a.
Py 5 kWp
The performance ratio is the quotient of the two results:
Y, 900h
pR= 2E - J0OM/2 ) e~ 822,

Yy 1100h/a

10.3.2.4 Concrete Measures for Monitoring

The minimum demands of power monitoring are the acquisition of the radiation and
the power fed into the grid. Here Yy and Y are known, and the performance ratio as
well as the total losses L, = L + Lg can be determined. However, proper information
on improving the performance is obtained by means of a more accurate analysis. For
this purpose, the data logger should also log the energy W, generated by the genera-
tor. The aim of this is to determine the generator and system losses, and the logger can
provide information on whether there is improvement potential on the DC or the gen-
erator side. In addition, in the case of a malfunction, the error source can be quickly
found. The acquisition of the module temperature also offers the possibility of dividing
the generator losses into temperature-caused losses and other losses. In Section 10.4,
we will look at simple monitoring results.

10.3.3 Visualization

A photovoltaic system installed on a roof is relatively unspectacular and can often not
be seen, especially on office buildings. However, some undertakings, especially public
bodies, want to show off their dedication to photovoltaics. Here through visualization,
the data can be used. The standard depiction is a digital display with kilowatt hour gen-
erated as well as the current plant power. More informative is the use of a graphic display
that shows the daily or monthly yield as a bar diagram.

In particular, schools and kindergartens like to show the power production in a way
more appropriate for children. Unfortunately, the normal displays of power and energy
are not very understandable for children (and parents...). This has led the Miinster UAS
to develop the visualization unit VisiKid [120]. Figure 10.10 shows the inner structure
of the prototype as well as a view of the licensed series device. The power of the photo-
voltaic plant is shown for children by the number of illuminated bulbs, which are in fact
highly efficient LEDs. At the same time, the display of the generated energy is shown
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by means of balls that are moved by a ball wheel. Each ball deposited into the bottom
container depicts a fed-in kilowatt hour. At the end of the calendar month, the balls are
poured back into the top container and the ball count starts at the beginning again. The
number of devices sold so far shows that there is a considerable demand for this type of
visualization.

10.4 Operating Results of Actual Installations

We will now look at the operating experiences of some photovoltaic plants.

10.4.1 Pitched Roof Installation from 1996

As a first example, we will consider a 2 kW system that was installed in Aachen in 1996.
Aachen was one of the first cities in Germany that paid cost-covering feed-in tariffs for
photovoltaic plants. The tariff at that time was 2 DM (about 1€) per kWh. Table 10.3
shows the most important data of the installation.

Figure 10.11 shows the final yield and the performance ratio of the installation in the
course of the years. It is noticeable that in the first years, there were relatively strong
fluctuations in the yield. These were caused mainly by considerable differences of the
sun hours of these years. A specialty was the year 2003 in which Aachen yielded an
annual global radiation of 1200 kWh/(m? a). For the orientation of the modules, this
resulted in a reference yield Y of 1350 Sun full load hours. Also noticeable is the
year 2001: In the summer of this year, a fuse in the inverter line of an inverter burned
through. The damage went unnoticed for 2 months and caused a drastic reduction of the
yield.

Much more informative than the final yield is the course of the performance ratio
that in most years was between 70% and 75%. Apparently, we are dealing here with only
a mediocre performing installation. The reasons here are two special aspects. On the
one hand, the type of inverter used, the Sunny Boy 700 is one that is superseded by
today’s standards. Its peak efficiency is only 93.4% and the European efficiency is a poor
92%. Moreover, the PV generator — as was normal at the time — was clearly overdimen-
sioned. Eighteen modules of 55 Wp were connected to an inverter with a maximum DC
input power of 800 W. This corresponds to an overdimensioning factor k,,, of 1.24
(see Section 7.5).

Table 10.3 Data of the 2 kW plant in Aachen.

Site, year of construction ~ Aachen, 1996  Power (kWp) 1.98
Orientation South Solar modules 36 x Siemens SM 55
Module inclination (°) 45 Inverters 2 X SMA Sunny Boy 700
Number of strings 4 Overdimensioning factor 1.24

Kover
Length of string cable (m) 12 Cross section of string 2.50

cable (mm?)
Costs (DM/kWp) 15 000 Feed-in tariff (DM/kWp) 2
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Figure 10.11 View and operating results of a 2 kW installation in Aachen: The poor yield in 2001 can
be clearly seen and was caused by a burned-through fuse. Photo: M. Pankert.

In Figure 10.11, is seems as though the performance of the installation will
continue to degrade. Is the reason for this a degradation of the modules?

@ Degradation after so many years of operation cannot be excluded. However,
module soiling can also be a reason, as the installation was never cleaned.

10.4.2 Pitched Roof Installation from 2002

As a comparison, we will consider a 3.2 kWp installation that was installed in Stein-
furt/Miinsterland in 2002 (Upper modules in Figure 6.33). Table 10.4 shows the data for
this plant.

Figure 10.12 shows the final yield and the performance ratio of the installation in the
course of the years. In comparison with the installation in Aachen, the yield is somewhat
better. In the first years, the performance ratio was an average of 4% above that of the
other installation, and in the last years, this difference increased to about 8%. The reason
was that in 2007, the installation was reduced by two modules, and the overdimension-
ing factor was reduced from 1.18 to 1.06.
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Table 10.4 Data of the 3.2 kW plant in Steinfurt.

Site, year of construction ~ Steinfurt, 2002 Power (kWp) 3.2
Orientation South Solar modules 20 x Isofoton I-159
Module inclination (°) 48° Inverters 1 x SMA Sunny Boy 2500
Number of strings 1 Overdimensioning factor ~ First 1.18, since 2007: 1.06
Kover
Length of string cable (m) 14 Cross section of string 6
cable (mm?)
Costs (€/kWp) 5200 Feed-in tariff (cents/kWh)  52.1

Final yield Y (KWh/kWp)
(4d) ones souewiopad

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

Figure 10.12 Operating results of the pitched roof plant in Steinfurt: In total, the PR values were
somewhat higher in comparison to Figure 10.11. The installation was optimized slightly in 2007 so that
the performance improved further.

10.4.3 Flat Roof from 2008

Finally, we will consider a modern 25 kWp plant that was erected in 2008 on the flat
roof of the Miinster University of Applied Sciences (see Figure 6.30). Table 10.5 shows
the data for this plant.

Table 10.5 Data of the 25 kWp flat roof plant on the Miinster UAS.

Site, year of construction  Steinfurt, 2008 Power (kWp) 24.84.
Orientation South Solar modules 138 X Schiico S180-SP4
Module inclination (°) 25 Inverters 2 X SMA Sunny Boy
9000 TL
1 X SMA Sunny Boy
6000 TL
Number of strings 8 Overdimensioning factor ~ 0.99 and 1.05
kOver
Length of string cable (m) 6-28 Cross section of string 6

cable (mm?)
Costs (€/kWp) 4496 Feed-in tariff (cents/kWh) 46.75
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Figure 10.13 Results of a modern flat roof plant in Steinfurt: With the use of inverters without
transformers and a low overdimensioning factor, there was a mean performance ratio of 84%.

In Figure 10.13, the yield results of this plant are depicted. Up to now, it achieved on
average a specific yield of a good 1000 kWh/kWp. The associated mean performance
ratio was 85%. It shows that the use of a modern inverter without transformer and a
lower overdimensioning factor (k... = 1) can have clearly positive results.

In all three installations, it is noticeable that the performance ratio sinks from
2009 to 2010 and rises again in 2011. How can this be? In the calculation of
the PR, the influence of the annual radiation is calculated out.

In addition to the annual radiation, there are also other influences to be taken
into account. The temperature on the sunny days also plays a large role.
Possibly, this was higher in 2010 than in 2009. The year 2011, again, had a
sunny but relatively cool spring.
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Future Development

This chapter deals with the possible future development of photovoltaics. First, we will
look at the technical potentials of photovoltaics and consider the previous market and
price development. Following, we learn to know today’s power supply structure and the
interplay of the different power plants.

Finally, some thoughts are given to how the future power supply with substantial par-
ticipation of photovoltaics will look like. For this purpose, we consider various future
scenarios and discuss the technical solutions for a complete conversion of the power
supply system to renewable energies.

11.1 Potential of Photovoltaics

In Chapter 2, we estimated the area necessary for covering the whole of the primary
energy needs of humanity by means of photovoltaics. The result was the Sahara miracle:
A surface area of only 800 km x 800 km was required! As already mentioned, it makes
no sense to concentrate the whole of the energy production at one site. Thus, we will
limit the estimate of the potential to Germany.

11.1.1 Theoretical Potential

The theoretical potential is understood to be the whole of the radiation energy that
reaches Germany in a year. In Chapter 2, we assumed an annual radiation of approx-
imately 1000kW h m=2. With a surface area of the Federal Republic of Germany of
357 000 km?2, we obtain a theoretical potential of 37510 kW h. This corresponds to
about 100 times the overall primary energy requirement of the country.

11.1.2 Technically Useful Radiation Energy

Naturally, only a small part of this large amount is usable. On the one hand, the whole
of Germany should not disappear under a sea of solar modules, and on the other hand,
solar modules only convert a part of the irradiance into electrical power. Possible sites
for solar systems are especially roofs, facades, and free areas whose potential we will
consider one after the other.

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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11.1.2.1 Roofs

According to [121], the whole roof surface area in Germany amounts to approximately
4345 Mio m? of which around 70% is pitched roofs and 30% is flat roofs. Of these,
approximately 40% can be taken as being unsuitable for solar use [121] due to building
restrictions (windows, chimneys, and shading).

In the case of pitched roofs, all those that have a maximum of 90° orientation turn
to the south, meaning all roofs from east through south to west should be considered.
Thus, only half the roof areas remain available. Also we want to reserve a third of the
remaining surface area for solar heat so that there is an available pitched roof surface
area A, for solar modules:

itch
Apirn, = 4345 Mio m* - 0.7 - 0.6 - 0.5 - 2/3 = 608 Mio m?. (11.1)

In the case of flat roofs, shading of the individual module rows must be prevented.
We will, therefore, set the area utilization factor to about 45% in accordance with
Example 10.2. With the reduction for solar heat described earlier, we will finally have
available as usable module area A, on flat roofs:

Ap,, = 4345 Mio m? - 0.3 - 0.6 - 0.45 - 2/3 = 235 Mio m®. (11.2)

In Chapter 2, we defined the annual radiation on a horizontal area in Germany has an
average of 1000 kW h (m? a)~!. In the case of optimum alignment (azimuth angle & = 0°,
inclination angle # = 35°), the global radiation is approximately 1200 kW h (m? a)~!. The
pitched roofs under consideration are angled from a = —90° to +90°, and we will assume
a maximum inclination angle of f=60°. According to Table 2.4, there are inclination
losses of 0% to almost 30% so that we can set a mean of 15%. Finally, with Table 11.1, we
obtain an overall usable radiation energy of 809 TW h a™L.

11.1.2.2 Facades

The facade areas of 6660 Mio m” available in Germany are much greater than the roof
areas. However, relatively many areas fall away due to structural restrictions (extensions,
doors, windows, shading, etc.). Further, we are only interested in facades with southeast
to southwest orientations. If we reserve half the remaining area for solar heat usage, then
we are left with only approximately 200 Mio m? (3% of all fagade area) for photovoltaics.
The vertical facades receive an average 850 kW h (m? a)~! of radiation energy so the total
energy is 170 TW h a™!.

Table 11.1 Usable radiation energy on suitable roof areas.

Mean global
Mean radiation Overall usable
Usablearea inclination (referenceyield) radiation energy
Typeofarea  (Miom?) losses (%)  (kWh (m2a)~") (TWha™)
Pitched roof 608 15 1020 527
Flat roof 235 0 1200 282

Total 842 — — 809
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11.1.2.3 Traffic Routes

In Germany, there are approximately 275 000 km of regional roads and rail routes. For
this reason, it is also feasible to use them for photovoltaics. In reference [121], it is
proposed to erect photovoltaic plants on both sides of almost 4% of these traffic routes.
The idea is to use 2-m high glass—glass modules that permit radiation on both sides.
Spread over all the cardinal points, one can assume around 1250 kW h (m? a)~!. With
average losses (shading and soiling) of 15%, this provides a usable radiation energy of
approximately 42 TW h a™'.

11.1.2.4 Free Areas

The largest potential is in the use of free areas. In Ref. [1], for instance, it is assumed that
use is made of agricultural set-aside areas. However, since 2008, these have largely been
used for planting biomass and are no longer available for photovoltaics. Currently, in
Germany, approximately 20% of all arable areas are in use for renewable raw materials,
which corresponds to an area of 21000 Miom? [122]. We will assume that 1% of
all arable areas will be made available for photovoltaics. This would be an area of
approximately 1200 Mio m?. With an area utilization ratio of 45%, this gives a module
area of 540 Mio m? corresponding to a usable radiation energy of 648 TW h a™!,

11.1.3 Technical Electrical Energy Generation Potential

How much electrical energy can be obtained from the module areas in Section 11.1.2
depends largely on the efficiency of the modules used. As we have seen from Chapter 5,
standard solar modules are now available with an efficiency of almost 20%. In the next
10years, this efficiency will continue to move upward. Thus, we will easily achieve a
system efficiency of 18% (including the losses from inverter, cabling, and deviations of
module temperatures from STC conditions). The results are shown in Table 11.2.

We have an installable power of 325 GWp and 302 TW h a~! of electrical energy from
photovoltaics. This corresponds to half the current German electrical energy consump-
tion of approximately 600 TW h a~!. Even without taking the free areas into account,

Table 11.2 Photovoltaic energy generation potential in Germany with a module efficiency of
20% and a system efficiency of 18%.

Usable Usable Installed Electrical
module radiation power energy Portion of energy
area energy (Myoq =20%) (11, =18%)  requirement of
Type of area (Miom?) (TWha™') (GWp) (TWha™") 600TWha™' (%)
Pitched roof 608 527 122 95 16
Flat roof 235 282 47 51
Facades 200 170 40 31
Traffic routes 38 42 8 8
Subtotal without 1081 1021 217 183 31
free areas
Free areas 540 648 108 117 19

Total 1621 1669 325 302 50
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Figure 11.1 Surface area requirements for photovoltaics in Germany: A power of more than 200 GWp
is available even without using free areas. The area required by this is not in competition with other
types of utilization (e.g. biomass) [123].

we will still manage with a portion of 31%. Figure 11.1 shows the required module area
as an amount of 0.3% of the total area of Germany. The areas taken into use are mainly
on already available roofs and facades so that there is no competition for use.

11.1.4 Photovoltaics versus Biomass

If it is desired to generate much more electrical energy in the future (e.g. for electric cars
or geothermal heat pumps for domestic heating), then free areas should also be used for
photovoltaics. This represents an area competition to biomass. Therefore, a comparison
of the two technologies should be made.

A hectare of energy corn annually yields approximately 45 t of biomass (fresh mash),
which again results in a biogas yield of 8000 m3. With a methane portion of 52%, this
corresponds to an energy of 41 600 kW h. If the biogas is used in a block power station
(Mg1ec = 40%), then this provides electrical energy of almost 17 000 kW h a~! [124]. Per
square meter of arable area we obtain an energy yield of wg,._p,, =1.7 kW h (m? a)~L.
Compared with the solar radiation on a square meter of 1000 kW h (m? a)~!, there is a
yield degree of efficiency of only 0.17%.

If we consider the photovoltaics, then we can use as a reference, e.g. the relative
modern flat-roof plant from Figure 10.13. With a module slope of 25°, it achieves a
specific yield of n an open-air plant (1,4 =20%, area utilization factor f;; = 0.45), we
get an area-referenced annual yield of 1000 kW h (kWpa)~t. With this slope, we get
analogue to Example 10.2, an area utilization factor of 0.4.

For an open-air plant with same slope and orientation and a module efficiency of 20%,
for the area-referenced annual yield follows:

Wetee pv = Jutil * Mviod * Estc * Ye = 0.4-0.2- 1 kW m™ - 1000 kW h (kWp a)™
=80 kW h (m? a)". (11.3)

The yield efficiency of photovoltaics is therefore 8%, and this gives a relationship to
biomass use of 47 : 1. However, both heat and electricity are produced in a biomass
block power station and that can also be used. On the other hand, the planting of corn
requires energy for working the soil, transport, fertilizer, and so on, that is not taken
into account here.



Future Development

In comparison to photovoltaics, biomass requires about 50 times the area to generate the
same electrical energy.

Wouldn’t the above comparison not even shift in favor of photovoltaics if the
free areas were covered with east/west PV plants?

E This we really should calculate. Let us assume that we build up the modules to
east and west, respectively, all with an inclination of 15°, for example. In this
case, we can position the module rows running from north to south directly
beside each other, without causing a self-shading. Thus, the area utilization
factor reaches more than 100%. However, according to Table 2.4, we get inclina-
tion losses of about 16%. If additionally 20% of the whole area is subtracted for
access roads, etc., we end up at a yield efficiency of almost 14%. A comparison
with the yield efficiency of biomass shows that photovoltaics is even more area
efficient by a factor of 80!

Up to now, we have only considered the technical potential of photovoltaics. Whether
this potential is actually realized in the erection of PV plants depends strongly on the
legal and financial framework conditions. We will look at this more closely now.

11.2 Efficient Promotion Instruments

Germany already has a lot of experience with promotion programs for photovoltaics.
At the start of the 1990s, the 1000 Roofs Program under the guidance of the Federal
Ministry of Research commenced. This provided an investment subsidy for erection
of on-grid plants amounting to 70% of the investment sum. The declared aim was
the “Evaluation of the current state of the technology” and “Still needed development
requirements” were to be determined [125]. Between 1991 and 1995, almost 2000
PV systems were erected within the framework of the program. Valuable operating
experience was gathered with the use of a parallel measuring and evaluation program.
The interaction of inverters with the power grid was investigated in particular, as there
were originally great doubts from public utilities regarding safety. After the money pot
was emptied, the short-term market that had developed, collapsed.

The availability of the high investment subsidy of 70% led to a flood of applications.
Apparently, the prospect of state money, “cash on the barrelhead,” is a high motivator.
At the same time, the plant operators hardly took notice of the high installation costs,
the plant prices were mostly very near the prescribed upper limit of 28 000 DM kWp~!
(14 000€ kKWp1). The evaluation of the program also showed that many plants became
defective (especially the inverters) after one or two years. Often, however, they were
not repaired, as there was no financial support for repairs. In the following years, some
of the federal states had further promotion programs based on investment subsidies.
However, no permanent market developed, as these were quickly oversubscribed,
depending on the sums available.

Only after the development of cost-covering feed-in tariffs by various city depart-
ments (Aachen Model) and finally the start of the Renewable Energy Law (EEG) in
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2000 the situation did change. From the start, the EEG was conceived as a market
introduction program and was meant to lead to a price reduction caused by mass
production of PV plants.

What are the important advantages of this model in comparison to the promotion
over investment subsidies?

1. As the money for feed-in compensation is raised by the electricity customers by
paying the EEG levy, there are no cyclically empty funding pots as are typical with
public investment programs. In this way, the market is stabilized, and investment
willingness of the manufacturers is increased.

2. The plant operator only obtains a profit on his invested capital when he works
economically. Thus, he is obliged to purchase technically mature and, also,
economic technology. Besides this, he will repair the plant in his own interest and
operate it as long as possible.

3. With the determination of a reduction of the feed-in tariff depending on the year of
installation of the plant, the price and also the market volume can be controlled to a
certain extent.

The unplanned lowering of the tariff in Germany in recent years had the object of
preventing the market from overheating and at the same time making further growth
possible. Unfortunately, other countries such as Spain and Italy were not so consistent
in this. In these countries, too high feed-in tariffs were paid, which led to a cap of the
promotable PV power and to a collapse of the respective markets. Yet, the aim of the
reduction of costs due to mass production especially by the EEG (and the introduction
of the concept in other countries) has been impressively reached, as we will see in the
next section.

11.3 Price and Feed-in Tariff Development

11.3.1 Price Development of Solar Modules

Figure 11.2 shows the price development for solar modules since 1980. During that time,
the prices have fallen drastically from 28€ to below 50 cents; the 60th of the original
value. The curve shows some waves that were mainly caused by the temporary shortage
of solar silicon.

A deeper understanding of the price development is given by the learning curve
theory. It assumes that the production costs of a product (e.g. computers or solar mod-
ules) are continuously reduced with mass production. This is because the pressure of the
competition causes production to become ever more efficient and that new technologies
are introduced. The strength of the cost reduction is given by the learning rate:

The learning rate is the percentage by which the costs of a product are reduced with a
doubling of the quantity produced (accumulated).

A learning rate of 10%, for instance, means that the cost of the product is reduced
by 10% with a doubling of the accumulated produced quantity. Figure 11.3 shows the
price development from Figure 11.2 in a doubled logarithmic form. The x-axis describes
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Figure 11.2 Price development of photovoltaic modules (inflation-weighted wholesale prices):
Since 1980, the price has fallen to a 60th [126, 127].

100 3
] 1980
T N 1990 ,
g 10 Learning rate:
@ ] 2000 approx. 20%
3 M\\
<3 1~ 2025 2025
2 ) N (25% a)—(50% a~")_
: R S
20167 Tel
0.001  0.01 0.1 1 10 100 1000 10000 100 000

Cumulated installed module capacity (GWp)

Figure 11.3 Module price development in doubled logarithmic depiction: For a doubling of the
accumulated installed PV capacity, there is a price reduction of approximately 20% [126, 127].

the accumulated installed solar module power and the y-axis the price per Watt peak.
Obviously, one can average the price development in this form of depiction as a straight
line. The slope of the straight line shows that the learning rate of the solar modules is
approximately 20%.

What will the price look like in the year 20257 This depends on what the future growth
will look like. From Figure 1.17, we can see that the PV world market has grown by more
than 50% annually since 2000. If we extrapolate this growth to 2025, then we will have
an installed PV capacity of about 11 500 GWp. The price can then be expected to be
approximately 20 cents. If the growth is only 25% then by 2025, we will land at a price of
almost 40 cents (Figure 11.3). It is important to note that the x-axis in Figure 11.3 is not
a time axis. The learning curve will only continue when the market (e.g. due to suitable
framework conditions) continues to grow.

Figure 11.3 shows a clear downwards dip of the price curve for the last years. This was
triggered by the extreme price pressure by Asiatic producers. In the long run, though, it
is to be expected that the price curve will again approximate the dashed straight line.
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Figure 11.4 Development of the feed-in tariff for PV plants as well as domestic customer tariffs:
Meanwhile, the PV feed-in tariff lies clearly below that one of offshore wind power and biomass.

11.3.2 Development of Feed-in Tariffs

The cost reduction of the solar modules was accompanied by a similar strong reduction
of the total system costs (including inverter, mounting, etc.). Therefore, the feed-in tariff
was accordingly reduced within the frame of the EEG. In Figure 11.4, the development
since 2004 is depicted. Starting from 58 cent per kilowatt-hour, the feed-in tariff for
small roof plants was reduced to 12 cent per kilowatt-hour in 2016, a reduction to less
than a fourth of the original value. Large roof plants get 11 cent and open-air plants
even only 6.6 cent per kilowatt-hour. With this, photovoltaics lies below the values
of biomass and offshore wind power! Open-air plants, meanwhile, even lie below the
values of onshore wind power!

Figure 11.4 additionally shows the development of the domestic energy consumer
tariffs. About the year 2012, grid parity was reached. This denotes the point in time
at which the electric energy from a PV plant is cheaper than the normal price of
electricity for the end user. Occasionally, the opinion is expressed that no more feed-in
compensation will be necessary from this point. But this does not take into account
that the installation of a plant is only worthwhile for the customers when they can
use the whole of the PV plant energy for themselves. However, this is seldom the case
(especially for larger plants). For this reason, a certain form of feed-in compensation
will continue to be necessary. Only in this way, a stable market will be achieved that
will lead to further cost reductions.

11.4 Renewable Energies in Today’s Power Supply System

We could already see the impressing development of renewable energies in the German
power supply system in Figure 1.8. Now, we want to examine how the structure of
electricity generation looks like in total. Moreover, we consider the interplay between
renewable and conventional energies.
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Figure 11.5 Development of the power generation structure: The renewable energies have
augmented their contribution from 10% in 2000 up to 30% in 2016 [128].

11.4.1 Structure of Electricity Generation

In Figure 11.5, the electricity generation including the used energy carrier since the year
2000 is shown. The gross electricity generation (total electricity generation including
the self-consumption of the power plants) was about 600 TW h per year over the whole
time period. In 2000, the share of renewable energies was only 10%; this increased
then relatively continuously up to the current value of 30%. They are already the most
important energy carrier. Due to the phase-out decision, nuclear energy lies below
13%. Large fossil energy carrier is brown coal; it delivers a share of 23% followed by
the hard coal with 17%. In sum, the conventional energies still dominate the electricity
generation with a share of about 70%.

11.4.2 Types of Power Plants and Control Energy

In a classical electricity supply grid, so much energy must be generated continuously
as just in that time is demanded by the consumers. To meet this requirement, different
power plant types are available.

First, there are base load plants, which provide a certain base of energy. For this, they
run continuously almost all the time with approximately the same power. Here, typically
plants are used, which are particularly inflexible or have low fuel costs. In Germany,
these are nuclear and brown coal plants as well as run-of-river plants.

Medium-load power plants cover the normal periodic fluctuations (day/night,
foreseeable load changes). For this, they must be controllable in their power.
Typically, hard coal and gas power plants (combined cycle gas turbines) come to
employment.

293



294

Photovoltaics - Fundamentals, Technology, and Practice

Pealk load power plants take care of short-term variations of the load curve. Pumped
storage and gas power plants are especially suitable for this requirement. They have
power-up times of only a few minutes and can vary the supplied power in broad areas.

The transmission grid operator is responsible for the balancing between offer and
demand within his control zone. The control energy necessary for that is bought in
advance from the power plant operators. The three different control energy types are
distinguished as primary control, secondary control, and minutes reserve.

In case of primary control, the necessary control power has to be fully provided
within 30s and then has to be maintained for at least 15min. To realize this, the
respective power plants withhold some percentage of their generation power free as
reserve. The power provision then automatically starts by continuously measuring the
grid frequency. As soon as it differs more than +10 mHz from the nominal value 50 Hz,
the primary control power is activated.

Simultaneously with the primary control, the secondary control is started. This
one has to provide its full power within 5 min and then at the latest, after 15 min has
to take in turns with the primary control. For the secondary control, typically pumped
storage gas turbine plants come to use.

Especially after power station outages, the minutes reserve (tertiary control) is used to
take over from the secondary control, which then is freed for new control operations. It
is classically ordered by phone; however, the requests are more and more sent by special
servers. The minutes reserve has to be totally activated within 15 min.

The required control energy definitely can also be negative. In this case, the power
provision it too large. Besides turning down power plants, controllable loads are used,
e.g. electric arc furnaces or storage heaters.

The feed-in of renewable energies leads to the fact that conventional power plants have
to react as well on varying demand as on uneven supply. This brings us to the question,
how the today’s electricity supply system is affected by that challenge.

11.4.3 Interplay Between Sun and Wind

How well photovoltaics and wind power actually fit together? To answer this question,
Figure 11.6 shows the weekly electricity production of the year 2014 for solar, wind, and

Weekly Production Solar, Wind and Conventional > 100 MW

TWh Year 2014
10
8
6
4
2
1 4 8 12 16 20 24 28 32 36 40 44 48 5
Calendar week
Legend: = Conventional > 100 MW Wind Solar

Figure 11.6 Weekly power production in Germany for the year 2014: PV and wind complement each
other quite well [129].
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Solar versus wind power

GW Year 2014

GW

Figure 11.7 Occurred powers of wind power and photovoltaics in the year 2014: Although the
maximum powers of both energy types came to 30 and 26 GW, respectively, the maximum total power
was only 36 GW [129].

conventional energies. The two upper bars represent the energy amount that is fed-in by
solar and wind power plants. It can be observed that they both complement each other
quite well. In summer, the wind blows only sparsely, and photovoltaics offers high yields.
In winter, the situation is quite the opposite.

To reveal the interplay between Sun and wind, in Figure 11.7, the actual powers of
wind power and photovoltaic plants (15 min mean values) are depicted. The maximum
powers of wind plants lie at about 30 GW, and those of photovoltaics by 23 GW. It
is clearly visible that both peak powers never happen at the same time. Instead, both
generation types in sum provide only a maximum power of 36 GW. This shows the
large balancing potential between Sun and wind.

11.4.4 Exemplary Electricity Generation Courses

In Figure 11.8, the monthly electricity production for the year 2014 is shown. On the
one hand, we see that in winter, the electricity demand is higher than in summer. On
the other hand, it becomes clear that fossil and nuclear energy carrier still dominate the
electricity generation with brown coal as the largest energy supplier.

Although wind and Sun complement each other well, both energy types occur
with strong diurnal and seasonal fluctuations. As an example, Figure 11.9 shows the
electricity production in the Holy Week 2014. At the beginning of the week, there are
significant variations of wind power and photovoltaics. These variations can mostly be
balanced with pumped storage, gas and hard coal power plants. At Easter Sunday, a
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Figure 11.8 Monthly electricity production in year 2014: The fossil and nuclear energy carriers still
dominate the energy production [129].
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Figure 11.9 Electricity production in the Holy Week 2014: For the most part, the variations of wind
and Sun can be compensated by throttling of gas and hard coal power plants. Only at Easter Sunday
with sunshine and moderate demand, the reduction of brown coal and even nuclear power is
necessary [129].

low energy demand is combined with good weather. Due to this, also, the brown coal
and even the relative inflexible nuclear power have to be reduced in power.

Figure 11.9 shows the electricity production, which normally in total complies
with the demand. However, there is the possibility to exchange electrical energy with
other countries in the framework of the trans-European grid. For this, Figure 11.10
additionally shows the export of electricity in the considered Holy Week (depicted
negatively). Only now it becomes clear that the demand at Easter Sunday was only at a
maximum 47 GW. Simultaneously, electrical energy with a power of temporarily up to
12 GW was exported in other countries.
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Figure 11.10 Electricity production including export in the Holy Week 2014: Besides the throttling of
conventional power plants, also the export (depicted negatively) in other countries is used to balance
the feed-in variations of the renewable energies [129].
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Figure 11.11 Electricity production in the Christmas Week 2014: Initially, the wind power dominates
so that all conventional producers have to be throttled. However, at Boxing Day, wind and solar power
only provide minimum contributions to the electricity generation [129].

An example with strong fluctuations of wind power can be seen in Figure 11.11 during
the Christmas week in 2014. At the beginning of the week, wind power provided shortly
30 GW of power. This led to the fact that especially at night, the conventional plants
had to be throttled below 25 GW. Totally different was the situation on Boxing Day: The
wind had let up so that temporarily less than 1 GW from wind power and photovoltaics
was generated.

The exemplary electricity production courses show that the further extension
of renewable energies has to be accompanied by measures to balance the strongly
fluctuating feed-in powers.
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11.5 Thoughts on Future Energy Supply

What will the renewable energies contribute to the future energy supply? Which part
will photovoltaics play? Which technologies guarantee a further reliable electricity
supply system? We will light up these aspects in the following sections.

11.5.1 Consideration of Different Future Scenarios

“Forecasts are difficult especially when they concern the future” — this fine sentence
attributed to Mark Twain also applies to an accurate forecast of the energy mix of the
future. There are many prognoses that concern the conversion of the current energy
supply. Depending on the assumptions, the political views, and one’s own economic
relationship to the subject of the energy economy, one obtains very different results.

We will first look at a study, which was carried out on behalf of the German Federal
Ministry of the Environment (FME) [130]. It shall show concrete ways how the decided
energy transition can be technically realized. As boundary conditions, the two main
aims of the energy transition have to be kept in mind:

1. Transformation of the electricity supply system to minimum 80% up to the year 2050.
2. Reduction of the greenhouse emissions of Germany to minimum 80% up to the year
2050.

Figure 11.12 shows the assumed development of scenario “2011 A”: The fossil energies
will be mostly displaced, and only about 15% of the electricity demand will be provided
by gas or coal. Here it is assumed, that these energy carriers will be mainly used in
combined heat and power plants (CHP) to produce electricity and heat simultaneously.

It is striking that the electricity demand first declines and then increases again from
2030. On the one hand, here it is assumed that the energy demand can be reduced by
efficiency measures to below 400 TW h a~!. However, new consumers will be added with
electric mobility and heat applications (Power to Heat). So, for example, the scenario
assumes that half of the road traffic will be done with electric vehicles until 2050.

In 2050, largest part of the electricity generation will be provided by wind power plants
with a share of 45%. According to this scenario, photovoltaics will only contribute a share
of 11% and biomass of 10%.

In Figure 11.13, the installed power of the different generation plants is shown up
to 2050. Wind power reaches 83 GW, which distributes to 51 GW onshore and 32 GW
offshore according to the scenario. For PV, an installed power of 67 GWp is assumed.
With this, it would only produce a fourth of the energy production of wind power, as
can be seen in Figure 11.12. The reason lies in the small yearly full load hours of 1000 h,
which for wind power can attain 2000 (onshore) up to 4500 h (offshore).

Figure 11.14 comprises a survey of different studies, which forecast possible situations
in the year 2050. Variant A shows the already presented scenario “2011 A” of the FME
study.

Variant B presents the result of the scenario “THG95” out of the same study. Here,
the declared aim is to reduce the greenhouse emissions by 95% until the year 2050. The
high electricity demand of 823 TW h a™! is the result of the assumption that all cars
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Figure 11.12 Far-reaching transition of the electricity supply to renewable energies up to the year
2050: Fossil energy carriers will only have a share of just 15% (Scenario “2011 A”) [130].
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Figure 11.13 Installed capacities of the different power plants until 2050: Wind power and
photovoltaics show by far the largest installed powers (Scenario “2011 A”) [130].
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Figure 11.14 Results of different studies regarding the energy mix in 2050: The share of photovoltaics
is estimated very differently [102, 130-132].

will be converted into electric vehicles in 2050. Moreover, large shares of the heat sup-
ply will be done by electricity (especially by means of heat pumps). For the additionally
needed electrical energy primarily an import of electricity out of renewable energies
(“RE electricity”) from other countries is assumed.

Comparable assumptions concerning the electricity demand can be found in
variant C, a study of the German Renewable Energy Research Association. Here
however, a higher share (15%) is covered by “home photovoltaics.”

The highest percentage share of PV can be found in variant D, the climate protection
scenario of Quaschning [102]. Here, photovoltaics take over a fourth of the electricity
demand with an installed capacity of 175 GWp.

To some extent, the maximum scenario comprises the study “business model energy
transition” of the Fraunhofer IWES Institute [132]. This is based on the declared aim
to completely cover the demands of the energy sectors electricity, heat, and traffic with
the help of increased energy efficiency and use of renewable energies. For this, the elec-
tricity sector shall play the major role. Consequently, a very high electricity demand
of about 1000 TW h a™! is assumed. Photovoltaics shall contribute one-fifth with an
installed power of about 200 GWp.

It is important to emphasize that all studies consider the total transition of the elec-
tricity supply system to renewable energies as realizable. Different is only the assumed
extent of the inclusion of traffic and heat supply into the electricity system.

Which of the studies would be most likely to foresee the future development
correctly?
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@ Of course, this cannot be answered generally. The future development will
strongly be dependent on the political and economic framework conditions.
With regard to photovoltaics, it can be said that it will be the second important
renewable energy (RE) after wind power. This is assured by the fact that PV is
still getting cheaper and cheaper by going through the learning curve. At the
same time, it has the lowest negative environment impact (high area efficiency,

use of anyway sealed surfaces, no noise generation, no shadow flicker, etc.).
In fact, all the studies of the past years have underestimated the actual

development of photovoltaics.

The import of renewable power assumed in some studies is based on solar power
stations (solar heat and photovoltaic) as well as wind turbines being erected in North
Africa. The power generated is then transported by means of low-loss HVDCT
(high-voltage direct current transmission) to Central Europe. This is basically a feasible
option, but up to now, it is unclear whether it would be cheaper than generating on
one’s own soil. For reasons of supply security, this imported power should be limited to
a portion of 15%.

11.5.2 Options to Store Electrical Energy

As we have seen above, especially wind power and PV show a strongly varying energy
supply. One possibility to balance these variations is the storage of electrical energy.
Therefore, we will look, which technologies are suitable for this.

11.5.2.1 Pumped Storage Power Plants

Pumped storage power plants use surplus energy to pump water in a high-altitude water
reservoir. The stored energy can later be used to cover demand gaps. The storage effi-
ciency of about 80% is relatively high. In Germany, there are about 40 pumped storage
plants with a total storage power of 7 G\W and a capacity of about 40 G\ h. The largest
is the Goldisthal power plant in Thuringia with a power of 1 GW. If the storage is filled,
this power can be provided over 8 h [99].

Up to the year 2020, the capacity of the German pumped storage plants shall be
increased clearly by new-build and extension. After realization of all projects, a total
capacity of 80 GW h will be available [133]. A further expansion of pumped storage
plants in Germany will only be possible in a very limited way as almost no suitable sites
are left.

Pumped storage power plants are very helpful in balancing the load and feed-in fluc-
tuations. However, even the future capacity of 80 GW h is still very limited. The small
storage effect shows the following thought experiment: If the whole electricity demand
should be covered (mean load: 70 GW), this would be only possible for the time of 1 h.

Besides the extension of pumped storage plants in Germany, another option also is to
reconstruct the existing hydroelectric power plants in Scandinavia into pumped storage
power plants.

11.5.2.2 Compressed Air Storage
In compressed air energy storage (CAES) plants, electrically driven pumps are used to
pump air into underground caverns. This compressed air can then be used to drive gas
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turbines for generating electricity. Concretely, the air replaces the compression stage
during which normally two-thirds of the losses of a gas turbine occur. However, there are
substantial losses in the storage of air: When compressing in the underground cavern,
the air heats strongly and must be cooled. For this reason, the overall efficiency is a
maximum of 55%. At present, new methods are being tested (AA-CAES — Advanced
Adiabatic Compressed Air Energy Storage), in which the heat generated during com-
pression is stored temporarily in a special heat storage. When discharging, this heats
the air again so that an overall efficiency of 70% is possible [134].

In Germany, up to now, only the CAES plant Huntorf in Lower Saxony exists with
a capacity of 560 MW h. In the whole country, about 200 Mio m? of salt caverns are
available, which principally could be used for CAES. This would offer a storage capacity
of 600-900 GW h depending on the plant efficiency [99].

11.5.2.3 Battery Storage

In Chapter 8, we have already dealt in detail with battery storages. Besides domestic
home storages, frequently large-scale battery storages are deployed. They are mainly
used for increasing the self-consumption of commercial enterprises and to ensure grid
services (e.g. primary control).

One example is the 5 MW lithium ion storage of the Wemag AG in Northern Germany
already mentioned in Chapter 8. The storage takes part in the primary control power
market and stabilizes the grid frequency with its capacity of 5 MW h in the windy region
of Mecklenburg. To achieve this, the batteries are only filled up to 50%. In case of a
dropping grid frequency (see Section 11.4.2), the plant feeds power into the grid. Vice
versa, the batteries are charged above a grid frequency of 50.1 Hz.

The worldwide largest battery storage was built by the Chinese company BYD (build
your dream) near Hong Kong, to stabilize the grid. It consists of about 60 000 lithium
iron phosphate cells and provides a power of 20 MW with a capacity of 40 MW h. The
company wants to fulfill another of its dreams and plans — a larger storage plant with
1 GW and 200 MW h.

11.5.2.4 Electric Mobility

A storage that will be additionally available in the future is the batteries of electric
vehicles. As the cars stand still most of the time, the batteries can be used to some
extent as decentralized storages. A study of the FME assumes that in 2050, half of
the cars would be operated electrically. In total, these will have a storage capacity of
550 GW h. It is estimated that about one-third of that capacity (180 GW) can be used
as external storage for the electricity system. The available charge power will be in the
order of 100 GW [135].

11.5.2.5 Hydrogen as Storage
Hydrogen has long been mentioned as a possible storage carrier for the renewable
energies sector. In fact, it can easily be produced by means of electrolysis and then
converted again into electricity by means of a fuel cell. The overall efficiency is 44%
[131]. However, there is no hydrogen infrastructure (lines, storage, fuel cells, etc.) and
these would have to be completely built up.

For this reason, it can be assumed that in the next years, the produced “renewable
hydrogen” will be only additively fed into the natural gas grid. Experiences show that
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gas power plants can get by without any problems with a hydrogen share of up to 1-2%
in the natural gas. In this case, the total efficiency from electricity to hydrogen and back
to electricity lies in the range of 33—48% [99].

11.5.2.6 Power to Gas: Methanation

A relatively new technology is the methanation of electrical energy. For this purpose,
use is, e.g. made of surplus wind or photovoltaic power to generate hydrogen by means
of electrolysis. In a second step, the hydrogen is converted to methane in the so-called
Sabatier process by the addition of carbon dioxide (see Figure 11.15). The generated RE
methane can then be fed into the natural gas grid. In order to re-convert the methane
to electric power, it is fed into a gas turbine (block power station, gas power station, or
gas and steam power station). A decisive advantage is the existing gas network that can
be seen as a giant storage. The storage capacity of the electrical energy is estimated to
be approximately 120 TW h so that with the typical load of the German power grid of
70 GW even seasonal storage could be realized.

The overall efficiency from RE electricity over hydrogen and back to electricity lies in
the range of 30-38%, depending on the used electrolysis and reconversion technology
[99]. The main reason for the poor efficiency in comparison to pure hydrogen technology
is the strongly exothermic Sabatier process.

Meanwhile, there exist several power to gas pilot plants with a total power of about
20 MW. The largest plant to convert electricity into methane with a power of 6 MW is
operated by the car manufacturer Audi AG in Lower Saxony. It produces about 1000 t
of renewable gas, which is used for gas-operated cars. A survey over the realized and
planned power to gas projects can be found under www.powertogas.info.
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Figure 11.15 Principle depiction of electricity storage with power to gas: Surplus wind and PV power
are methanized and fed into the gas grid. Then the RE methane can be reelectrified in gas turbines or
used for heating and traffic purposes [99, 104].
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11.5.3 Alternatives to Storage

Storages will become more and more important in the future electricity grid. However,
they are relatively expensive. Therefore, before a massive storage expansion, it is wise to
use other options (so-called flexibility options) to balance the strong feed-in and demand
fluctuations.

11.5.3.1 Active Load Management by Smart Grids

If it is successful to consume a kilowatt-hour suitably postponed, this serves almost the
same effect as an energy storage. Due to this reason, the flexibility option load manage-
ment (Demand Side Management, DSM) is an attractive solution.

Exactly, this is the idea of smart grids, which influence the load curve. So some loads
(e.g. cooling systems, electric storage heater, heat pumps) can be taken from the grid for
some time without having a negative impact on the user. Other approaches use smart
meters with different electricity tariffs, to run the washing machine or the dishwasher
during the time of an electricity surplus. Thus, smart grids help to adapt the load curve
to the energy offer and to reduce the necessary storage capacity.

Quickest, the load management is realizable in the range of industry. There, by remote
control of only some large consumers already a high potential can be utilized. Typical
applications are, e.g. the steel, copper, and aluminum production and the raw materi-
als industry. The capacity that can be shifted by DSM is estimated in sum to be about
900 GW h [99].

11.5.3.2 Expansion of the Electricity Grids

Up to now, the bottlenecks in the grid mainly arise in the distribution grid due to local
production peaks of PV and wind power. In addition, there will be bottlenecks in the
transmission grid caused by the planned expansion of offshore wind power. Therefore,
a further build-out of the grid will be indispensable. However, the question has to be
posed, if the offshore energy production far from the locations of energy use makes sense
in the planned extent. Additionally, it has to be kept in mind that an electricity grid only
can provide a spatial balancing of surpluses and deficits. Storages however also provide
a temporal balancing.

11.5.3.3 Limitation of the Feed-in Power
The electricity generation curves in Section 11.4 have made clear that PV and wind
power show large power variations. Thus, one option is to limit the maximum feed-in
power, e.g. in case of PV to 50% or 70% of the nominal power (peak shaving, see
Section 8.4). This leads to a consolidation of the feed-in power and makes it easier to
integrate high PV capacities into the grid.

Simulations of a 100% scenario for the year 2050 show that a minor curtailment
of renewable energies (e.g. by 1% per year) reduces the necessary storage power by
30-40% [99].

11.5.3.4 Use of Flexible Power Plants

Instead of only poorly controllable conventional coal power plants, flexible plants have
to be built out. Particularly suitable are gas power plants, which in the ideal case are
powered with biogas or even better RE methane. To use the gas efficiently, the parallel
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utilization of heat in CHP plants is advisable. Especially in winter, there exists a high
heat demand with at the same time low PV yields. In order to be, nevertheless, able to
react flexibly on the electricity demand, the CHP plants should be equipped with heat
storages.

11.6 Conclusion

To conclude, we can state that the complete transformation of the electricity power sup-
ply in Germany is technically and economically feasible. The necessary technologies are
known and mostly already available.

Photovoltaics has sufficient potential in Germany for covering the overall electric
energy requirements. However, Germany is a relatively densely populated country with
limited free areas and only a fair amount of solar offering. Thus, in most other countries,
there is even greater potential for solar power generation!

At the same time, the mass production of photovoltaic components reduces costs fur-
ther so that it becomes together with wind onshore power by far the cheapest energy
source. In this way, photovoltaics will become an important pillar for the future sustain-
able energy supply.

The building up of this new energy system is a huge challenge that we should meet
with knowledge, imagination, and perseverance. If this book makes a contribution to
this, it will have fulfilled its purpose.
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Exercises

Exercises for Chapter 1

Exercise 1.1 Energy Content
You have a kilogram of coal available.
a. How much energy content does it contain in ] and kW h?
b. How high could you theoretically lift 11 of water with this energy?
c. To what speed (in km h™!) could you theoretically accelerate a car (mass: 1t) with
this energy?

Exercise 1.2 Environmental Effects of the Present Energy Supply
a. What are the main problems with the present energy supply?
b. What is the mean temperature on Earth today and what could it be without the
greenhouse effect?
c. Explain the greenhouse effect in terms of keywords and a sketch.

Exercise 1.3  Finiteness of Resources

a. Assume every person has the present primary energy requirements of a person in
Germany. For how many people would the present world primary energy consump-
tion last?

b. On the basis of Table 1.3, the scope of oil, natural gas, and coal with varying
annual growths p are to be estimated starting from 2008. Derive a general equation
scope = f (annual extraction, reserves, p). Use the equation of the geometrical series
(see Equations (10.10) and (10.11)).

c. Calculate the scope of oil, natural gas, and coal for an annual growth p of 2.2%.

d. Calculate the scope of oil, natural gas, and coal for an annual growth p of 4.4%.

Exercise 1.4 Properties of Renewable Energies
a. What are the three primary sources of renewable energies?
b. Name three advantages and three disadvantages of renewable energies.

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.



308

Photovoltaics — Fundamentals, Technology, and Practice

Exercise 1.5 Yields of a Photovoltaic Plant
a. What is meant by STC, and what boundary conditions are associated with it?
b. Family Meyer consumes 3500 kW h of electricity in a year. What should be the
minimum power of a photovoltaic plant in order to generate this amount of energy?
c. What module area is required when the modules have an efficiency of 15%?

Exercises for Chapter 2

Exercise 2.1  Solar Constants
a. Earth does not circle the Sun in an ideal circle, but rather along an elliptical path
Tsg Max = 152 Mio km, rgp i, = 147 Mio km). Between what values does the solar
constant fluctuate in the course of a year?
b. What solar constant do you expect from Mercury that is approximately 58 Mio km
from the Sun?

Exercise 2.2 Solar Spectrum
a. What does AM 0 stand for?
b. What does AM 1.5 mean, and what solar elevation angle is associated with it?
c. Why is the sky blue?
d. What causes sunset glow?

Exercise 2.3  Global Radiation

a. What effects lead to the existence of diffuse radiation?

b. What approximate portion of the global radiation does the diffuse radiation in Ger-
many have?

c. What is meant by “Sun full load hours” and what rule of thumb could one use for
Germany?

d. How does the value of the previous subpoint change for a surface facing south and
tilted at an angle of 35°?

Exercise 2.4 Radiation on Tilted Surfaces

On a cloudless summer’s day, the measured global radiation is Eg ., =850 W m~2.

The Sun is at an angle of 50° to the horizon. Assume that there is no diffuse radiation.

a. What is the optimum inclination angle of the solar module and what is the
irradiance E,, in this case?

b. What is the irradiance for an inclination angle of the solar module of 15° to the
horizon? Now take a winter’s day: Ep; o 1 = Epifus 1 = 300 W m~2. The Sun is at an
angle of 25° to the horizon. . )

c. What is the optimum inclination angle of the solar module and what is the
irradiance in this case? Determine the best angle by trial and error.

d. Solve the subpoint (c) not by trial and error, but by means of an extreme value
consideration of the equation Eg,, =f (). Make use of the following addition
theorem:

cos(x; + x,) = cos(x;) - cos(x,) — sin(x;) - sin(x,).
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Exercises for Chapter 3

Exercise 3.1 Charge Carriers in Semiconductors
a. Calculate the intrinsic carrier concentration of silicon at 100 °C.
b. Explain the difference between field current and diffusion current.

Exercise 3.2 p—n Junction
a. Describe the origin of the space charge region in the p—n junction.
b. Sketch the band diagram of a p—n junction in a qualitative manner.
c. Calculate the diffusion voltage of a p—n junction of silicon at the following doping
concentrations: N, =5 x 10 cm™, N, =10% cm ™.

Exercise 3.3 Light Absorption in Semiconductors
a. Verify the interconnection between the absorption coefficient and the penetration
depth of light in a semiconductor (Equation (3.21)). For this use suitable values in
Equation (3.20).
b. What is the photon energy of light at the wavelength A =560 nm?
c. What is the penetration depth of light at the wavelength A =560 nm in c-Si and a-Si?

Exercise 3.4 Antireflection Films

Light with a wavelength of 600 nm and an irradiance of E, =500 W m~2 impinges ver-

tically on to a semiconductor of amorphous silicon. At this wavelength, the material

has a refractive index of 4.6.

a. What portion of the light is reflected at the semiconductor surface?

b. What thickness and what refractive index should an antireflective film possess in
an ideal case?

c. Inanactual case, silicon nitride (Si;N,) is used as an antireflective film. What should
the thickness of the film be in this case, and how large is the remaining reflection
factor?

Exercises for Chapter 4

Exercise 4.1 Recombination in the c-Si Solar Cell
a. What types of recombination do you know?
b. What is understood by the term dead layer in a cell?
c. Alight photon is absorbed at a depth of 140 pm and generates an electron—hole pair.
The average carrier life span is 7 ps. Will the generated electron probably contribute
to the photocurrent?

Exercise 4.2 Absorption Efficiency of a c-Si Cell
Given is a c-Si cell of thickness d = 140 pm that is illuminated by light with a strength
of E;=1000 W m™2, (a =100 cm™}; n=3.3; A=1000 nm).
a. How large is the penetration depth of the light?
b. How much light is reflected?
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¢. How much light is absorbed (assumption: rear side nonreflecting)?

d. How much light is absorbed when the rear side is mirrored and the front side is
nonreflecting?

e. How big in the previous subpoint are the absorption efficiency and the spec-
tral sensitivity if one assumes that every electron—hole pair contributes to the
photocurrent?

Exercise 4.3 Single Diode Equivalent Circuit Diagram

a. Sketch the single-diode equivalent circuit diagram and derive the characteristic
curve equation.

b. What losses are incurred by the series resistance R and what by the parallel resis-
tance Rg;,?

c. Sketch the characteristic curve of a solar cell for a rising series resistance Ry and
explain the sequence for V- and Ig.

d. Sketch the characteristic curve of a solar cell for a falling shunt resistance Ry, and
explain the sequence for V- and 4.

Exercise 4.4 Spectral and Theoretical Efficiency
a. What does the term spectral efficiency mean and what effects lead to the fact that it
is not 100%?
b. What further losses does the “theoretical efficiency” take into account?
c. How large is the theoretic efficiency of c-Si cells and how near have we come to this
optimum?

Exercise 4.5 Spectral Efficiency of Monochromatic Light
Assume that we wish to convert monochromatic laser light into electrical energy as
efficiently as possible. We select A =1000 nm as laser wavelength and the further data
are E=1000W m™2, Ac,; =10cm™2, m=1).
a. How large is the number N, of photons per second that impinge on the cell and
the maximum current density jy,.?

. Determine the open-circuit voltage of the cell.

Give the idealized fill factor of the cell.

How great is the theoretical efficiency of the cell?

. Answer the previous question for a concentration factor of X =1000.

o 0 T

Exercises for Chapter 5

Exercise 5.1 Production of c-Si Solar Cells
a. What do the following abbreviations mean: SG-Si, MG-Si, UMG-Si, CZ-Si, FZ-Si,
EFG?
b. List the seven main steps for producing a c-Si standard cell starting from the
p-doped wafer.

Exercise 5.2 a-Si Thin-Film Cells
a. What is the basic difference between drift cells and diffusion cells?
b. Sketch the structure of an a-Si tandem cell with information on the materials and
describe its function.
c. What is the Staebler—Wronski effect, and how can it be moderated?
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Exercise 5.3 CIS Cells
a. Sketch the structure of a CIS cell
b. What two functions does the CdS layer perform?
c. Explain the difference between superstrate configuration and substrate configura-
tion in a thin film cell.

Exercise 5.4 Concentrator Systems

a. Sketch the two most important principles of concentrator systems.

b. Explain why an increased irradiance leads to an increase in the efficiency of a
solar cell.

c. Describe a solar cell with the following data: V 5 =600 mV; m = 1.5; = 18%. What
is the efficiency with the following concentration factors:
i. X, =100
ii. X, =400

d. Why does the efficiency not continue to increase with an increase of factor X?

Exercise 5.5 Ecology Questions

a. How do you judge the availability for cells of c-Si, CdTe, and CIS?

b. An energy demand of 5500 kWh kWp~! was required for the production of a com-
plete PV plant. Calculate the energy amortization time 7', and the energy returned
on the energy invested ERoEL:

i. On a south-facing roof (35° pitch) in Germany.
ii. On a west-facing roof (35° pitch) in Germany.

Exercises for Chapter 6

Exercise 6.1  Short-Circuit Current and Open-Circuit Voltage for a Variation of the
Irradiance
A solar module with the data V- =43.2V, I~ =10 A is given. The installed cells have
an ideality factor of m =1.5.
a. How many cells are probably built into the module?
b. What short-circuit current will adjust itself with an irradiance E’ of 500 W m~2?
c. What open-circuit voltage will adjust itself with an irradiance E’ of 500 W m~2?

Exercise 6.2 Series Connection of Modules

a. Give two reasons for the use of bypass diodes.

b. Now two modules of the type from Exercise 6.1 are connected in series. Module A
is radiated with 1000 W m~2 and module B with 500 W m~2. Sketch the individual
curves and the combined curve for the cases:

i. The modules have no bypass diodes.
ii. Both modules have at least one bypass diode.

Exercise 6.3 NOCT
a. What is the meaning of NOCT, and what boundary conditions are associated
with it?
b. What will be the temperature and module power of the FS-102A module from First
Solar (see Table 6.1) at 900 W m~2 and an ambient temperature of 30 °C?
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Exercise 6.4 Mismatching
a. What is understood by mismatching?
b. On the basis of the generator I/V curves, explain: Why in the case of shading of a
module, it is particularly disadvantageous to connect the modules into two instead
of one string?

Exercises for Chapter 7

Exercise 7.1  Buck Converter
a. Sketch the circuit of a buck converter, and explain the functions of the individual
components.
b. What are the advantages of a high-switching frequency?
c. What could be a disadvantage of a high-switching frequency?

Exercise 7.2 Feed-in Variations
Sketch the two feed-in variations full feed-in and excess feed-in of a photovoltaic plant.

Exercise 7.3 Inverter Variations

a. Give the advantages and disadvantages of the plant variations with central inverter,
string inverter, and module-integrated inverter.

b. What is the advantage of a PWM bridge compared to a classic 50 Hz bridge?

c. Inwhat cases should inverters without transformers not be installed without inves-
tigation?

d. Why inverters with high-frequency transformers are used?

e. Give three advantages of the three-phase inverter.

Exercise 7.4 Inverter Dimensioning
Assume that you have an inverter SMC 8000 TL from SMA available and wish to drive
as many modules of type c-Si SW-280 from SolarWorld with it.
a. Determine the maximum possible number of modules per string.
b. Determine the minimum possible number of modules per string.
c. Determine the maximum possible number of strings.
d. Determine the optimum plant configuration.

Exercises for Chapter 8

Exercise 8.1 Battery Systems

a. Why does deep discharging reduce the life of lead batteries?

b. Why is a car battery not suitable for an off-grid solar plant?

c. In the data sheet of a battery, the capacity of C,, =150 A h is given. What does this
mean, and how long do you estimate the battery can be discharged with a current
of 20A?

d. What is understood by the I/V charging method?

e. Give two advantages of the shunt charge controller compared to the series
controller.
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Exercise 8.2 Lithium Ion Batteries
a. Name two advantages and two disadvantages of lithium ion batteries with respect
to lead acid batteries.
b. What can happen inside a lithium ion battery in case of overcharging?
c. Name two advantages of lithium iron phosphate as a cathode material.

Exercise 8.3  Sodium Sulfur Batteries
a. Why sodium sulfur batteries are not suited as long-time storage?
b. What does the anode container serve for?
c. Why do the sodium sulfur batteries attain higher cycle numbers with respect to lead
batteries?

Exercise 8.4 Redox Flow Batteries
a. Sketch the build-up of a redox flow battery with a designation of all relevant com-
ponents.
b. Whereby the power of the battery is determined, whereby the capacity?
c. Name two advantages of this battery type with respect to its charging behavior.

Exercise 8.5 Home Storage Systems
a. Determine roughly the costs to store a kilowatt-hour for System 2 from Table 8.3.
b. What is meant by “peak-shaving”?
c. Which two technical conditions have to be observed for the solar storage funding
program?

Exercise 8.6  Off-grid Systems
a. What does a typical solar home system look like?
b. What is understood by a hybrid system, and what are the advantages over pure solar
off-grid systems?

Exercises for Chapter 9

Exercise 9.1 Radiation Sensors
a. What are the best class of pyranometers called and what is their accuracy?
b. What two possibilities do you know in order to measure only diffuse radiation?
c. Can a pyranometer be used as a reference sensor in a module flasher?

Exercise 9.2 Peak Power Measurement at Site
Sketch the structure of a characteristic curve measuring device for peak power deter-
mination with all relevant components.

Exercise 9.3 Thermographic Measuring Technology
a. In solar module checking what is the suitability of bright thermography and what
of dark thermography?
b. Inatemperature measurement of a solar module, the thermographic camera shows
a value of 51 °C. However, in error, you have set the emission factor of the camera
at 0.9 instead of 0.8. What is the actual temperature of the module?
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Exercise 9.4 Electroluminescence Measuring Technology
a. Why is a normal CCD camera unsuitable for EL measurements of ¢-Si modules?
b. What types of cell errors can hardly be recognized in the thermography measure-
ment but readily in the EL measurement?
c. Name two advantages and two disadvantages of the outdoor EL technique with
respect to thermography.

Exercise 9.5 PID Effect
a. What is the main reason for the drastic power decay of PID affected solar modules?
b. How solar modules can be examined for PID vulnerability in the lab?
c. How can one identify with outdoor EL if a module string is affected by PID?

Exercises for Chapter 10

Exercise 10.1 Shading
An aerial tube of 5 cm in diameter is situated at a distance of 2 m from a photovoltaic
plant.
a. Does the tube throw a deep shade on the plant?
b. How broad is the deep shade?
c. Assume the deep shading is unavoidable. Would you install the module rather ver-
tically or horizontally?

Exercise 10.2  Yield Estimation

Farmer Jones would like to build a 30 kWp installation on a new barn in Attendorn,

Germany. The roof has an orientation of 45° and a pitch of 12°. Determine the

expected specific annual yield (final yield Y;) in accordance with the following

methods:

a. Use of the suitable fixed value for Germany of 900 kWh (kWpa)~! for optimum
alignment and subsequent inclination loss reduction according to Table 2.4.

b. The fixed value in (a) is valid for a global radiation total H of 1000 kWh (m? a)~!.
Take into account the approximate value for H' at Attendorn according to
Figure 2.7 (about midway between Dortmund and Siegen).

c. Determine H” at Attendorn using the PVGIS Internet database (see Table 10.2)
and calculate analogously to the previous subpoint. Method: use the Internet
address re.jrc.ec.europa.eu/pvgis/appsd/pvest.php, Interactive Maps, Europe,
enter the site, type in a location and press Search, Select menu Monthly radia-
tion, Radiation database: Climate-SAF PVGIS, tick Horizontal radiation, press
Calculate.

d. Determine Y} at site Attendorn via the PVGIS Internet database in that you press
Menu PV estimation, then Climate-SAF PVGIS Radiation database, enter slope
and azimuth, leave all other values and then press Calculate.

Exercise 10.3  Return Calculation
Farmer Jones of Exercise 10.2 purchases his plant for 42 000€ net. The feed-in tariff
is 12 cents per kilowatt-hour; his customer tariff is 22 cents per kilowatt-hour. He
achieves a self-consumption rate of 40%. As an expected annual yield, we use the
results of Exercise 10.2d.
a. Calculate the amortization time.
b. Calculate the object return.
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Exercise 10.4 Plant Monitoring
a. What is the difference between reference yield and Sun full load hours?
b. Does a southwestern aligned plant have a poorer performance ratio than a south-
ern aligned one?
c. What values for the performance ratio can one expect for actual plants?

Exercises for Chapter 11

Exercise 11.1 Potential Estimation for Pitched Roofs

The Saarland (a small state in Germany) has an area of 2570 km?.

a. What theoretical potential does this area possess?

b. Assuming approximately 0.3% of this area is available for the photovoltaics of suit-
able roof surfaces (east via south to west). What is the radiation energy on this
surface?

c. What PV power can be installed on this area (17,4, = 20%), and what is the elec-
trical energy generation potential (e = 18%)?

Exercise 11.2 Potential Estimations for Free Areas

Assume you have a hectare of free surface available in the Saarland.

a. What is the area utilization factor, when there is to be no self-shading (degree of
latitude ¢ =49°, module inclination g =20°)?

b. What PV capacity can be erected on this surface, and what is the electricity gen-
eration potential?

c. What electrical energy could be generated on this hectare if energy corn is planted
instead of using it for photovoltaics?

Exercise 11.3 Market and Price Development
a. What is meant by the “learning rate”?
b. What is meant by “grid parity”?

Exercise 11.4 Nowadays Electricity Supply System
a. What is meant by “control energy?”
b. Which conditions apply for primary control?
¢. How the primary control is made possible technically?
d. In what respect photovoltaics and wind power complement each other well?

Exercise 11.5 Future Energy Supply
a. Why most of the future scenarios assume that the electricity consumption will
rise?
b. How many hours the existing electric vehicle batteries in 2050 could take over
nowadays grid load in principle?
c. Which technology facilitates a “season storage for electricity,” and which efficiency
has to be expected there?
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Location Buenos Aires, Argentina

Angle of slope g

0 | 5 [10° [ 15°] 20° [ 25° [ 30° | 35° [ do° ] 45° | 50° [ 55° [ 60° [ 65° | 70° | 75° | 80° | 85° | 00 |
@l 92.1 88.8 85.2 81.0 76.5 71.7 66.6 61.7 572 529 48.7 44.7 40.8 37.2 31.1 28.9 275 26.3

b Y 2 34.0 g d 5
88.9 852 81.1 76.6 71.8 66.8 61.9 57.4 53.1 48.9 449 411 37.6 .3 315 .3 27.8 26.7
89.0 85.3 81.3 76.8 72.0 67.1 62.3 57.8 534 49.3 453 41.5 38.0 .9 32.1 .1 286 27.3
89.0 855 815 77.1 724 67.6 62.8 58.3 54.0 49.9 46.0 423 38.8 .7 33.1 .1 295 282
89.1 85.6 81.7 77.5 729 68.2 63.5 59.1 54.8 50.8 46.9 432 39.9 .9 345 .5 30.8 29.4
89.2 85.8 821 779 735 69.0 64.4 60.0 55.8 51.8 48.0 44.5 412 38,5 36.1 34.1 323 30.7
89.3 86.1 824 784 742 69.9 655 612 57.1 53.1 49.4 46.1 43.0 40.3 379 358 339 32.1
89.5 86.4 829 79.1 751 70.9 66.6 625 58.5 54.7 51.2 48.0 449 422 39.8 37.6 356 33.7
89.7 86.7 83.4 79.8 759 72.0 67.9 64.0 60.2 56.6 53.2 50.0 47.0 44.3 41.8 39.5 37.3 353
89.8 87.1 83.9 805 76.9 73.2 69.4 656 62.0 58.6 55.2 522 49.2 46.5 439 415 39.2 37.1
90.0 87.5 84.5 81.4 78.0 744 70.9 673 63.9 60.6 57.4 54.4 515 48.7 46.1 43.6 41.2 38.9
90.2 87.9 852 822 79.0 75.8 724 69.1 65.8 62.7 59.6 56.6 53.7 50.9 48.2 457 432 40.7
90.5 884 859 83.1 802 77.2 740 71.0 67.8 64.8 61.8 58.8 56.0 53.2 50.4 47.7 452 42.6
90.7 88.8 86.6 84.1 814 78.6 75.6 727 69.8 66.9 64.0 61.1 58.2 554 52.6 49.8 47.1 444
90.9 89.3 87.3 85.1 826 80.0 77.3 746 718 69.0 66.1 63.3 60.4 57.5 54.7 51.8 49.1 46.2
912 89.8 88.0 86.0 838 81.5 79.0 763 73.7 71.0 68.2 654 626 59.7 56.7 53.8 50.9 48.0
914 90.3 88.8 87.0 85.1 829 80.6 782 756 73.0 70.3 67.5 64.6 61.7 58.7 55.7 52.7 49.6
916 90.8 89.5 88.0 86.3 84.3 822 799 775 749 723 69.5 66.6 63.6 60.6 57.5 545 51.2
919 913 90.3 89.0 87.5 85.7 83.8 81.6 79.3 76.8 741 71.4 685 655 62.3 59.2 56.0 52.8
922 91.8 91.1 90.0 88.7 87.1 85.3 832 81.0 78.6 76.0 732 70.3 67.3 64.2 60.8 57.4 54.2
925 923 91.8 909 89.8 884 86.8 84.8 827 80.3 77.7 750 719 68.9 65.7 62.3 58.8 55.3
927 928 925 919 909 89.7 88.2 86.4 843 81.9 79.4 76.7 73.7 70.4 67.1 63.7 60.1 56.5
929 933 932 928 920 90.9 89.5 87.8 858 83.5 809 781 752 71.9 68.4 649 61.3 57.5
932 93.8 93.9 93.7 93.1 921 90.8 89.2 87.2 85.0 823 79.5 765 732 69.7 66.0 622 58.4
934 942 946 945 941 932 92.0 904 885 86.3 83.8 80.8 77.6 74.3 70.7 67.0 63.1 59.1
936 94.6 952 953 950 942 932 916 89.7 87.5 85.0 821 789 754 717 67.8 63.8 59.7
93.8 95.0 95.7 96.0 959 952 942 928 90.9 88.6 86.0 83.1 79.9 76.4 72.6 68.6 64.4 60.1
940 954 96.2 96.7 966 96.1 95.2 938 920 89.7 87.1 84.1 80.8 77.2 73.3 69.2 64.9 60.5
941 95.7 96.7 97.3 97.4 96.9 96.0 94.7 929 90.7 88.0 85.0 81.6 77.9 740 69.7 653 60.8
943 96.0 97.1 97.8 98.0 97.6 96.8 955 938 91.5 88.8 858 824 78.6 745 70.2 65.6 60.9
944 96.2 97.5 983 985 98.3 975 962 944 922 89.5 86.4 829 79.1 749 70.4 658 60.9
945 964 97.8 98.7 99.0 98.8 98.1 96.8 950 92.8 90.1 86.9 834 79.5 752 70.6 658 60.8
946 96.6 98.1 99.0 994 99.2 98,5 973 955 93.3 90.5 87.3 83.7 79.7 75.3 70.6 658 60.7
94.7 96.8 98.3 99.2 99.7 99.5 98.9 976 959 93.6 90.8 87.6 839 79.8 754 70.7 65.7 60.5
947 96.8 98.4 994 999 99.7 991 979 96.1 93.9 91.1 87.8 84.1 80.0 754 70.6 65.6 60.2
94.7 96.9 98.5 99.5 100.0 99.9 99.2 98.0 96.2 94.0 91.2 879 84.1 80.0 754 70.6 654 60.1
94.7 96.9 985 99.5 100.0 99.9 99.2 98.0 96.2 93.9 91.1 87.8 84.1 80.0 75.4 70.5 65.4 60.0
94.7 96.9 98.5 99.5 100.0 99.9 99.2 98.0 96.2 94.0 91.2 879 84.1 80.0 754 70.6 654 60.1
96.8 98.4 99.4 999 99.7 99.1 979 96.1 93.9 91.1 87.8 84.1 80.0 754 70.6 656 60.2
94.7 96.8 98.3 99.2 99.7 99.5 98.9 976 959 93.6 90.8 87.6 839 79.8 754 70.7 657 60.5
946 96.6 98.1 99.0 994 99.2 98,5 973 955 93.3 90.5 87.3 83.7 79.7 753 70.6 658 60.7
945 964 97.8 98.7 99.0 98.8 98.1 96.8 950 92.8 90.1 86.9 834 79.5 752 70.6 658 60.8
944 96.2 97.5 98.3 985 98.3 975 962 944 922 89.5 86.4 829 79.1 749 70.4 658 60.9
943 96.0 97.1 97.8 980 97.6 96.8 955 938 91.5 88.8 858 824 78.6 745 70.2 65.6 60.9
941 95.7 96.7 97.3 97.4 96.9 96.0 94.7 929 90.7 88.0 85.0 81.6 77.9 740 69.7 65.3 60.8
940 954 96.2 96.7 96.6 96.1 95.2 938 92.0 89.7 87.1 84.1 80.8 77.2 73.3 69.2 64.9 60.5
938 95.0 95.7 96.0 959 952 942 928 90.9 88.6 86.0 83.1 79.9 76.4 72.6 68.6 64.4 60.1
936 94.6 952 953 950 942 932 91.6 89.7 87.5 85.0 821 789 754 717 67.8 63.8 59.7
934 942 946 945 941 932 92.0 904 885 86.3 83.8 80.8 77.6 74.3 70.7 67.0 63.1 59.1
932 93.8 939 937 93.1 921 90.8 89.2 87.2 85.0 823 795 765 73.2 69.7 66.0 622 58.4
929 933 932 928 920 90.9 89.5 87.8 858 83.5 809 781 752 71.9 68.4 649 613 57.5
927 928 925 919 909 89.7 88.2 86.4 843 81.9 79.4 767 73.7 704 671 63.7 60.1 56.5
925 923 91.8 90.9 89.8 884 86.8 84.8 827 80.3 77.7 75.0 719 68.9 657 62.3 58.8 55.3
922 91.8 91.1 90.0 88.7 87.1 85.3 832 81.0 78.6 76.0 732 70.3 67.3 64.2 60.8 57.4 54.2
919 913 90.3 89.0 87.5 85.7 83.8 81.6 79.3 76.8 741 714 685 65,5 62.3 59.2 56.0 52.8
916 90.8 89.5 88.0 86.3 84.3 822 799 775 749 723 69.5 66.6 63.6 60.6 57.5 54.5 51.2
914 90.3 88.8 87.0 85.1 829 80.6 782 756 73.0 70.3 67.5 64.6 61.7 58.7 55.7 52.7 49.6
912 89.8 88.0 86.0 838 815 79.0 76.3 73.7 71.0 68.2 654 626 59.7 56.7 53.8 50.9 48.0
90.9 89.3 87.3 85.1 826 80.0 77.3 746 718 69.0 66.1 63.3 60.4 57.5 54.7 51.8 49.1 46.2
90.7 88.8 86.6 84.1 814 78.6 75.6 727 69.8 66.9 64.0 61.1 582 554 52.6 49.8 47.1 444
90.5 884 859 83.1 802 77.2 74.0 71.0 67.8 64.8 61.8 588 56.0 53.2 50.4 47.7 452 42.6
90.2 87.9 852 822 79.0 75.8 724 69.1 658 62.7 59.6 56.6 53.7 50.9 48.2 45.7 432 40.7
90.0 87.5 84.5 81.4 78.0 744 709 673 639 60.6 57.4 544 515 48.7 46.1 436 412 38.9
89.8 87.1 83.9 80.5 76.9 73.2 69.4 656 62.0 58.6 55.2 522 49.2 46.5 43.9 415 39.2 37.1
89.7 86.7 83.4 79.8 759 72.0 67.9 64.0 60.2 56.6 53.2 50.0 47.0 44.3 41.8 39.5 37.3 353
89.5 86.4 829 79.1 751 70.9 66.6 625 58.5 54.7 51.2 48.0 449 422 39.8 376 356 33.7
89.3 86.1 824 784 742 69.9 655 612 57.1 53.1 49.4 46.1 43.0 40.3 379 358 339 32.1
89.2 85.8 821 779 735 69.0 64.4 60.0 55.8 51.8 48.0 445 412 38,5 36.1 34.1 323 30.7
89.1 85.6 81.7 775 729 68.2 63.5 59.1 54.8 50.8 46.9 432 39.9 36.9 345 325 30.8 29.4
89.0 855 81.5 771 724 67.6 62.8 583 54.0 49.9 46.0 423 388 35.7 33.1 31.1 29.5 28.2
89.0 85.3 81.3 76.8 720 67.1 62.3 57.8 534 49.3 453 415 38.0 34.9 321 30.1 286 27.3
88.9 852 81.1 76.6 71.8 66.8 61.9 574 53.1 489 449 411 376 343 315 293 278 26.7
88.8 85.2 81.0 76.5 71.7 66.6 61.7 572 52.9 48.7 44.7 40.8 37.2 34.0 31.1 28.9 27.5 26.3
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Location Cairo, Egypt

le of slope p
nﬂmmmmmmmmmmmm

< B B o .
s[ar 93.7 908 s74 834 791 744 694 642 593 546 500 457 416 378 343 31.1 284 265 252
EABSEOE 93.7 90.8 87.4 836 79.3 74.6 69.7 64.6 59.6 54.9 50.4 46.1 42.0 382 346 815 289 27.0 258
937 909 875 837 79.6 75.0 70.1 651 60.1 554 50.9 46.7 42.6 38.8 353 82.3 29.8 28.0 26.6
91.0 87.7 84.0 799 754 70.7 658 60.9 56.2 51.7 47.5 434 39.7 36.3 33.3 81.1 292 27.7
911 87.9 84.3 80.3 76.0 71.4 66.7 61.9 57.2 527 485 44.6 40.9 37.6 349 326 30.7 29.0
912 881 84.6 80.8 76.6 72.2 67.6 63.0 58.4 54.0 49.9 46.0 425 394 36.6 343 323 305
91.3 884 850 81.4 77.3 73.1 68.7 64.3 59.9 55.6 51.6 47.8 44.4 41.3 385 36.1 33.9 32.0
914 887 855 820 78.1 741 69.9 657 615 57.4 535 499 465 434 406 38.0 357 33.6
916 89.0 86.0 827 79.0 752 71.2 67.1 632 59.3 555 52.0 48.7 456 42.7 40.0 37.6 354
91.8 894 865 83.4 80.0 76.3 72.5 68.7 650 612 57.6 54.1 50.9 47.8 44.9 421 39.6 37.2
920 89.7 871 841 81.0 775 74.0 704 66.8 632 59.7 56.3 53.1 50.0 47.1 44.3 41.6 39.1
922 90.1 87.7 850 820 788 755 72.1 68.6 652 61.9 586 55.3 522 49.3 464 436 41.0
924 90.6 88.4 858 83.1 80.1 77.0 738 705 67.2 64.0 60.8 57.6 544 51.4 485 456 42.8
926 91.0 89.0 867 84.1 81.4 785 755 72.3 692 66.1 62.9 59.7 56.6 53.5 505 47.6 44.7
92.8 915 89.7 87.6 84.8 827 80.0 77.2 742 712 68.1 650 61.8 58.7 556 52.4 495 46.4
930 919 904 885 86.4 84.0 81.5 788 76.0 73.0 70.0 67.0 638 60.7 57.5 54.3 512 48.1
933 924 911 89.4 87.5 848 830 804 77.7 749 719 689 658 625 594 561 529 49.8
935 92.8 91.7 90.3 88.6 86.6 84.4 820 79.4 76.6 737 70.7 67.5 64.3 61.1 57.8 54.3 51.2
937 93.3 924 912 89.7 87.8 858 834 81.0 783 754 724 69.3 659 62.8 59.3 557 52.4
93.7 940 937 931 92.1 90.7 89.0 87.1 84.9 825 79.9 77.0 74.0 70.9 67.4 642 60.8 57.1 53.6
937 942 942 937 929 917 90.2 884 86.3 839 814 785 755 72.4 689 655 62.0 58.3 54.6
@l 937 944 946 944 937 927 91.3 897 87.6 852 828 79.9 768 737 70.3 66.6 63.1 59.3 555
95.0 95.0 94.5 93.7 924 90.8 889 86.5 84.1 81.3 78.1 749 714 67.7 640 602 56.2
948 954 956 953 94.6 934 91.9 90.0 87.7 852 825 79.3 759 72.4 68.6 64.8 60.9 56.8
950 958 96.1 96.0 954 943 92.9 91.2 889 86.3 835 804 76.9 733 694 655 61.4 57.2
952 962 96.6 96.6 962 952 93.8 921 90.0 87.3 845 81.3 77.8 740 701 66.0 61.8 57.5
954 965 97.1 97.2 969 96.0 94.7 93.0 909 88.3 853 822 786 747 707 664 621 57.7
955 96.8 97.5 97.8 97.5 96.8 95.5 93.8 91.7 89.1 86.1 829 79.2 753 71.1 667 623 57.7
957 97.1 97.9 983 98.1 97.5 96.2 945 924 899 86.8 834 79.8 757 714 669 623 57.6
958 97.3 98.3 98.7 98.6 98.0 96.9 952 93.0 905 875 84.0 80.2 76.1 71.7 67.1 623 57.5
95.9 97.5 98.6 99.1 99.0 985 97.4 958 93.6 91.0 87.9 844 80.6 764 71.9 67.1 622 57.2
96.0 97.7 988 99.4 99.4 9858 97.8 96.2 941 914 88.3 848 80.9 765 71.9 67.0 620 56.8
96.0 97.8 99.0 99.6 99.7 99.2 98.1 96.5 944 917 88.6 850 81.0 766 71.9 669 61.7 56.4
96.1 97.9 991 99.8 99.9 99.4 98.3 96.7 946 919 888 851 81.1 766 71.8 66.7 61.4 56.0
96.1 97.9 99.2 99.9 100.0 99.5 98.5 96.8 94.7 92.0 88.8 851 81.1 766 71.7 66.6 612 557
96.1 97.9 99.2 99.9 100.0 99.5 98.5 96.8 94.6 919 88.8 851 81.0 765 71.6 665 61.0 555
96.1 97.9 992 99.9 100.0 99.5 98.5 96.8 94.7 92.0 88.8 851 81.1 766 71.7 66.6 612 557
96.1 97.9 991 99.8 99.9 99.4 98.3 96.7 946 919 888 851 81.1 766 71.8 66.7 61.4 56.0
96.0 97.8 99.0 99.6 99.7 99.2 98.1 965 944 917 88.6 850 81.0 766 71.9 669 61.7 56.4
0 97.7 98.8 99.4 994 988 97.8 962 941 91.4 883 84.8 80.9 765 71.9 67.0 620 56.8
95.9 97.5 98.6 99.1 99.0 985 97.4 958 93.6 91.0 87.9 844 80.6 764 71.9 67.1 622 57.2
958 97.3 98.3 987 98.6 98.0 96.9 952 93.0 905 87.5 84.0 80.2 761 71.7 67.1 623 57.5
957 97.1 97.9 98.3 98.1 975 96.2 945 92.4 899 86.8 834 79.8 757 714 669 623 57.6
955 96.8 97.5 97.8 97.5 96.8 95.5 93.8 91.7 89.1 86.1 829 79.2 753 711 66.7 623 57.7
954 965 97.1 97.2 96.9 96.0 94.7 93.0 90.9 88.3 853 822 786 747 707 664 621 57.7
952 96.2 96.6 96.6 962 952 93.8 92.1 90.0 87.3 845 81.3 77.8 740 70.1 66.0 61.8 57.5
950 958 96.1 96.0 954 943 92.9 91.2 88.9 86.3 835 804 76.9 733 69.4 655 61.4 57.2
948 954 956 953 946 934 91.9 90.0 87.7 852 825 79.3 759 72.4 68.6 64.8 60.9 56.8
946 950 950 945 937 92.4 90.8 88.9 865 84.1 81.3 78.1 749 71.4 67.7 64.0 602 56.2
944 946 944 937 927 91.3 89.7 87.6 852 82.8 79.9 76.8 73.7 70.3 66.6 631 59.3 555
942 942 937 929 91.7 90.2 884 86.3 83.9 81.4 785 755 72.4 68.9 655 62.0 58.3 54.6
940 93.7 931 921 90.7 89.0 87.1 84.9 825 79.9 77.0 740 70.9 67.4 64.2 60.8 57.1 53.6
937 933 924 912 89.7 87.8 858 834 81.0 78.3 754 724 69.3 659 62.8 59.3 557 52.4
935 92.8 91.7 90.3 88.6 86.6 84.4 82.0 79.4 766 737 70.7 67.5 64.3 61.1 57.8 543 51.2
933 924 911 89.4 87.5 848 83.0 804 77.7 749 719 689 658 625 59.4 561 529 49.8
930 919 904 885 86.4 84.0 81.5 78.8 76.0 73.0 70.0 67.0 63.8 60.7 57.5 54.3 512 48.1
915 89.7 87.6 84.8 827 80.0 77.2 742 712 68.1 650 61.8 58.7 556 52.4 49.5 46.4
926 91.0 89.0 867 84.1 81.4 785 755 72.3 692 66.1 62.9 59.7 56.6 53.5 505 47.6 44.7
937 92.4 90.6 88.4 858 831 80.1 77.0 738 70.5 67.2 64.0 60.8 57.6 54.4 51.4 485 456 42.8
93.7 922 90.1 87.7 850 82.0 78.8 755 72.1 68.6 652 61.9 586 553 52.2 49.3 46.4 436 41.0
93.7 92.0 89.7 87.1 84.1 81.0 77.5 740 704 66.8 632 59.7 56.3 53.1 50.0 47.1 44.3 41.6 39.1
1 93.7 91.8 89.4 865 834 80.0 76.3 72.5 68.7 650 612 57.6 54.1 50.9 47.8 44.9 421 39.6 37.2
EESE 937 91.6 89.0 86.0 827 79.0 752 712 67.1 63.2 59.3 555 52.0 48.7 45.6 42.7 40.0 37.6 85.4
] 937 914 887 855 820 78.1 74.1 69.9 657 615 57.4 535 49.9 465 434 406 38.0 35.7 33.6
LG 937 91.3 884 850 814 77.3 731 687 64.3 59.9 556 51.6 47.8 444 413 385 36.1 339 320
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93.7 91.2 88.1 84.6 808 76.6 722 67.6 63.0 584 54.0 499 46.0 425 39.4 36.6 34.3 32.3 30.5
93.7 91.1 879 843 80.3 76.0 71.4 66.7 61.9 57.2 52.7 485 44.6 40.9 37.6 349 32.6 30.7 29.0
93.7 91.0 87.7 84.0 79.9 754 70.7 658 60.9 56.2 51.7 47.5 434 39.7 36.3 333 31.1 29.2 277
93.7 90.9 87.5 837 79.6 75.0 70.1 65.1 60.1 55.4 50.9 46.7 42.6 38.8 35.3 323 29.8 28.0 26.6

= 93.7 90.8 87.4 836 79.3 74.6 69.7 64.6 59.6 54.9 50.4 46.1 42.0 38.2 34.6 315 28.9 27.0 25.8
Il 93.7 90.8 87.4 834 791 74.4 69.4 642 59.3 546 50.0 457 41.6 37.8 34.3 31.1 28.4 265 252
Z|1q 93.7 90.8 87.3 83.4 79.1 743 69.3 64.1 59.1 544 49.9 456 41.5 37.7 342 31.0 28.3 26.3 25.1



Solar Radiation Diagrams

Location London, UK

|0 | 50 [ 10 [ 15° ] 20° [ 25° ] 30° | 35° [ 40° | 45° | 50° | 55°  60° | 65° | 70° | 75° | 80° | 85° | 90 |
[l 86.4 826 78.2 73.8 69.5 652 61.0 57.0 53.1 494 46.0 42.7 39.8 37.6 36.0 345 33.1 31.8 30.6
86.4 82.6 78.3 739 69.5 65.3 61.1 57.0 53.1 49.4 46.0 42.7 39.8 37.7 36.0 346 33.2 31.9 30.6
Ml 86.4 826 784 74.0 69.7 655 613 57.2 53.4 49.7 46.1 43.0 40.1 382 36.5 35.0 33.7 322 31.0
82.6 786 742 70.0 658 61.6 57.7 53.8 50.1 46.6 434 40.8 389 37.3 357 343 329 315
827 78.7 746 70.3 66.3 62.2 58.2 54.4 50.8 47.3 44.3 419 39.9 38.3 36.7 3852 33.7 322
829 79.0 749 709 66.8 62.8 58.9 552 51.6 48.3 455 433 414 39.6 379 36.3 34.7 333
83.1 79.4 755 715 67.5 63.6 59.9 56.2 52.7 49.6 47.0 449 43.0 41.1 39.3 37.6 36.0 344
83.3 79.7 76.0 722 68.3 64.6 60.9 57.4 542 51.3 48.9 46.7 44.6 42.7 409 39.1 374 35.6
83.4 80.2 76.6 73.0 69.3 65.7 622 58.9 559 532 50.8 485 465 446 426 40.7 389 37.1
836 80.6 77.2 739 704 67.0 63.7 60.6 57.8 55.2 52.8 50.6 48.4 46.4 445 424 40.5 38.6
839 81.0 779 748 716 684 654 624 59.8 57.3 54.9 52.7 50.6 48.4 46.3 443 422 40.2
84.1 81.6 78.7 758 729 70.0 67.1 645 61.9 59.5 57.2 550 52.8 50.6 48.4 46.2 44.1 41.9
844 821 795 769 742 71.6 69.0 66.4 64.0 61.7 59.4 57.3 55.0 52.8 50.6 48.4 46.1 43.8
847 82.6 80.4 78.0 756 73.3 70.9 686 66.3 64.0 61.8 59.6 57.4 55.1 52.9 50.5 48.1 45.7
849 83.3 81.3 79.3 77.1 74.9 728 70.6 68.5 66.3 64.2 620 59.8 57.5 55.2 52.7 50.2 47.7
85.3 83.9 822 80.4 786 76.6 74.7 727 70.7 68.6 66.6 64.4 622 59.8 57.4 549 523 49.7
856 84.5 83.2 81.7 80.1 784 76.6 748 73.0 70.9 68.9 66.8 645 622 59.6 57.1 54.5 51.6
859 85.1 84.1 829 816 80.1 786 769 752 733 712 69.1 66.8 64.5 61.9 59.3 56.6 53.8
86.3 85.7 85.0 84.1 83.0 81.8 80.4 789 77.3 755 735 71.4 69.1 66.7 64.1 61.3 58.6 55.7
86.5 86.4 859 853 845 834 823 81.0 79.5 77.7 757 73.7 713 68.9 66.3 63.5 60.5 57.6
86.9 87.0 86.9 86.4 859 85.1 84.1 829 815 79.8 779 758 735 70.9 68.4 655 624 59.3
87.2 87.6 87.8 87.6 87.3 86.7 859 84.8 834 81.9 80.0 779 756 73.1 70.2 67.4 643 61.0
87.5 88.2 88.7 88.8 88.7 88.2 87.6 86.6 854 83.9 820 799 77.7 751 722 69.2 66.1 62.6
87.8 88.8 89.5 89.8 89.9 89.7 89.2 884 87.2 85.7 84.0 818 79.5 77.0 741 709 67.6 64.2
88.0 89.3 90.3 90.9 91.1 91.1 90.7 90.0 889 87.5 85.8 838 81.3 78.7 758 725 69.1 65.5
88.3 89.8 91.0 91.9 923 925 921 91.6 906 89.2 87.5 856 83.1 80.2 77.3 74.1 70.5 66.8
88.6 90.3 91.7 927 934 93.6 93.5 93.0 921 90.8 89.0 87.1 84.7 81.9 78.7 755 71.8 68.0
88.8 90.8 92.4 935 943 948 948 943 935 923 90.5 884 86.1 83.3 80.2 76.7 73.0 69.1
89.0 91.1 929 943 953 95.8 95.9 955 948 93.6 91.9 89.8 87.2 845 81.4 77.8 740 70.0
89.2 915 934 950 96.1 96.7 96.9 96.6 958 94.7 93.1 91.1 885 85.6 824 787 748 70.7
89.4 91.9 94.0 956 968 97.5 97.8 976 96.8 95.6 94.0 92.0 89.5 86.5 83.2 79.5 756 71.3
89.5 921 94.3 96.1 974 98.1 98,5 983 97.7 96.5 949 927 90.3 87.3 84.0 80.2 76.1 71.7
89.5 924 947 96.5 979 98.8 99.1 98.9 983 97.3 956 934 909 87.9 845 80.7 76.4 72.0
89.6 92.6 949 96.8 982 99.2 99.6 994 988 97.7 96.1 94.0 913 88.2 84.8 81.0 76.8 72.3
89.7 92.6 95.0 97.0 985 99.5 99.9 99.7 99.1 98.0 96.3 942 91.7 88.6 85.0 81.1 77.0 724
89.7 92.7 952 97.2 98.6 99.6 999 99.3 98.1 96.5 943 91.8 887 852 81.2 76.9 723
89.8 92.7 952 97.2 98.7 99.6 994 982 96.5 944 91.7 88.6 850 81.1 76.9 723
89.7 92.7 952 97.2 98.6 99.6 999 99.3 98.1 96.5 943 91.8 88.7 852 81.2 76.9 723
89.7 92.6 95.0 97.0 98.5 99.5 99.9 99.7 99.1 98.0 96.3 94.2 91.7 88.6 85.0 81.1 77.0 724
89.6 92.6 949 96.8 982 99.2 99.6 994 988 97.7 96.1 94.0 91.3 88.2 84.8 81.0 768 72.3
89.5 924 94.7 96.5 979 98.8 99.1 989 983 97.3 95.6 934 90.9 87.9 84.5 80.7 764 72.0
89.5 921 94.3 96.1 974 98.1 98,5 983 97.7 96.5 949 92.7 90.3 87.3 84.0 80.2 76.1 71.7
89.4 919 940 956 96.8 97.5 97.8 97.6 96.8 95.6 940 92.0 89.5 86.5 832 79.5 756 71.3
89.2 915 93.4 950 96.1 96.7 96.9 96.6 958 94.7 93.1 91.1 885 85.6 824 787 748 70.7
89.0 91.1 929 943 953 95.8 95.9 955 948 93.6 91.9 89.8 87.2 845 81.4 778 74.0 70.0
88.8 90.8 92.4 935 943 948 948 943 935 923 90.5 884 86.1 83.3 80.2 76.7 73.0 69.1
88.6 90.3 91.7 927 934 93.6 93.5 93.0 921 90.8 89.0 87.1 84.7 81.9 78.7 755 71.8 68.0
88.3 89.8 91.0 919 923 925 921 916 90.6 89.2 875 856 83.1 80.2 773 74.1 70.5 66.8
88.0 89.3 90.3 90.9 91.1 91.1 90.7 90.0 88.9 87.5 85.8 83.8 81.3 78.7 75.8 725 69.1 655
87.8 88.8 89.5 89.8 89.9 89.7 89.2 884 87.2 85.7 84.0 818 79.5 77.0 741 709 67.6 64.2
87.5 88.2 88.7 88.8 88.7 882 87.6 86.6 854 83.9 820 799 77.7 751 722 69.2 66.1 62.6
87.2 87.6 87.8 87.6 87.3 86.7 859 84.8 834 81.9 80.0 779 756 73.1 70.2 67.4 643 61.0
86.9 87.0 86.9 86.4 859 85.1 84.1 829 815 79.8 779 758 735 70.9 68.4 655 624 59.3
86.5 86.4 859 853 845 834 823 81.0 795 77.7 757 737 713 68.9 66.3 63.5 60.5 57.6
86.3 85.7 85.0 84.1 83.0 81.8 80.4 789 77.3 755 735 71.4 69.1 66.7 64.1 61.3 58.6 55.7
859 85.1 84.1 829 816 80.1 786 769 752 733 71.2 69.1 66.8 64.5 61.9 59.3 56.6 53.8
856 84.5 83.2 81.7 80.1 784 76.6 748 73.0 70.9 68.9 66.8 64.5 622 59.6 57.1 54.5 51.6
85.3 83.9 822 80.4 786 76.6 74.7 727 70.7 68.6 66.6 64.4 622 59.8 57.4 549 523 49.7
849 83.3 81.3 793 77.1 749 728 706 685 66.3 642 62.0 59.8 57.5 55.2 52.7 50.2 47.7
84.7 82.6 80.4 78.0 756 73.3 70.9 68.6 66.3 64.0 61.8 59.6 57.4 55.1 52.9 50.5 48.1 45.7
844 821 795 769 742 71.6 69.0 66.4 640 61.7 59.4 57.3 55.0 52.8 50.6 48.4 46.1 43.8
84.1 81.6 78.7 758 729 70.0 67.1 645 61.9 59.5 57.2 550 52.8 50.6 48.4 46.2 44.1 41.9
839 81.0 779 748 716 684 654 624 59.8 57.3 54.9 52.7 50.6 48.4 46.3 44.3 422 40.2
83.6 80.6 77.2 739 704 67.0 63.7 60.6 57.8 55.2 52.8 50.6 48.4 46.4 445 424 405 38.6
834 80.2 76.6 73.0 69.3 65.7 62.2 589 559 53.2 50.8 48.5 46.5 44.6 42.6 40.7 38.9 37.1
83.3 79.7 76.0 722 68.3 64.6 60.9 57.4 542 51.3 48.9 46.7 44.6 427 40.9 39.1 374 35.6
83.1 79.4 755 715 67.5 63.6 59.9 56.2 52.7 49.6 47.0 449 430 41.1 39.3 376 36.0 344
829 79.0 749 709 66.8 62.8 58.9 552 51.6 48.3 455 433 414 39.6 379 36.3 34.7 33.3
827 78.7 746 70.3 66.3 622 58.2 54.4 50.8 47.3 443 419 399 38.3 36.7 352 33.7 322
82.6 786 742 70.0 658 61.6 57.7 53.8 50.1 46.6 434 40.8 389 373 357 343 329 315
826 784 74.0 69.7 655 61.3 57.2 53.4 49.7 46.1 43.0 40.1 38.2 36.5 35.0 33.7 322 31.0
826 78.3 739 69.5 653 61.1 57.0 53.1 494 46.0 42.7 39.8 37.7 36.0 34.6 332 319 30.6
82.6 782 73.8 69.5 652 61.0 57.0 53.1 49.4 46.0 42.7 39.8 37.6 36.0 345 33.1 31.8 30.6
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Location Marseille, France

Azimuth a

South east
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73.7
722
70.8
69.3
68.1
66.9
65.8
64.8
64.0
63.2
62.7
62.3
62.1
62.1

57.3
57.5
57.9
58.5
69:2
60.2
61.4
62.7
64.1
65.7
67.3
69.1
70.9
72.7
74.6
76.4
78.2
80.0
81.8
83.6
85.3
87.0
88.5
90.1
91.5
92.8
94.0
95.2
96.1
97.1
97:9)
98.5
99.0
99.4
99.6
99.7
99.6
99.4
99.0
98.5
979
97.1
96.1
95.2
94.0
92.8
9IS
90.1
88.5
87.0
85.3
83.6
81.8
80.0
78.2
76.4
74.6
72.7
70.9
69.1
67.3
65.7
64.1
62.7
61.4
60.2
59.2
58.5
57.9
57.5
57.3
57.2

52.6
52.9
53.3
54.0
54.8
55.8
57.1
58.6
60.3
62.1
64.0
66.0
68.0
70.1
722
742
76.3
78.3
80.3
82.3
84.1
86.0
87.7
89.3
90.9
92.4
93.8
95.1
96.1
97.1
97:9
98.7
99.2
9917
3915

99.9
99.7
99.2
98.7
97:9
97.1
96.1
95.1
93.8
92.4
90.9
89.3
87.7
86.0
84.1
82.3
80.3
78.3
76.3
74.2
722
70.1
68.0
66.0
64.0
62.1
60.3
58.6
57.1
55.8
54.8
54.0
53.3
52.9
52.6
52.6

Angle of slope f

48.2
48.4
48.9
49.6
50.5
51.6
53.0
54.8
56.7
58.7
60.9
63.0
65.3
67.6
69.8
721
74.3
76.6
78.7
80.8
82.8
84.8
86.6
88.4
90.0
91.6
93.0
94.5
95.7
96.7
97.5
98.2
98.9
99.3
99.6
99.7
99.6
99.3
98.9
98.2
97.5
96.7
95.7
94.5
93.0
91.6
90.0
88.4
86.6
84.8
82.8
80.8
78.7
76.6
74.3
721
69.8
67.6
65.3
63.0
60.9
58.7
56.7
54.8
53.0
51.6
50.5
49.6
48.9
48.4
48.2
48.1

43.9
441
44.6
45.4
46.4
47.7
49.2
51.1
53.3
55.5
57.8
60.2
62.6
65.1
67.4
69.8
722
74.6
76.8
79.0
81.1
83.2
85.2
87.1
88.8
90.4
91.8
93.3
94.6
95.7
96.6
97.3
97.9
98.4
98.8
98.8
98.8
98.4
O7EC)
97.3
96.6
95.7
94.6
93.3
91.8
90.4
88.8
87.1
85.2
83.2
81.1
79.0
76.8
74.6
722
69.8
67.4
65.1
62.6
60.2
57.8
55.5
53.3
51.1
49.2
47.7
46.4
45.4
44.6
441
43.9
43.8

39.8
40.1
40.7
415
42.6
44.0
45.8
47.9
50.1
62.5
55.0
57.5
60.1
62.6
65.1
67.6
701
725
74.9
771
79.3
81.4
83.4
85.3
87.2
88.9
90.4
91.7
92.9
94.2
95.2
95.9
96.4
97.0
97.3
97.3
97.3
97.0
96.4
95.9
952
94.2
92.9
91.7
90.4
88.9
87.2
85.3
83.4
81.4
79.3
771
74.9
72.5
70.1
67.6
65.1
62.6
60.1
57.5
55.0
52.5
50.1
47.9
45.8
44.0
42.6
41.5
40.7
40.1
39.8
39.7

36.0
36.3
37.0
37.9
39.1
40.8
42.8
44.9
47.3
49.7
52.3
54.9
575}
60.1
62.7
65.3
67.8
70.3
727
75.0
77.2
79.3
81.4
83.2
85.0
86.8
88.4
89.8
91.0
92.1
93.2
93.9
94.5
94.9
95.2
95.3
95.2
94.9
94.5
93.9
93.2
92.1
91.0
89.8
88.4
86.8
85.0
83.2
81.4
79.3
77.2
75.0
727
70.3
67.8
65.3
62.7
60.1
57.5
54.9
52.3
49.7
47.3
44.9
42.8
40.8
39.1
37.9
37.0
36.3
36.0
36.0

32.6
32.9
33.6
34.7
36.1
38.0
40.1
42.3
44.7
47.2
49.8
52.4
53 1]
57.7
60.3
62.9
65.5
67.9
70.3
72.6
74.8
77.0
7951
81.0
82.7
84.3
85.9
87.4
88.6
89.7
90.6
91.4
92.0
92.3
92.6
92.8
92.6
92.3
92.0
91.4
90.6
89.7
88.6
87.4
85.9
84.3
82.7
81.0
7L
77.0
74.8
72.6
70.3
67.9
65.5
62.9
60.3
57.7
55.1
52.4
49.8
47.2
447
42.3
40.1
38.0
36.1
34.7
33.6
32.9
32.6
32.6

29.6
30.0
30.8
32.1
33.8
35.7
37.8
40.0
42.3
44.8
47.3
49.9
52.6
55.3
57.9
60.4
63.0
65.5
67.9
70.2
72.3
74.3
76.4
78.4
80.1
81.7
83.1
84.5
85.8
86.8
87.6
88.3
89.0
89.3
89.5
89.7
89.5
89.3
89.0
88.3
87.6
86.8
85.8
84.5
83.1
81.7
80.1
78.4
76.4
74.3
72.3
70.2
67.9
65.5
63.0
60.4
57.9
55.3
52.6
49.9
47.3
44.8
42.3
40.0
37.8
35.7
33.8
32.1
30.8
30.0
29.6
29.5

272 25.8
27.8 26.4
28.8 27.3
30.2 28.6
31.8 30.2
33.7 32.0
35.7 33.9
37.9 36.0
40.2 38.2
426 405
45.1 429
47.7 453
50.2 47.9
52.8 50.4
55.4 52.9
57.9 55.4
60.4 57.8
62.8 60.2
65.2 62.4
67.5 64.5
69.7 66.7
71.7 68.7
735 70.5
75.3 72.2
771 737
78.6 75.2
80.1 76.6
813 77.8
824 78.8
83.5 79.7
84.2 80.4
84.9 81.0
85.4 81.5
85.8 81.7
86.0 82.0
86.0 82.0
86.0 82.0
85.8 81.7
85.4 81.5
84.9 81.0
84.2 80.4
83.5 79.7
824 78.8
81.3 77.8
80.1 76.6
78.6 75.2
771 737
753 72.2
735 70.5
71.7 68.7
69.7 66.7
67.5 64.5
65.2 62.4
62.8 60.2
60.4 57.8
57.9 55.4
55.4 52.9
52.8 50.4
50.2 47.9
47.7 453
45.1 429
426 40.5
40.2 382
37.9 36.0
35.7 33.9
33.7 32.0
31.8 30.2
30.2 28.6
28.8 27.3
27.8 26.4
272 25.8
271 25.6

24.7
25.3
26.1
27.4
28.9
30.5
32.3
34.2
36.3
38.5
40.8
431
455
47.9
50.3
52.7
55.1
57.4
59.6
61.6
63.5
65.4
67.2
68.8
70.3
716
72.8
73.9
74.9
75.7
76.3
76.7
771
77.3
775
775
77.5
773
774
76.7
76.3
75.7
74.9
73.9
72.8
71.6
70.3
68.8
67.2
65.4
63.5
61.6
59.6
57.4
G54
52.7
50.3
47.9
45.5
431
40.8
38.5
36.3
34.2
32.3
30.5
28.9
27.4
26.1
25.3
247
24.6

23.9
24.3
25.2
26.3
27.6
29.1
30.8
32.6
34.5
36.5
38.7
40.9
43.3
45.5
47.8
50.1
52.2
54.4
56.6
58.6
60.4
62.1
63.6
65.1
66.5
67.7
68.8
69.8
70.6
71.3
71.8
721
72.4
72.6
72.6
72.7
72.6
72.6
72.4
721
71.8
71.3
70.6
69.8
68.8
67.7
66.5
65.1
63.6
62.1
60.4
58.6
56.6
54.4
52.2
50.1
47.8
45.5
43.3
40.9
38.7
36.5
34.5
32.6
30.8
29.1
27.6
26.3
25.2
24.3
23.9
238.7

- Angeofspes |
0 | 5 [10° [ 15°] 20° [ 25° [ 30° | 35° | a0° | 45° | 50° | 55° ] 60° | 65° | 70° | 75° | s0° | 85° | 90 |
86.1 82.0 774 724 67.2 621 572 526 48.1 43.8 39.7 36.0 326 29.5 27.1 256 24.6 23.7 23.0

23.1
23.5
24.3
25.3
26.5
27.9
29.3
31.0
32.8
34.7
36.7
38.8
40.9
43.1
45.3
47.4
49.6
5i1.5
53.3
55.3
57.0
58.6
60.1
61.4
62.6
63.6
64.6
65.4
66.1
66.6
67.0
67.3
67.4
67.4
67.5
67.5
67.5
67.4
67.4
67.3
67.0
66.6
66.1
65.4
64.6
63.6
62.6
61.4
60.1
58.6
57.0
55.3
53.3
51.5
49.6
47.4
45.3
43.1
40.9
38.8
36.7
34.7
32.8
31.0
29.3
27.9
26.5
25.3
24.3
235
23.1
23.0



Solar Radiation Diagrams
Location Munich, Germany

|0 | 50 [10°[15° ] 20° [ 25° | 30° | 35° [ 4o° | 45° | 50° [ 55° | 60° | 65° [ 70° | 75° | 8o° | 85° | 90 |
(@l 86.5 82.7 78.4 73.8 69.2 64.8 60.5 56.3 52.1 48.1 44.4 41.0 379 35,5 833.7 323 31.0 29.8 28.7
827 784 739 69.3 649 60.6 56.4 522 48.3 445 411 38.1 356 33.9 324 312 299 28.8
827 785 74.0 69.4 65.0 60.8 56.6 525 48.6 44.9 415 385 36.1 344 330 31.6 304 29.3
828 78.7 743 69.7 654 61.2 57.0 53.0 49.1 455 421 389.3 37.0 35.3 33.9 324 312 29.9
83.0 78.9 746 70.1 659 61.7 57.6 53.6 49.9 46.3 43.1 404 38.3 36.5 35.0 335 32.1 30.8
83.0 79.2 75.0 70.7 66.4 624 58.4 545 50.8 474 444 419 39.9 38.0 36.4 34.8 333 31.9
833 79.5 755 71.4 67.3 63.3 59.3 556 52.1 48.8 46.1 436 416 39.6 379 36.3 34.7 33.1
834 79.9 76.1 721 68.1 64.2 60.5 569 53.6 50.6 47.9 456 434 415 39.6 379 36.1 345
83.6 80.3 76.7 73.0 69.2 65.5 61.9 585 553 525 49.9 476 454 434 415 39.6 37.8 36.0
839 80.7 774 739 704 66.9 63.5 60.3 57.3 54.6 52.1 49.8 47.6 455 43.4 414 395 37.6
841 812 781 749 716 684 653 622 595 56.8 544 52.0 49.8 47.6 455 435 414 39.4
844 818 79.0 76.0 73.0 70.0 67.0 64.3 61.6 59.1 56.7 54.4 52.1 49.9 47.7 455 433 41.3
846 823 79.8 771 744 716 69.0 66.4 639 615 59.1 56.8 545 522 50.0 47.7 455 43.1
849 829 80.7 783 759 733 71.0 685 66.2 63.9 61.6 59.3 57.0 54.6 52.3 49.9 47.6 452
852 835 81.6 795 77.3 75.1 729 70.7 68.5 66.3 64.0 61.8 59.5 57.0 54.7 52.1 49.7 47.3
855 84.1 824 80.7 788 76.9 749 728 70.8 68.7 66.5 642 61.9 59.5 57.0 54.5 51.9 49.3
859 84.7 83.4 819 803 78.6 76.8 750 73.0 71.0 68.9 66.7 644 61.9 59.3 56.8 54.1 51.3
86.1 85.3 84.4 83.1 819 804 788 771 753 733 713 69.0 66.7 64.3 61.6 59.0 56.2 53.3
86.4 86.0 85.3 84.4 833 821 80.7 792 77.5 75.6 73.6 71.4 69.0 66.6 63.9 61.2 584 553
86.7 86.6 86.2 85.6 84.7 83.8 82.6 812 79.6 77.9 759 737 713 68.8 66.1 63.2 60.3 57.3
87.1 87.3 87.1 86.7 86.2 854 84.4 831 81.7 79.9 781 759 735 71.0 682 65.3 62.1 59.0
87.4 87.9 88.0 879 87.6 87.0 86.1 850 837 82.0 80.1 78.0 756 729 70.2 67.3 63.9 60.6
87.7 884 88.9 89.0 889 884 879 86.8 856 84.0 821 80.0 77.6 749 72.0 69.0 65.7 62.1
88.0 89.0 89.7 90.1 90.2 89.9 89.4 885 87.3 85.9 84.0 819 79.6 76.8 73.7 70.6 67.3 63.6
88.3 89.6 90.5 91.1 914 913 91.0 90.1 89.0 87.6 859 83.6 812 785 755 72.1 68.7 65.0
88.5 90.1 91.3 921 926 92.7 924 91.7 90.7 89.3 87.6 853 827 80.1 77.0 73.6 69.9 66.2
88.7 90.5 92.0 93.0 936 93.9 93.7 932 921 90.7 89.0 87.0 844 814 784 749 712 67.3
89.0 91.0 92.6 93.8 946 95.0 949 944 936 921 90.4 883 858 828 79.6 76.1 722 68.1
892 914 932 945 955 96.0 96.0 956 94.7 93,5 91.6 89.4 87.0 84.0 80.7 77.0 73.1 69.0
89.4 918 937 953 96.2 96.9 97.0 96.6 958 94.6 92.8 90.6 87.9 85.0 81.6 77.9 739 69.6
89.6 921 941 958 97.0 97.6 979 975 96.7 95.5 93.8 91.6 88.9 85.8 824 786 744 70.1
89.7 924 946 963 976 98.3 98.6 983 975 96.1 944 923 89.6 86.5 83.0 79.1 749 70.4
89.8 926 949 96.7 98.0 98.8 99.1 98.9 98.1 96.9 950 92.8 90.1 87.0 835 79.5 752 70.6
89.9 92.7 95.1 97.0 984 99.2 99.5 993 98.7 974 95.6 933 90.5 87.3 83.7 79.7 753 70.7
89.9 928 953 97.2 986 99.5 99.8 99.6 989 97.6 959 93.6 90.8 87.6 839 79.9 755 70.7
90.0 92.9 95.3 97.3 98.7 99.6 . 99.8 99.0 97.7 96.0 93.7 91.0 87.7 84.0 79.9 755 70.7
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90.0 929 953 97.3 98.7 99.6 99.8 99.0 97.8 96.0 93.7 90.9 87.6 83.9 79.9 753 70.6
90.0 92.9 95.3 97.3 98.7 99.6 99.8 99.0 97.7 96.0 93.7 91.0 87.7 84.0 79.9 755 70.7
89.9 928 95.3 972 986 99.5 99.8 996 989 97.6 959 936 90.8 87.6 83.9 799 755 70.7
89.9 927 951 97.0 984 99.2 995 99.3 98.7 974 956 93.3 90.5 87.3 837 79.7 753 70.7
89.8 92.6 94.9 96.7 98.0 98.8 99.1 989 98.1 96.9 95.0 92.8 90.1 87.0 83.5 79.5 752 70.6
89.7 924 946 963 97.6 98.3 98.6 983 975 96.1 944 923 89.6 86.5 83.0 79.1 749 70.4
89.6 92.1 941 958 97.0 97.6 979 975 96.7 955 93.8 91.6 889 858 824 78.6 744 70.1
894 91.8 93.7 953 96.2 96.9 97.0 96.6 958 94.6 92.8 90.6 87.9 85.0 81.6 779 73.9 69.6
89.2 914 932 945 955 96.0 96.0 956 94.7 93,5 91.6 89.4 87.0 84.0 80.7 77.0 73.1 69.0
89.0 91.0 92.6 93.8 946 95.0 949 944 936 921 90.4 883 858 828 79.6 76.1 722 68.1
88.7 90.5 92.0 93.0 936 93.9 93.7 932 921 90.7 89.0 87.0 844 814 784 749 712 67.3
88.5 90.1 91.3 921 926 92.7 924 91.7 90.7 89.3 87.6 853 827 80.1 77.0 73.6 69.9 66.2
88.3 89.6 90.5 91.1 914 913 91.0 90.1 89.0 87.6 859 83.6 812 785 755 72.1 68.7 65.0
88.0 89.0 89.7 90.1 90.2 89.9 89.4 885 87.3 85.9 84.0 819 79.6 76.8 73.7 70.6 67.3 63.6
87.7 884 889 89.0 889 884 879 86.8 856 84.0 821 80.0 77.6 749 72.0 69.0 65.7 62.1
87.4 87.9 88.0 879 87.6 87.0 86.1 850 83.7 82.0 80.1 78.0 756 72.9 70.2 67.3 63.9 60.6
87.1 87.3 87.1 86.7 86.2 854 84.4 831 81.7 79.9 781 759 735 71.0 682 653 62.1 59.0
86.7 86.6 86.2 85.6 84.7 83.8 82.6 812 79.6 77.9 759 737 713 68.8 66.1 63.2 60.3 57.3
86.4 86.0 85.3 84.4 83.3 821 80.7 792 77.5 75.6 73.6 71.4 69.0 66.6 63.9 61.2 584 553
86.1 85.3 84.4 83.1 819 804 788 77.1 753 733 71.3 69.0 66.7 64.3 61.6 59.0 56.2 53.3
859 84.7 83.4 819 803 78.6 76.8 750 73.0 71.0 68.9 66.7 644 61.9 59.3 56.8 54.1 51.3
85.5 84.1 824 80.7 788 76.9 749 728 70.8 68.7 66.5 642 619 59.5 57.0 54.5 51.9 49.3
852 835 81.6 79.5 77.3 751 729 707 68.5 66.3 64.0 61.8 59.5 57.0 54.7 52.1 49.7 47.3
849 829 80.7 783 759 733 71.0 685 66.2 63.9 61.6 59.3 57.0 54.6 52.3 49.9 47.6 452
846 823 79.8 771 744 716 69.0 66.4 639 61.5 59.1 56.8 545 522 50.0 47.7 455 43.1
844 818 79.0 76.0 73.0 70.0 67.0 64.3 61.6 59.1 56.7 54.4 52.1 49.9 47.7 455 433 41.3
84.1 81.2 781 749 716 684 653 622 59.5 56.8 54.4 52.0 49.8 47.6 455 435 414 394
839 80.7 774 739 704 66.9 63.5 60.3 57.3 54.6 52.1 49.8 47.6 455 434 414 395 37.6
836 80.3 76.7 73.0 69.2 65.5 61.9 585 553 525 49.9 476 454 434 415 39.6 37.8 36.0
834 79.9 761 721 68.1 64.2 60.5 569 53.6 50.6 47.9 456 434 415 39.6 379 36.1 345
83.3 79.5 755 714 67.3 633 59.3 55.6 52.1 48.8 46.1 43.6 41.6 39.6 379 36.3 347 33.1
83.0 79.2 75.0 70.7 66.4 624 58.4 545 50.8 474 444 419 399 38.0 36.4 34.8 333 31.9
83.0 78.9 746 70.1 659 61.7 57.6 53.6 49.9 46.3 43.1 404 383 36.5 35.0 335 32.1 30.8
82.8 78.7 743 69.7 654 612 57.0 53.0 49.1 455 421 39.3 37.0 353 339 324 312 29.9
827 78,5 74.0 69.4 65.0 60.8 56.6 52.5 48.6 44.9 415 385 36.1 344 33.0 31.6 304 29.3
827 78.4 739 69.3 649 60.6 56.4 522 48.3 445 411 38.1 356 33.9 324 312 299 28.8
827 784 73.8 69.2 648 60.5 56.3 52.1 48.1 44.4 41.0 379 3855 33.7 32.3 31.0 29.8 28.7
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Location San Francisco, USA

Azimuth a

South east

South west
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81.4
81.8
82.1
82.4
82.8
83.3
83.7
84.2
84.8
85.4
86.0
86.5
87.1
87.8
88.4
89.0
89.6
90.2
90.8
91.3
91.9
92.3
92.8
93.2
93.6
94.0
94.2
94.5
94.7
94.9
95.0
95.0
95.0
94.9
95.0
95.0
95.0
94.9
94.7
94.5
94.2
94.0
93.6
93.2
92.8
92.3
91.9
91.3
90.8
90.2
89.6
89.0
88.4
87.8
87.1
86.5
86.0
85.4
84.8
84.2
83.7
83.3
82.8
82.4
82.1
81.8
81.4
81.2
81.1
81.0

76.4
76.7
77.0
77.4
77.9
78.5
79.1
79.8
80.5
81.3
82.1
82.9
83.8
84.7
85.6
86.5
87.5
88.3
89.2
90.1
90.9
91.8
92.5
93.3
93.9
94.6
95.1
95.6
96.1
96.5
96.7
97.0
97.1
97.2
97.1
97.0
97.1
97.2
97.1
97.0
96.7
96.5
96.1
95.6
95.1
94.6
93.9
93.3
92.5
91.8
90.9
90.1
89.2
88.3
87.5
86.5
85.6
84.7
83.8
82.9
82.1
81.3
80.5
79.8
79.1
78.5
77.9
77.4
77.0
76.7
76.4
76.3

71.4
1%
722
72.8
73.5
74.2
75.1
75.9
76.9
78.0
79.1
80.2
81.3
82.5
83.7
85.0
86.2
87.4
88.5
89.6
90.7
91.8
92.8
93.7
94.6
95.4
96.2
96.8
97.4
e

66.1
66.6
67.2
67.9
68.8
69.7
70.8
72.0
731
745
75.8
77.2
78.7
80.1
81.6
83.1
84.6
86.0
87.4
88.8
90.1
91.4
92.6
93.7
94.8
95.8
96.7
97.5
98.1
98.7
99.1
99.5
99.7
99.8
99.8
99.6
99.8
99.8
99.7
99.5
(efel]
98.7
98.1
97.5
96.7
95.8
94.8
93.7
92.6
91.4
90.1
88.8
87.4
86.0
84.6
83.1
81.6
80.1
78.7
77.2
75.8
745
731
72.0
70.8
69.7
68.8
67.9
67.2
66.6
66.1
65.8

60.9 55.9
61.3 56.5
62.1 57.2
62.9 58.1
64.0 59.2
65.1 60.5
66.4 62.0
67.8 63.6
69.3 65.3
70.8 67.1
724 68.9
741 70.9
75.8 72.8
775 74.8
79.3 76.7
81.0 78.7
82.7 80.6
84.3 825
86.0 84.3
87.6 86.1
89.2 87.8
90.6 89.5
92.0 91.0
933 924
94.5 93.8
95.6 95.0
96.6 96.1
97.6 97.0
98.3 98.0
99.0 98.7
99.5 99.3
CEE CEL7
100.1 99.9
100.1
100.0
100.0 99.8
100.0
100.1
100.1 99.9
99.9 99.7
99.5 99.3
99.0 98.7
98.3 98.0
97.6 97.0
96.6 96.1
95.6 95.0
945 93.8
93.3 92.4
92.0 91.0
90.6 89.5
89.2 87.8
87.6 86.1
86.0 84.3
84.3 82.5
82.7 80.6
81.0 78.7
79.3 76.7
775 748
75.8 72.8
741 70.9
724 68.9
70.8 67.1
69.3 65.3
67.8 63.6
66.4 62.0
65.1 60.5
64.0 59.2
62.9 58.1
62.1 57.2
61.3 56.5
60.9 55.9
60.5 55.6

Angle of slope

51.2
51.7
52.5
53.4
54.6
56.0
57.6
59.4
61.3
63.3
65.4
67.5
69.7
71.9
741
76.2
78.3
80.4
82.4
84.3
86.1
87.9
89.5
91.1
92.6
93.9
95.1
96.2
97.0
97.8
98.5
99.0
99.2
99.3
99.2
99.0
99.2
99.3
99.2
99.0
98.5
97.8
97.0
96.2
95.1
93.9
92.6
91.1
89.5
87.9
86.1
84.3
82.4
80.4
78.3
76.2
741
71.9
69.7
67.5
65.4
63.3
61.3
59.4
57.6
56.0
54.6
53.4
52.5
51.7
5]1.2
50.9

46.6
47.2
48.0
49.0
50.2
51.7
53.4
55.4
57.5
59.7
62.0
64.3
66.7
69.0
713
73.6
75.9
78.1
80.2
82.3
84.2
86.1
87.8
89.4
90.9
92.3
93.6
94.8
95.7
96.5

42.3
42.9
43.7
44.8
46.1
47.6
49.5
51.6
53.8
56.2
58.6
61.1
63.6
66.0
68.5
70.9
73.3
75.5
77.8
79.9
81.9
83.9
85.7
87.4
88.9
90.3
91.6
92.8
93.8
94.6
95.2
95.6
96.0
96.1
96.0
95.6
96.0
96.1
96.0
95.6
95.2
94.6
93.8
92.8
91.6
90.3
88.9
87.4
85.7
83.9
81.9
79:9)
77.8
75.5
73.3
70.9
68.5
66.0
63.6
61.1
58.6
56.2
53.8
51.6
49.5
47.6
46.1
44.8
43.7
42.9
423
41.9

38.2
38.8
39.7
40.8
422
43.9
45.8
48.1
50.4
52.9
55.4
58.0
60.5
63.1
65.6
68.1
70.6
729
75.2
77.3
79.4
81.3
83.2
85.0
86.6
88.0
89.2
90.3
91.3
92.2
92.8
93.3
93.5
93.6
93.5
93.2
93.5
93.6
93.5
93.3
92.8
92.2
91.3
90.3
89.2
88.0
86.6
85.0
83.2
81.3
79.4
773
75.2
72.9
70.6
68.1
65.6
63.1
60.5
58.0
55.4
52.9
50.4
48.1
45.8
43.9
42.2
40.8
39.7
38.8
38.2
37.8

34.5
35.1
36.0
37.2
38.6
40.4
425
44.8
47.2
49.7
52.3
55.0
57.5
60.2
62.7
65.2
67.7
701
72.4
74.6
76.7
78.6
80.4
82.1
83.7
85.2
86.4
87.6
88.5
89.3
89.9
90.3
90.5
90.6
90.5
90.1
90.5
90.6
90.5
90.3
89.9
89.3
88.5
87.6
86.4
85.2
83.7
821
80.4
78.6
76.7
74.6
72.4
70.1
67.7
65.2
62.7
60.2
57.5
55.0
52.3
49.7
47.2
44.8
425
40.4
38.6
37.2
36.0
35.1
345
34.1

31.1
31.7
32.7
33.9
35.5
37.5
39.6
41.8
44.3
46.8
49.4
52.0
54.6
57.2
59.8
62.3
64.7
67.1
69.3
71.5
737
75.6
77.4
79.1
80.5
81.9
83.2
84.3
85.2
86.0
86.5
86.9
87.0
87.1
86.9
86.6
86.9
87.1
87.0
86.9
86.5
86.0
85.2
84.3
83.2
81.9
80.5
79.1
77.4
75.6
73.7
71.5
69.3
67.1
64.7
62.3
59.8
57.2
54.6
52.0
49.4
46.8
443
41.8
39.6
37.5
35.5
33.9
32.7
31.7
31.1
30.7

28.1
28.8
29.8
31.2
33.0
34.9
37.0
39.2
41.6
441
46.6
491
5.7
54.3
56.9
59.4
61.8
64.1
66.4
68.4
70.3
72.3
741
737/
771
78.4
79.6
80.6
81.5
82.2
82.7
82.9
83.2
83.1
82.8
825
82.8
83.1
83.2
82.9
82.7
82.2
81.5
80.6
79.6
78.4
771
75.7
741
723
70.3
68.4
66.4
64.1
61.8
59.4
56.9
54.3
51.7
491
46.6
441
41.6
39.2
37.0
34.9
33.0
31.2
29.8
28.8
28.1
27/

25.7
26.5
27
29.1
30.8
32.7
34.7
36.9
39.1
415
44.0
46.4
48.9
51.4
53.9
56.3
58.6
60.9
63.1
65.2
67.1
68.8
70.5
72.0
73.4
747
75.7
76.7
77.4
78.0
78.5
78.7
78.7
78.7
78.4
78.1
78.4
78.7
78.7
78.7
78.5
78.0
77.4
76.7
75.7
74.7
73.4
72.0
70.5
68.8
67.1
65.2
63.1
60.9
58.6
56.3
53.9
51.4
48.9
46.4
44.0
415
39.1
36.9
34.7
32.7
30.8
29.1
2y
26.5
257
25.3

24.3
25.0
26.1
27.5
29.1
30.8
32.7
34.7
36.9
39.1
415
43.8
46.2
48.6
51.0
53.3
55.5
57.6
59.7
61.7
63.6
65.3
66.8
68.2
69.5
70.6
71.6
72.4
731
73.6
73.9
74.0
74.0
73.8
73.6
732
73.6
73.8
74.0
74.0
73.9
73.6
731
72.4
71.6
70.6
69.5
68.2
66.8
65.3
63.6
61.7
59.7
57.6
55.5
53.3
51.0
48.6
46.2
43.8
41.5
39.1
36.9
34.7
32.7
30.8
29.1
275
26.1
25.0
24.3
23.9

23.3
24.0
25.0
26.2
27.6
29.2
30.9
32.8
34.8
36.9
39.0
41.3
43.5
45.8
48.1
50.3
52.5
54.5
56.4
58.2
59:9
61.5
62.9
64.3
65.4
66.4
67.2
67.9
68.4
68.8
69.0
69.1
68.9
68.7
68.4
68.0
68.4
68.7
68.9
69.1
69.0
68.8
68.4
67.9
67.2
66.4
65.4
64.3
62.9
61.5
59.9
58.2
56.4
54.5
52.5
50.3
48.1
45.8
43.5
41.3
39.0
36.9
34.8
32.8
30.9
29.2
27.6
26.2
25.0
24.0
23.3
23.0

. Angeofsopes |
0 | 5° [10°[15°] 20° [ 25° [ 30° | 35° [ 40° ] 45° | 50° | 55° ] 60° [ 65° | 70° | 75° | s0° | 85° | 90" |
89.0 852 81.0 76.3 71.2 65.8 60.5 55.6 50.9 46.3 419 37.8 34.1 30.7 27.7 253 23.9 23.0 223

22.6
23.2
24.0
25.1
26.3
207
29.3
30.9
32.8
34.8
36.8
38.9
41.0
43.1
45.2
47.2
49.2
51.2
53.1
54.7
56.2
57.6
58.9
60.1
61.1
61.9
62.7
63.2
63.6
63.8
63.9
63.8
63.6
63.3
62.9
62.5
62.9
63.3
63.6
63.8
63.9
63.8
63.6
63.2
62.7
61.9
61.1
60.1
58.9
57.6
56.2
54.7
53.1
51.2
49.2
47.2
45.2
43.1
41.0
38.9
36.8
34.8
32.8
30.9
29.3
27.7
26.3
25.1
24.0
23.2
22.6
22.3
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Location Vienna, Austria

o | 5 [ 10°[15°] 20° [ 25° [ 30° | 35° | do° | 45 | 50° | 55° | 60° | 65° | 70° | 75° | 80° | 85° | 90 |
[l 93.7 90.8 87.3 83.4 79.1 743 69.3 64.1 59.1 544 49.9 456 415 37.7 342 31.0 283 26.3 25.1
[l 937 90.8 87.4 834 79.1 744 69.4 642 59.3 54.6 50.0 457 416 37.8 343 31.1 284 26,5 25.2

= 93.7 90.8 87.4 83.6 79.3 74.6 69.7 64.6 59.6 54.9 50.4 46.1 420 382 346 31.5 289 27.0 258
90.9 87.5 83.7 79.6 75.0 70.1 65.1 60.1 554 50.9 46.7 42.6 38.8 35.3 32.3 29.8 28.0 26.6
91.0 87.7 84.0 799 754 70.7 65.8 609 56.2 51.7 475 434 39.7 36.3 33.3 31.1 29.2 27.7
91.1 87.9 84.3 80.3 76.0 714 66.7 619 57.2 52.7 485 446 40.9 37.6 349 32.6 30.7 29.0
912 88.1 84.6 80.8 76.6 722 67.6 63.0 584 54.0 49.9 46.0 425 394 36.6 343 323 30.5
91.3 884 850 814 77.3 73.1 68.7 64.3 599 55.6 51.6 47.8 444 413 385 36.1 339 32.0
914 88.7 85.5 820 78.1 741 69.9 657 615 57.4 53.5 499 46.5 434 40.6 38.0 35.7 33.6
916 89.0 86.0 827 79.0 75.2 71.2 67.1 63.2 59.3 55.5 52.0 48.7 45.6 42.7 40.0 37.6 354
918 894 86.5 83.4 80.0 76.3 725 68.7 65.0 61.2 57.6 54.1 50.9 47.8 44.9 421 39.6 37.2
920 89.7 87.1 84.1 81.0 77.5 74.0 704 66.8 63.2 59.7 56.3 53.1 50.0 47.1 443 416 39.1
922 90.1 87.7 85.0 820 78.8 755 721 68.6 65.2 61.9 586 553 522 49.3 46.4 436 41.0
924 90.6 88.4 858 83.1 80.1 77.0 73.8 70.5 67.2 64.0 60.8 57.6 54.4 51.4 48.5 456 42.8
926 91.0 89.0 86.7 84.1 814 785 755 723 69.2 66.1 629 59.7 56.6 53.5 50.5 47.6 44.7
928 915 89.7 87.6 848 827 80.0 772 742 712 681 65.0 61.8 58.7 55.6 52.4 49.5 46.4
93.0 91.9 90.4 885 86.4 84.0 81.5 788 76.0 73.0 70.0 67.0 63.8 60.7 57.5 54.3 51.2 48.1
933 924 91.1 89.4 87.5 84.8 83.0 80.4 77.7 749 719 689 658 625 59.4 56.1 52.9 49.8
93.5 928 91.7 90.3 886 86.6 84.4 820 794 76.6 73.7 70.7 67.5 64.3 61.1 57.8 54.3 51.2
93.7 933 924 912 89.7 87.8 85.8 834 81.0 783 754 724 69.3 65.9 62.8 59.3 55.7 52.4
940 93.7 93.1 921 90.7 89.0 87.1 849 825 79.9 77.0 740 709 67.4 642 60.8 57.1 53.6
942 942 93.7 929 91.7 90.2 88.4 86.3 839 814 785 755 724 68.9 655 62.0 58.3 54.6
944 946 944 93.7 927 913 89.7 876 852 828 79.9 768 73.7 70.3 66.6 63.1 59.3 55.5
946 95.0 95.0 945 937 924 90.8 88.9 86.5 84.1 81.3 781 749 714 67.7 64.0 60.2 56.2
948 954 95.6 953 946 934 91.9 90.0 87.7 852 825 79.3 759 724 68.6 64.8 60.9 56.8
95.0 95.8 96.1 96.0 954 943 929 912 889 86.3 83.5 80.4 769 73.3 69.4 655 614 57.2
952 96.2 96.6 96.6 962 952 93.8 921 90.0 87.3 84.5 81.3 77.8 74.0 70.1 66.0 61.8 57.5
954 96.5 971 972 969 96.0 94.7 93.0 90.9 88.3 85.3 822 786 74.7 70.7 66.4 62.1 57.7
955 96.8 975 97.8 97.5 96.8 95.5 938 91.7 89.1 86.1 829 79.2 753 71.1 66.7 623 57.7
95.7 97.1 97.9 98.3 98.1 97.5 96.2 945 924 89.9 86.8 834 79.8 757 71.4 66.9 623 57.6
958 97.3 98.3 98.7 986 98.0 96.9 952 93.0 90.5 87.5 84.0 80.2 76.1 71.7 67.1 623 57.5
959 975 98.6 99.1 99.0 985 974 958 936 91.0 879 844 806 764 719 671 622 57.2
96.0 97.7 98.8 99.4 994 98.8 97.8 96.2 94.1 914 88.3 84.8 80.9 76.5 71.9 67.0 62.0 56.8
96.0 97.8 99.0 99.6 99.7 99.2 98.1 96.5 944 91.7 886 850 81.0 76.6 71.9 66.9 61.7 56.4
96.1 97.9 99.1 99.8 999 994 983 96.7 946 91.9 888 851 81.1 76.6 71.8 66.7 61.4 56.0
96.1 97.9 99.2 99.9 100.0 99.5 98.5 96.8 94.7 92.0 88.8 85.1 81.1 76.6 71.7 66.6 61.2 55.7
96.1 97.9 99.2 99.9 100.0 99.5 985 96.8 946 91.9 888 851 81.0 76,5 71.6 66.5 61.0 55.5
96.1 97.9 992 99.9 100.0 99.5 98.5 96.8 94.7 92.0 888 85.1 81.1 76.6 71.7 66.6 61.2 55.7
96.1 979 99.1 99.8 99.9 99.4 983 96.7 94.6 919 888 85.1 81.1 76.6 71.8 66.7 61.4 56.0
96.0 97.8 99.0 99.6 99.7 99.2 98.1 96.5 944 91.7 88.6 850 81.0 76.6 71.9 66.9 61.7 56.4
96.0 97.7 98.8 994 99.4 98.8 978 96.2 94.1 91.4 883 848 80.9 765 719 67.0 62.0 56.8
959 97.5 98.6 99.1 99.0 985 974 958 936 91.0 879 844 806 764 719 67.1 622 57.2
958 97.3 98.3 98.7 986 98.0 96.9 952 93.0 90.5 87.5 84.0 80.2 76.1 71.7 67.1 623 57.5
95.7 97.1 97.9 983 98.1 97.5 96.2 945 924 89.9 86.8 834 798 757 71.4 669 623 57.6
955 96.8 97.5 97.8 97.5 96.8 95.5 93.8 91.7 89.1 86.1 829 792 753 711 66.7 623 57.7
954 96.5 97.1 972 969 96.0 94.7 93.0 90.9 88.3 853 822 786 74.7 70.7 66.4 621 57.7
952 96.2 96.6 96.6 962 952 93.8 921 90.0 87.3 845 81.3 77.8 740 70.1 66.0 61.8 57.5
95.0 95.8 96.1 96.0 954 943 929 912 889 86.3 83.5 80.4 76.9 73.3 69.4 655 614 57.2
948 954 95.6 953 946 934 91.9 90.0 87.7 852 825 79.3 759 724 68.6 64.8 60.9 56.8
946 95.0 95.0 945 937 924 90.8 88.9 86.5 84.1 81.3 781 749 714 67.7 64.0 60.2 56.2
944 94.6 944 93.7 927 913 89.7 87.6 852 828 79.9 768 73.7 70.3 66.6 63.1 59.3 55.5
942 942 937 929 91.7 90.2 88.4 86.3 839 814 785 755 724 68.9 655 62.0 58.3 54.6
940 93.7 93.1 921 90.7 89.0 87.1 849 825 79.9 77.0 740 70.9 67.4 64.2 60.8 57.1 53.6
93.7 933 924 912 89.7 87.8 85.8 834 81.0 783 754 724 69.3 65.9 62.8 59.3 55.7 52.4
935 928 91.7 90.3 886 86.6 84.4 820 794 76.6 73.7 70.7 67.5 643 61.1 57.8 543 51.2
933 924 91.1 89.4 87.5 84.8 83.0 80.4 77.7 74.9 71.9 689 658 625 59.4 56.1 52.9 49.8
930 91.9 904 885 86.4 84.0 815 788 76.0 73.0 70.0 67.0 63.8 60.7 575 543 51.2 48.1
92.8 915 89.7 87.6 84.8 827 80.0 772 742 712 68.1 65.0 61.8 58.7 55.6 52.4 49.5 46.4
926 91.0 89.0 86.7 84.1 81.4 785 755 723 69.2 66.1 629 59.7 56.6 53.5 50.5 47.6 44.7
924 90.6 88.4 858 83.1 80.1 77.0 738 70.5 67.2 64.0 60.8 57.6 544 51.4 485 456 428
922 90.1 87.7 85.0 820 78.8 755 721 68.6 652 61.9 58.6 553 522 49.3 46.4 436 41.0
920 89.7 87.1 84.1 81.0 77.5 74.0 704 66.8 63.2 59.7 56.3 53.1 50.0 47.1 443 416 39.1

North east
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South east

Azimuth a

South west

[ —35° |
[ =30° |
[ —25° |
[ —20° |
[ =15° |
[ -10° |
[ -5° |
[ 0 |
[ 5° |
[ 10° |
[ 15° |
[ 20° |
[ 25° |
[ 30° |
[ 35° |
[ 40° |
[ 45° |
[ 50° |
[ 55° |
| 60° |
[ 65° |

e
=1
d

91.8 89.4 86.5 834 80.0 76.3 725 68.7 65.0 61.2 57.6 54.1 50.9 47.8 449 421 396 37.2
916 89.0 86.0 827 79.0 752 71.2 67.1 63.2 59.3 55.5 52.0 48.7 45.6 42.7 40.0 37.6 354
914 88.7 855 820 78.1 741 69.9 657 615 57.4 535 499 46.5 434 40.6 38.0 35.7 33.6
91.3 884 850 814 773 73.1 68.7 643 599 55.6 51.6 47.8 444 413 385 36.1 339 32.0
912 88.1 84.6 80.8 76.6 722 67.6 63.0 584 54.0 49.9 46.0 425 39.4 36.6 34.3 323 30.5
91.1 87.9 84.3 80.3 76.0 71.4 66.7 619 57.2 52.7 485 446 409 37.6 349 326 30.7 29.0
91.0 87.7 84.0 799 754 70.7 65.8 609 56.2 51.7 47.5 43.4 39.7 36.3 33.3 31.1 29.2 27.7
909 87.5 83.7 79.6 75.0 70.1 65.1 60.1 554 50.9 46.7 42.6 38.8 35.3 32.3 29.8 28.0 26.6
90.8 87.4 83.6 79.3 746 69.7 64.6 59.6 549 50.4 46.1 420 382 34.6 315 289 27.0 25.8
90.8 87.4 83.4 79.1 744 694 642 593 546 50.0 45.7 41.6 37.8 343 31.1 284 26.5 25.2
90.8 87.3 83.4 79.1 743 69.3 64.1 59.1 544 49.9 456 41.5 37.7 342 31.0 28.3 26.3 25.1
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Checklist for Planning, Installing, and Operating
a Photovoltaic Plant

1. Suitability of the roof
e Roof orientation: What yield can be expected?
— Comparison with existing plants (e.g. with www.sunnyportal.com).
— Yield prognosis as done in Exercise 10.2.
o Shading: Are there serious shading problems now or in the future?
o Age of the roof: Will it need repairs in the next 20 years?
e Roof statics: Can the roof bear the planned photovoltaic installation?
2. Approvals
o Construction approval: Is this necessary (e.g. due to protection of historic
buildings)?
o In case of a rented roof: Close a roof utilization agreement with the owner.
e Connection to the grid: Make an application to the public utility.
3. Obtain and check quotes from solar installation companies
Module manufacturer: Should be an established, known manufacturer.
e Performance tolerance of the module: Acceptable is a maximum tolerance of +3%.
o Warranty conditions: Where is the place of jurisdiction?
e Inverter:
— Product guarantee should be more than 5 years.
— European Efficiency should be more than 96% (see Section 7.4).
— Design factor should be a maximum of 1 (see Section 7.5).
Increasing self-consumption (see Section 8.3):
— Energy management system to control domestic loads should be included.
— Does an electric heating rod or a heat pump make sense?
— Is a battery storage system also offered?
— Do you plan to buy an electric vehicle in future? If yes: Build a large PV plant!
e Cable dimensioning:
— Line losses should be a maximum of 1% (see Section 6.3.2).
4. Financing and insurance
e Investment appraisal:
— Determine object return according to Section 10.2.2.
e Close a credit agreement with a bank.
e Insurances:
— Take out an operator liability insurance.
— Take out an elementary damage or all-risks insurance.

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
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5. During installation
e Presorting the modules (if desired, see Section 6.2.3).
o Careful working of installers:
— Is the rear-side foil of the module damaged?
Is the module being stood upon (microcracks)?
Is the roof damaged?
— Are the string cables clearly marked (numbering)?
6. After installation
e Creating a startup protocol.
o Acceptance of the system documents, including at least:
Roof sketch with modules drawn in and string arrangement plan.
Circuit diagram of the whole installation.
Datasheets of modules and inverter.
— Information on the mounting system.
— Information of length of warranty for modules and inverters.
o Installation check (possibly):
— Peak power measurement (see Section 9.3).
— Bright thermography measurement (see Section 9.4).
7. During operation
e Function check (every 2 weeks):
— Check whether inverter shows feed-in operation (status MPP).
¢ Yield control (every 4—8 weeks):
— Reading the meter.
— Comparison with online databases.
e Soiling check (annually):
— Check whether solid dirt layers have formed on the module borders.
e Mechanical check (annual or after a big storm):
— Check whether the installation rattles with movement.
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Physical Constants/Material Parameters

Important Physical Constants

Boltzmann constant k=1.3807 x 10722 JK~! =8.6175 x 107> eV K1
Elementary charge g=1.6022x 107 A's

Gravity £=9.81ms™?

Planck’s constant h=6.6261 x 1073* W s?

Solar constants E¢=1367 W m™

Stefan—Boltzmann constant 6=5.6705 X 10°8 W (m? K*)~!

Speed of light in vacuum €, =2.9979 X 108 m s7!

Material Parameters of Silicon

Bandgap AW =1.12¢V (at T =300 K)

AW =117V (at T=0K)
Mobility of electrons Uy =1400cm? (Vs)™!
Mobility of holes pp =450cm? (Vs)~!
Refractive index at 600 nm n=3.9

Diffusion constant of electrons D, =35cm? s~

Diffusion constant of holes D,=12cm?s7!
Effective density of state N,=3x%x10"cm™
Melting point Oy = 1414°C

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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Further Information on Photovoltaics

Information on the Internet

https://home.solarlog-web.de/1.html
re.jrc.ec.europa.eu/pvgis/appsd/pvest.php
re.jrc.ec.europa.eu/pvgis.html

www.dgs.de

www.photon.info
www.photovoltaikforum.com
www.pveducation.org/pvcdrom
www.pv-ertraege.de
www.satel-light.com
www.sfv.de

www.solarserver.de

www.sonnenertrag.eu
www.sunnyportal.de

www.volker-quaschning.de

www.textbook-pv.org/links.html

Yield database for data loggers of the Solare
Datensysteme Company

Interactive solar radiation cards with yield estimates
(old version)

Interactive solar radiation cards with yield estimates
(new version)

Site of the Deutsche Gesellschaft fiir Solarenergie e.V.

Module and inverter database (reached via
Publishing/Databases)

Forum on photovoltaic with module, inverter and
company database

Interesting and instructive information and applets on
photovoltaics

Yield database of the Aachen Association for the
Promotion of Solar Power (SFV)

Individual creation of an radiation map of the whole of
Europe

Information of the Aachen Association for the
Promotion of Solar Power (SFV)

Comprehensive information on the subject of solar
energy

Yield database, company-independent
Yield database for inverters of the SMA AG Company

Comprehensive information on the subject of
renewable energies

Additional interesting links can be found on this site

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
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Journals

Global Solar Technology
Photon

Photovoltaics International
Photovoltaic Production
Photovoltaik

pv magazine

PV-Tech

Solar Energy

Solar Industry

Solar Pro

Solar Today
Solarthemen
Sonnenenergie

Sun & Wind Energy

www.globalsolartechnology.com
www.photon.info
www.solarmediastore.com/journals.html
www.photovoltaic-production.com
www.photovoltaik.eu
WWW.pv-magazine.com
www.pv-tech.org
www.journals.elsevier.com/solar-energy
www.solarindustrymag.com
www.solarprofessional.com
www.ases.org/solar-today-magazine
www.solarthemen.de
www.sonnenenergie.de

www.sunwindenergy.com

Recommended Books

Hiberlin, H. (2012). Photovoltaics: System Design and Practice. Wiley Detailed description
of the system technology of photovoltaic plants (inverters, lightning protection, etc.).

Haselhuhn, R. and Hartmann, U. (2013). Planning and Installing Photovoltaic Systems. DGS
Deutsche Gesellschaft fiir Sonnenenergie. Comprehensive work for the practical person

with descriptive illustrations.

Quaschning, V. (2016). Understanding Renewable Energy Systems. London: Earthscan.
Good and comprehensive introduction to the subject of renewable energies.


http://www.globalsolartechnology.com
http://www.photon.info
http://www.solarmediastore.com/journals.html
http://www.photovoltaic-production.com
http://www.photovoltaik.eu
http://www.pv-magazine.com
http://www.pv-tech.org
http://www.journals.elsevier.com/solar-energy
http://www.solarindustrymag.com
http://www.solarprofessional.com
http://www.ases.org/solar-today-magazine
http://www.solarthemen.de
http://www.sonnenenergie.de
http://www.sunwindenergy.com

Index

a

1000-roof program 20

Aachen model 20, 289

Absorption 25, 48, 64-67, 72,75, 76,
78-79, 112, 252, 309

Absorption coefficient 65, 67, 75,78, 79,
112,118,121, 126, 309

Absorption efficiency 78-79, 309

Active density of states 54, 62

Active power 192,193

Aerial tube 267

Air mass 24,25

Albedo 37,38

Ambient temperature 148

Amorphous silicon (a-Si) 67, 112-113,
115,116, 120, 123-124, 164, 243,

309, 310
Angle of incidence 96, 243
Anode 209, 210, 217

Anti-reflection coating 73, 109
Anti-reflection layer 68, 75, 78, 97

Area utilization factor 286, 288, 289, 315
Avalanche breakthrough 64, 139, 259

b

Back-surface-field 77, 109

Band diagram 57, 58, 61-62, 77

Bandgap 52-54, 64, 65, 74, 80, 84,91, 112,
116-118, 122, 185, 255, 329

Bandgap wavelength 91

Band model 51-54

Base 73,76,102, 162

Bidirectional meter 172,173

Biomass 8,9, 11, 13, 234, 287, 288, 292,
298

Bohr’s atomic model 47-49

Bohr’s postulate 47, 48

Boost converter 169-170, 175, 180

106, 107

Buck converter 166-169, 205

Buffer operation 201

Buried contact 97-100

Busbar 74, 97, 256

Bypass diode 142-147, 149, 155, 258, 259,
272,311

Bypassing 212

Brick

C

Cable losses 158, 270

Cadmium-telluride (CdTe) 15,51,
119-121, 123, 129, 131, 132, 135,
149,177, 243, 311

Cathode 209-211, 214,218, 313

Charge controller 197, 204-207, 232, 233,
312

Choke coil 167,170, 175, 185

CID 211,212

CIGS 121-123,134,151

CIGSe 122

CIS cells 121,122,311

CISe 122

Climate change 9-11

Cloud enhancements 26

Commercial enterprise 221, 227-228,
302

Compound interest rate 274

Photovoltaics — Fundamentals, Technology, and Practice, Second Edition. Konrad Mertens.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.

341



342

Index

Compound semiconductor 49-51, 121,
150

Compressed air energy storage (CAES)
301, 302

Concentration gradient 60, 77

Concentrator system 126, 128—129, 132

Conduction band 52, 53, 58, 61, 65—-67,
74, 83, 91

Conductor 53, 58, 62, 207

Connector 110, 156, 157

Constant current, constant voltage (CCCV)
211

Consumption meter 172

Contact resistance 249, 254

Control energy 293-294

Control power plant 189

Conversion efficiency 181-184

Coordinated Universal Time (UTC) 33

Copper indium gallium sulfide (CIGS)
121-123, 134

Copper indium gallium selenide (CIGSe)
122

Copper indium sulfide (CIS) cells
121-123

Copper indium selenide (CISe) 122

Crystalline silicon (c-Si) 65, 67, 75, 80, 94,
112,118, 120, 123, 126, 148, 149,
243, 254, 259, 277, 309, 310, 314

Current density 56, 57, 63, 91-93, 97, 220

Current interrupt device (CID) 211

Current matching 117

Cycle operation 201

Cycle stability 212

Czochralski method 17, 105

d

Dangling bonds 112, 115

Dark current 71,77

DC/DC converter 166, 171, 197, 204, 205

Dead layer 76, 102, 309

Deep discharging 212, 221, 309

Degradation 115,116, 118, 147, 177, 257,
262, 282

Degree of efficiency 6, 15,69, 71, 175, 288

Degree of self-sufficiency 173, 223

Demand side management (DSM)

Density of states, effective 54, 62

304

Depth of discharge (DoD) 202, 225

Diffuse radiation 26, 28, 35-37, 41, 129,
147, 244, 254, 308, 313

Diffusion cell 114, 310

Diffusion current 56, 57, 60, 63, 86, 309

Diftusion length 63, 74-75, 99

Diffusion voltage 60-62, 64, 309

Diode characteristics 63—64

Direct radiation 12, 26, 28, 35, 36, 37, 41,
244

Direct semiconductor
254

Disconnector 156

Discontinuous current mode 168

Domestic hot water heat pump 226

Doping 14, 57-59, 61, 63, 75,77, 98, 99,
129, 130, 309

Drift cell 114,310

Drift current 55

Drift velocity 55, 115

Duty cycle 167,170,171

Dye sensitized solar cell

65-67, 112, 120,

125

e

EEG 15,20, 191, 272, 273, 289-292

Efficiency 2,5, 11, 15-18, 45, 69, 71, 76,
78-80, 83, 90-99, 102, 115-128, 132,
147, 181-186, 218, 225, 234, 247,
270, 279, 287, 298, 300-303,
308-311, 315, 327

Efficiency, European 184-185, 281, 327

Efficiency, spectral 91-94, 310

Efficiency, theoretical 94, 95, 118, 120, 310

Efficiency yield 288, 289

EFG 107,108, 310

Electric heating rod 327

Electricity 5,6,11-14,17, 165,172,188,
197, 221-223, 225-228, 231, 234,
238, 273, 278, 288, 290, 292-305,
308, 315

Electroluminescence 3, 254, 255, 257, 314

Electroluminescence measurement 255,
257-259

Electron-hole pair 53, 66, 71, 74, 76, 91,
112, 115, 256, 261, 309, 310

Electronic grade 104

Emitter 73,75-76, 98, 108, 109, 124, 261



Emitter, local 100

End-of-charge voltage 200, 202-206

Endenergy 5

Energy 3-9,11, 234, 266, 269

Energy bands 51-53

Energy management system 222, 223, 226,
228, 230, 231, 327

Energy payback time 14

Equivalent circuit 73, 81, 82, 88-90, 147,
190, 310

ERoEI 133,134, 311

Ethyl-vinyl-acetate (EVA)
143, 144, 261, 262

European efficiency 184-185, 281, 327

Excess feed-in 173, 312

Exit angle 96

111, 119, 130,

f

Facade plants
285-288

Feed-in 20,172-173, 176, 179, 180, 191,
213, 220, 229, 231, 276, 289-292,
301, 304, 312, 314, 328

Feed-in management 191

Feed-in meter 15,172

Feed-in tariff 172, 220, 225, 273, 275-277,
281, 289-292, 314

Feed-in variants 172-173

61, 62,77

Field current 55-56, 60, 63, 114, 309

Fill factor 82-83, 87, 149, 262, 314

Final yield 278-282, 314

Flat roof plant 161-162, 269, 283, 288

Float-zone method 105

Fluidized bed reactor 103, 104, 134

Flyback diode 168, 170, 185

Forward voltage 62, 63, 258

Foundation 17,71, 159-161

Fresnel equations 69, 96

Fresnel lens 126, 128

Full feed-in 172, 312

Full load hours 29, 236, 237, 278, 279, 281,
298, 308, 315

38, 39, 111, 119, 164,

Fermi

9

Gallium arsenide (GaAs)
124

18, 51, 67, 95,

Index

Gallium nitride (GaN) 185

Gassing 200, 204

Generator connection box

278-280

Generator reference-arrow system 80,
139, 140

Glass-foil module 111

Glass-glass module 111, 119, 287

Global radiation 26, 129

Gratzel cell 125

Greenhouse effect 10, 307

Grid connection point 190, 193, 229

Grid coupling 3, 14, 20, 197, 204

Grid impedance 175, 189, 190, 193

Grid operator 188-194

Grid parity 220, 292, 315

Ground mounted plants

156, 157,173
Generator losses

2,35,158-161

h

Heat pump 11, 12, 226, 231, 288, 300, 304,
327

High efficiency cells 80, 99, 102

HIT cell 110, 123-124

Hotspot 144, 146, 150

Hourly mean values 186

Hybrid wafer cells 123

I

IBC cell

Ideality factor 81, 86, 88, 90, 311

Incident angle 241

Inclination 39, 40, 237, 265, 269, 286, 289,
308, 314-317

Indirect semiconductor 65-67, 254

Indium tin oxide (ITO) 113,121

Inductance 176, 178, 181, 193, 194

Ingot 105-107, 130

In-roof plant 163, 164

53,54, 111

Integrated series connection 119, 149, 257

Intercalation 208

99-100

Insulator

209, 210, 212
Intercept theorem 267

Interdigitated back contact 100, 124
Intrinsic carrier concentration 54, 185

Intercalation material

343



Index

Intrinsic shading 142, 153, 265, 266, 268

Inverter 14, 20, 45, 132, 145, 156, 165,
172-190, 193, 195, 219, 223, 231,
232,234,270, 277, 281, 287, 312

Inverter efficiency 181-186

Investment costs 12, 273

Irradiance 23, 24, 26, 36, 37, 65, 67, 78, 82,
91, 94, 127, 147, 148, 165, 184, 241,
246, 248, 285, 308

Isolation unit 177, 178, 183, 211

k

Kilowatt-hour 225-226, 292, 313, 314
/

Layered cell 18,111, 207

Lead acid battery 199-201, 208

Lead battery 199, 200, 203, 210-212, 214,
225

Learning curve theory 290

Learning rate 290, 291

Light absorption 2, 64, 65, 72,76, 78, 114,
252, 309

Light concentration 126-128

Light trapping 98, 99, 101, 102, 116, 119

Line-commutated inverter 175

Lithium ion battery 206-208, 210, 211,
223, 226, 232, 313

Load reference-arrow system 72, 146, 152

Local emitter 100

Local solar time (LST) 32-34

Low-voltage grid 193

Low voltage guideline 189, 194

m

Mains transformer 177-178, 183

Mains voltage 175, 178

Maxeon cell 100

Maximum power point 82, 142

Medium-voltage grid 191

MET 33

Metallurgical silicon 103, 104

Methanation 303

Micro-crystalline 118,119

Micromorph 118,119

Minute reserve 294

Mismatching 153, 155, 173, 180, 181, 245,
312

Mobility 55, 56, 115, 298, 302

Module inverter 174

Monitoring 3, 157, 175, 176, 206, 211, 219,
243, 265, 277, 278, 280, 315

Monocrystalline 84, 96, 105, 106, 109, 135

MOSFET 167,175,176, 179, 195, 205, 206

MPP tracker 171,175, 180, 206

Multicrystalline 106-108, 132, 133, 159,
164

n

NaS 213-216

NOCT 148,311
Number of cycles
226

201, 202, 212, 216, 225,

(o]

Object yield 39

Oblique incidence 97

Oft-grid system 2,313

Open circuit voltage 77, 82-86, 95, 101,
117,123,127, 140, 143, 147, 187,
193, 203, 214, 218, 311

Operating costs 273-275

Operating point 82, 144-146, 152, 165,
166, 171, 172, 247

Overhead lines 267
Oxyhydrogen gas 200
p

Parallel connection 139, 141, 150

Partial shading 139, 141, 142, 155, 180

Part-load 158, 183-186, 234

Passivated emitter and rear cell (PERC cell)
101-102, 135

Passivation 101, 102, 108, 112, 123, 124

Payback period 14

Peak power measurement 248, 313, 328

Peak-shaving 229, 230, 313

Performance Ratio 279-282, 284, 315

Photocurrent 71, 77-78

Photodiode 71, 244

Photovoltaic 1-3, 8, 11-21, 23, 28, 32, 33,
38, 41, 103, 129, 130, 132, 153, 158,



165, 175, 181, 189, 191, 232, 235,
241, 248, 265, 270, 272

Pincell 113-119

Pitched roof plant 283

Plant monitoring 244, 277, 315

Plant visualization 277

Plasma enhanced chemical vapor
deposition (PECVD) 113,118

p-njunction 2, 14,17, 47, 59-64, 71-73,
77, 86, 94, 95, 98, 108, 109, 114, 122,
139, 254, 261, 309

99, 100, 110, 128
105, 106, 121, 122, 129,

Point contact cell

Polycrystalline
159, 164

Polysilicon 103-106, 131, 132

Potential compensation rail 194

Potential induced degradation (PID)
259-264, 314

Potential step 61, 77, 98

Power factor 194

Power generation potential 3

Power to gas 232, 303

Primary control 294, 302

Primary energy 5-8, 12, 45, 132, 133, 285,
307

Primary energy demand 132, 133

Primary energy factor 132

Primary winding 183

Public grid 14, 15, 132, 169, 172, 173, 176,
235, 270, 279

Pyranometer 241-244,313

177,

q
Quantum efficiency 79, 80, 102, 117

r

Rayleigh scattering 25

Reactive power 192

Reactive power provision 191-194

Recombination 74-77, 98, 99, 102, 112,
114, 115, 124 Recycling, 129, 130,
135

Redox reaction 199

Reference yield 278-280

Reflection factor 67-69, 96, 98

Refractive index 67

Index

Renewable energy law (EEG) 15, 191, 273,
289

Residual current protective device (RDC)
175

Resistive load 165-166, 191, 192

Return calculation 273-277

Return on equity 273, 276

Reverse voltage 62,71, 139, 185

Ribbon silicon 107-108

Roof hook 163

S

Sabatier process 303

Sahara miracle 2,43, 45, 285

Saturation current 83, 88, 95

Savings bank equation 275

Screen printing 109, 110, 256, 257

Secondary control 294

Secondary energy 5

Self-commutated inverter 175

Self-consumption 2,15, 172,173,197,
220-229, 276, 302

Self-consumption rate 173, 197, 222, 223,
227,229, 275,276

Self-discharge rate 224

Self-shading 268-269

Self-sufficiency 173,223

Semiconductor 2, 14, 47-70, 75, 86, 91,
97,98, 104, 112, 119-121, 123-125

Semiconductor, direct 66, 67, 120

Semiconductor, indirect 66, 67, 254

Sensitivity, spectral  79-80, 102, 244, 255

Series connection 119, 141-144

Series connection, integrated 119-120,
149, 257

Series resistance
247, 249

Shading analysis 266, 267

Shadow losses 97

Shockley equation 63, 64, 73, 86

Short circuit current 81-82, 84, 88, 97,
101, 117, 127, 140, 141, 153, 256

Shunt resistance 86, 87, 89, 147, 247, 261

Shut down 191

Siemens reactor 104, 134

Silicon 14,17, 18, 49-51, 54, 65, 93, 96,
99-101

86, 87, 89, 109, 128, 149,

345



346

Index

Silicon carbide (SiC) 185

Silicon, metallurgical 103, 104

Simulation software 29, 188, 239

Single-diode model 86

Slew-rate 168, 169

Smart grid 231, 304

Smart meter 304

Sodium sulfur battery 213-216

Soiling 39, 265, 287

Solar cell 2,14,71,73-77, 81,91, 93,
96-99, 108, 109

Solar cell symbol 81

Solar constant 23

Solar energy meter 173

Solar grade 104, 134

Solar module 14, 18, 20, 35, 36, 85,
110-112, 139, 140, 142-144, 205,
206

Solid-state body 17, 52, 65

Space charge region 60, 62, 64, 71, 114,
115

Specific yield 16,278-279

Spectral efficiency 91-95

Spectral sensitivity 79-80, 102, 242, 244

Stacking faults 261

Staebler—Wronski effect

Stand-alone inverter 232

Stand-alone plant 201, 235-239

Standard equivalent circuit 86, 88, 147

Standard test conditions (STC) 15, 26,
109, 248, 278

State of charge (SoC) 210, 212, 238

Step-down converter 166

Step-up converter 169, 185

String 14, 107, 150-152, 173, 187, 188,
194, 195, 248

String diode 150, 155

String fuse 150, 152, 156

String inverter 173, 174

String line 156, 195

String protection

String ribbon 107

Substrate 113,121

Substrate cell 117

Sun azimuth 33

Sun declination 32-34

Sun height 25

115-116

Sun height angle 25

Sun path diagram 34, 266
Sun path indicator 266, 267
Sun position tracking 25, 245
Superstrate 117,121, 177
Superstrate cell 114,121, 177
System efficiency 45, 287

System losses 278, 279
t
Tandem cell 116,117

Tedlar foil 111

Temperature behavior

Temperature coefficient
148, 149

Temperature dependency 120, 123, 243

Texturing 96

Texturization 96-98, 101

Theoretical efficiency 94-96, 118, 120,
310

Thermal runaway 210, 214

Thermal voltage 63, 64

Thermalization losses 91

Thermography 3, 249-254, 259-260,
313-314, 328

Thin film cell 112, 113, 120-123

Thin film module 120, 123, 134, 149-150,
177, 257, 259

Three-component model 35-38

Threshold voltage 64, 143, 145

Tile 162,163

Tilt angle 236, 245

Tons of coal equivalent (Tce) 7

Tons of oil equivalent (Toe) 6

Tracking 41, 159, 171

175-179, 183, 186

Transmission losses 91, 94, 98, 115

Transparent conducting oxide (TCO) 113,
115,123

Trichlorosilane 103, 104, 129

Triple cell 117,118

Two-diode, equivalent circuit 90

Two-diode model 86-87, 124

147-149
84, 85, 120, 139,

Transformer

"4
Valence band 52, 53, 61, 66, 67, 74
Vanadium redox flow (VRF) 217,219



VisiKid 280
Visualization 280-281

w
Wafer 103, 107-109, 124,129, 130
Wafer cells, hybrid 123-125

Watt, peak 291
Weak light behavior 147, 247, 270

Work 3,4

y
Yield, specific

16, 274, 284, 288

Index

347



WILEY END USER LICENSE AGREEMENT

Go to www.wiley.com/go/eula to access Wiley’s ebook EULA.


www.wiley.com/go/eula

	Cover
	Title Page
	Copyright
	Contents
	Preface to the First International Edition
	Preface to the Second International Edition
	Abbreviations
	Chapter 1 Introduction
	1.1 Introduction
	1.1.1 Why Photovoltaics?
	1.1.2 Who Should Read This Book?
	1.1.3 Structure of the Book

	1.2 What Is Energy?
	1.2.1 Definition of Energy
	1.2.2 Units of Energy
	1.2.3 Primary, Secondary, and End Energy
	1.2.4 Energy Content of Various Substances

	1.3 Problems with Today's Energy Supply
	1.3.1 Growing Energy Requirements
	1.3.2 Tightening of Resources
	1.3.3 Climate Change
	1.3.4 Hazards and Disposal

	1.4 Renewable Energies
	1.4.1 The Family of Renewable Energies
	1.4.2 Advantages and Disadvantages of Renewable Energies
	1.4.3 Previous Development of Renewable Energies

	1.5 Photovoltaics – The Most Important in Brief
	1.5.1 What Does "Photovoltaics" Mean?
	1.5.2 What Are Solar Cells and Solar Modules?
	1.5.3 How Is a Typical Photovoltaic Plant Structured?
	1.5.4 What Does a Photovoltaic Plant "Bring?"

	1.6 History of Photovoltaics
	1.6.1 How It all Began
	1.6.2 The First Real Solar Cells
	1.6.3 From Space to Earth
	1.6.4 From Toy to Energy Source


	Chapter 2 Solar Radiation
	2.1 Properties of Solar Radiation
	2.1.1 Solar Constant
	2.1.2 Spectrum of the Sun
	2.1.3 Air Mass

	2.2 Global Radiation
	2.2.1 Origin of Global Radiation
	2.2.2 Contributions of Diffuse and Direct Radiation
	2.2.3 Global Radiation Maps

	2.3 Calculation of the Position of the Sun
	2.3.1 Declination of the Sun
	2.3.2 Calculating the Path of the Sun

	2.4 Radiation on Tilted Surfaces
	2.4.1 Radiation Calculation with the Three‐component Model
	2.4.1.1 Direct Radiation
	2.4.1.2 Diffuse Radiation
	2.4.1.3 Reflected Radiation

	2.4.2 Radiation Estimates with Diagrams and Tables
	2.4.3 Yield Gain through Tracking

	2.5 Radiation Availability and World Energy Consumption
	2.5.1 The Solar Radiation Energy Cube
	2.5.2 The Sahara Miracle


	Chapter 3 Fundamentals of Semiconductor Physics
	3.1 Structure of a Semiconductor
	3.1.1 Bohr's Atomic Model
	3.1.2 Periodic Table of Elements
	3.1.3 Structure of the Silicon Crystal
	3.1.4 Compound Semiconductors

	3.2 Band Model of a Semiconductor
	3.2.1 Origin of Energy Bands
	3.2.2 Differences in Isolators, Semiconductors, and Conductors
	3.2.3 Intrinsic Carrier Concentration

	3.3 Charge Transport in Semiconductors
	3.3.1 Field Currents
	3.3.2 Diffusion Currents

	3.4 Doping of Semiconductors
	3.4.1 n‐Doping
	3.4.2 p‐Doping

	3.5 The p–n Junction
	3.5.1 Principle of Method of Operation
	3.5.2 Band Diagram of the p–n Junction
	3.5.3 Behavior with Applied Voltage
	3.5.4 Diode Characteristics

	3.6 Interaction of Light and Semiconductors
	3.6.1 Phenomenon of Light Absorption
	3.6.1.1 Absorption Coefficient
	3.6.1.2 Direct and Indirect Semiconductors

	3.6.2 Light Reflection on Surfaces
	3.6.2.1 Reflection Factor
	3.6.2.2 Antireflection Coating



	Chapter 4 Structure and Method of Operation of Solar Cells
	4.1 Consideration of the Photodiode
	4.1.1 Structure and Characteristics
	4.1.2 Equivalent Circuit

	4.2 Method of Function of the Solar Cell
	4.2.1 Principle of the Structure
	4.2.2 Recombination and Diffusion Length
	4.2.3 What Happens in the Individual Cell Regions?
	4.2.3.1 Absorption in the Emitter
	4.2.3.2 Absorption in the Space Charge Region
	4.2.3.3 Absorption Within the Diffusion Length of the Electrons
	4.2.3.4 Absorption Outside the Diffusion Length of the Electrons

	4.2.4 Back‐surface Field

	4.3 Photocurrent
	4.3.1 Absorption Efficiency
	4.3.2 Quantum Efficiency
	4.3.3 Spectral Sensitivity

	4.4 Characteristic Curve and Characteristic Parameters
	4.4.1 Short‐circuit Current ISC
	4.4.2 Open‐circuit Voltage VOC
	4.4.3 Maximum Power Point (MPP)
	4.4.4 Fill Factor (FF)
	4.4.5 Efficiency η
	4.4.6 Temperature Dependence of Solar Cells

	4.5 Electrical Description of Real Solar Cells
	4.5.1 Simplified Model
	4.5.2 Standard Model (Single‐diode Model)
	4.5.3 Two‐diode Model
	4.5.4 Determining the Parameters of the Equivalent Circuit

	4.6 Considering Efficiency
	4.6.1 Spectral Efficiency
	4.6.2 Theoretical Efficiency
	4.6.3 Losses in Real Solar Cells
	4.6.3.1 Optical Losses, Reflection on the Surface
	4.6.3.2 Electrical Losses and Ohmic Losses


	4.7 High‐efficiency Cells
	4.7.1 Buried‐contact Cell
	4.7.2 Point‐contact Cell (IBC Cell)
	4.7.3 PERL and PERC Cell


	Chapter 5 Cell Technologies
	5.1 Production of Crystalline Silicon Cells
	5.1.1 From Sand to Silicon
	5.1.1.1 Production of Polysilicon
	5.1.1.2 Production of Monocrystalline Silicon
	5.1.1.3 Production of Multicrystalline Silicon

	5.1.2 From Silicon to Wafer
	5.1.2.1 Wafer Production
	5.1.2.2 Wafers from Ribbon Silicon

	5.1.3 Production of Standard Solar Cells
	5.1.4 Production of Solar Modules

	5.2 Cells of Amorphous Silicon
	5.2.1 Properties of Amorphous Silicon
	5.2.2 Production Process
	5.2.3 Structure of the Pin Cell
	5.2.4 Staebler–Wronski Effect
	5.2.5 Stacked Cells
	5.2.6 Combined Cells of Micromorphous Material
	5.2.7 Integrated Series Connection

	5.3 Further Thin Film Cells
	5.3.1 Cells of Cadmium‐Telluride
	5.3.2 CIS Cells

	5.4 Hybrid Wafer Cells
	5.4.1 Combination of c‐Si and a‐Si (HIT Cell)
	5.4.2 Stacked Cells of III/V Semiconductors

	5.5 Other Cell Concepts
	5.6 Concentrator Systems
	5.6.1 Principle of Radiation Bundling
	5.6.2 What Is the Advantage of Concentration?
	5.6.3 Examples of Concentrator Systems
	5.6.4 Advantages and Disadvantages of Concentrator Systems

	5.7 Ecological Questions on Cell and Module Production
	5.7.1 Environmental Effects of Production and Operation
	5.7.1.1 Example of Cadmium‐Telluride
	5.7.1.2 Example of Silicon

	5.7.2 Availability of Materials
	5.7.2.1 Silicon
	5.7.2.2 Cadmium‐Telluride
	5.7.2.3 Cadmium Indium Selenide
	5.7.2.4 III/V Semiconductors

	5.7.3 Energy Amortization Time and Yield Factor

	5.8 Summary

	Chapter 6 Solar Modules and Solar Generators
	6.1 Properties of Solar Modules
	6.1.1 Solar Cell Characteristic Curve in All Four Quadrants
	6.1.2 Parallel Connection of Cells
	6.1.3 Series Connection of Cells
	6.1.4 Use of Bypass Diodes
	6.1.4.1 Reducing Shading Losses
	6.1.4.2 Prevention of Hotspots

	6.1.5 Typical Characteristic Curves of Solar Modules
	6.1.5.1 Variation of the Irradiance
	6.1.5.2 Temperature Behavior

	6.1.6 Special Case Thin‐film Modules
	6.1.7 Examples of Data Sheet Information

	6.2 Connecting Solar Modules
	6.2.1 Parallel Connection of Strings
	6.2.2 What Happens in Case of Cabling Errors?
	6.2.3 Losses Due to Mismatching
	6.2.4 Smart Installation in Case of Shading

	6.3 Direct Current Components
	6.3.1 Principle of Plant Construction
	6.3.2 Direct Current Cabling

	6.4 Types of Plants
	6.4.1 Ground‐mounted Plants
	6.4.2 Flat‐roof Plants
	6.4.3 Pitched‐roof Systems
	6.4.4 Facade Systems


	Chapter 7 System Technology of Grid‐connected Plants
	7.1 Solar Generator and Load
	7.1.1 Resistive Load
	7.1.2 DC/DC Converter
	7.1.2.1 Idea
	7.1.2.2 Buck Converter
	7.1.2.3 Boost Converter

	7.1.3 MPP Tracker

	7.2 Construction of Grid‐connected Systems
	7.2.1 Feed‐in Variations
	7.2.2 Plant Concepts

	7.3 Construction of Inverters
	7.3.1 Tasks of the Inverter
	7.3.2 Line‐commutated and Self‐commutated Inverter
	7.3.3 Inverters Without Transformers
	7.3.4 Inverters with Mains Transformer
	7.3.5 Inverters with HF Transformer
	7.3.6 Three‐phase Feed‐in
	7.3.7 Further Clever Concepts

	7.4 Efficiency of Inverters
	7.4.1 Conversion Efficiency
	7.4.2 European Efficiency
	7.4.3 Clever MPP Tracking

	7.5 Dimensioning of Inverters
	7.5.1 Power Dimensioning
	7.5.2 Voltage Dimensioning
	7.5.3 Current Dimensioning

	7.6 Requirements of the Grid Operators
	7.6.1 Prevention of Stand‐Alone Operation
	7.6.2 Maximum Feed‐in Power
	7.6.3 Reactive Power Provision

	7.7 Safety Aspects
	7.7.1 Earthing of the Generator and Lightning Protection
	7.7.2 Fire Protection


	Chapter 8 Storage of Solar Energy
	8.1 Principle of Solar Storage
	8.2 Batteries
	8.2.1 Lead‐acid Battery
	8.2.1.1 Principle and Build‐up
	8.2.1.2 Types of Lead Batteries
	8.2.1.3 Battery Capacity
	8.2.1.4 Voltage Progression
	8.2.1.5 Summary

	8.2.2 Charge Controllers
	8.2.2.1 Series Controller
	8.2.2.2 Shunt Controller
	8.2.2.3 MPP Controller
	8.2.2.4 Examples of Products

	8.2.3 Lithium Ion Battery
	8.2.3.1 Principle and Build‐up
	8.2.3.2 Reactions During Charging and Discharging
	8.2.3.3 Material Combinations and Cell Voltage
	8.2.3.4 Safety Aspects
	8.2.3.5 Charging Procedures
	8.2.3.6 Battery Design
	8.2.3.7 Lifespan
	8.2.3.8 Application Areas
	8.2.3.9 Summary

	8.2.4 Sodium Sulfur Battery
	8.2.4.1 Principle and Build‐up
	8.2.4.2 Peculiarities of the High Temperature Battery
	8.2.4.3 Sodium Sulfur Batteries in Practice
	8.2.4.4 Summary

	8.2.5 Redox Flow Battery
	8.2.5.1 Principle and Build‐up
	8.2.5.2 Behavior in Practice
	8.2.5.3 Concrete Applications
	8.2.5.4 Summary

	8.2.6 Comparison of the Different Battery Types

	8.3 Storage Use for Increase of Self‐consumption
	8.3.1 Self‐consumption in Domestic Households
	8.3.1.1 Solution Without Storage
	8.3.1.2 Solution with Storage
	8.3.1.3 Examples of Storage Systems
	8.3.1.4 How Much Cost a Kilowatt‐Hour?
	8.3.1.5 The Smart Home

	8.3.2 Self‐consumption in Commercial Enterprises
	8.3.2.1 Example Production Factory
	8.3.2.2 Example Hospital


	8.4 Storage Deployment from the Point of View of the Grid
	8.4.1 Peak‐shaving with Storages
	8.4.2 Governmental Funding Program for Solar Storages

	8.5 Stand‐alone Systems
	8.5.1 Principal Structure
	8.5.2 Examples of Stand‐alone Systems
	8.5.2.1 Solar Home Systems
	8.5.2.2 Hybrid Systems

	8.5.3 Dimensioning Stand‐alone Plants
	8.5.3.1 Acquiring the Energy Consumption
	8.5.3.2 Dimensioning the PV Generator
	8.5.3.3 Selecting the Battery



	Chapter 9 Photovoltaic Metrology
	9.1 Measurement of Solar Radiation
	9.1.1 Global Radiation Sensors
	9.1.1.1 Pyranometer
	9.1.1.2 Radiation Sensors from Solar Cells

	9.1.2 Measuring Direct and Diffuse Radiation

	9.2 Measuring the Power of Solar Modules
	9.2.1 Build‐up of a Solar Module Power Test Rig
	9.2.2 Quality Classification of Module Flashers
	9.2.3 Determination of the Module Parameters

	9.3 Peak Power Measurement at Site
	9.3.1 Principle of Peak Power Measurement
	9.3.2 Possibilities and Limits of the Measurement Principle

	9.4 Thermographic Measuring Technology
	9.4.1 Principle of Infrared Temperature Measurement
	9.4.2 Bright Thermography of Solar Modules
	9.4.3 Dark Thermography

	9.5 Electroluminescence Measuring Technology
	9.5.1 Principle of Measurement
	9.5.2 Examples of Photos
	9.5.3 Low‐cost Outdoor Electroluminescence Measurements

	9.6 Analysis of Potential Induced Degradation (PID)
	9.6.1 Explanation of the PID Effect
	9.6.2 Test of Modules for PID
	9.6.3 EL Investigations to PID


	Chapter 10 Design and Operation of Grid‐connected Plants
	10.1 Planning and Dimensioning
	10.1.1 Selection of Site
	10.1.2 Shading
	10.1.2.1 Shading Analysis
	10.1.2.2 Near Shading
	10.1.2.3 Self‐shading
	10.1.2.4 Optimized String Connection

	10.1.3 Plant Dimensioning and Simulation Programs
	10.1.3.1 Inverter Design Tools
	10.1.3.2 Simulation Programs for Photovoltaic Plants


	10.2 Economics of Photovoltaic Plants
	10.2.1 The Renewable Energy Law
	10.2.2 Return Calculation
	10.2.2.1 Input Parameters
	10.2.2.2 Amortization Time
	10.2.2.3 Property Return
	10.2.2.4 Profit Increase Through Self‐consumption of Solar Power
	10.2.2.5 Further Influences


	10.3 Surveillance, Monitoring, and Visualization
	10.3.1 Methods of Plant Surveillance
	10.3.2 Monitoring PV Plants
	10.3.2.1 Specific Yields
	10.3.2.2 Losses
	10.3.2.3 Performance Ratio
	10.3.2.4 Concrete Measures for Monitoring

	10.3.3 Visualization

	10.4 Operating Results of Actual Installations
	10.4.1 Pitched Roof Installation from 1996
	10.4.2 Pitched Roof Installation from 2002
	10.4.3 Flat Roof from 2008


	Chapter 11 Future Development
	11.1 Potential of Photovoltaics
	11.1.1 Theoretical Potential
	11.1.2 Technically Useful Radiation Energy
	11.1.2.1 Roofs
	11.1.2.2 Facades
	11.1.2.3 Traffic Routes
	11.1.2.4 Free Areas

	11.1.3 Technical Electrical Energy Generation Potential
	11.1.4 Photovoltaics versus Biomass

	11.2 Efficient Promotion Instruments
	11.3 Price and Feed‐in Tariff Development
	11.3.1 Price Development of Solar Modules
	11.3.2 Development of Feed‐in Tariffs

	11.4 Renewable Energies in Today's Power Supply System
	11.4.1 Structure of Electricity Generation
	11.4.2 Types of Power Plants and Control Energy
	11.4.3 Interplay Between Sun and Wind
	11.4.4 Exemplary Electricity Generation Courses

	11.5 Thoughts on Future Energy Supply
	11.5.1 Consideration of Different Future Scenarios
	11.5.2 Options to Store Electrical Energy
	11.5.2.1 Pumped Storage Power Plants
	11.5.2.2 Compressed Air Storage
	11.5.2.3 Battery Storage
	11.5.2.4 Electric Mobility
	11.5.2.5 Hydrogen as Storage
	11.5.2.6 Power to Gas: Methanation

	11.5.3 Alternatives to Storage
	11.5.3.1 Active Load Management by Smart Grids
	11.5.3.2 Expansion of the Electricity Grids
	11.5.3.3 Limitation of the Feed‐in Power
	11.5.3.4 Use of Flexible Power Plants


	11.6 Conclusion

	Chapter 12 Exercises
	Appendix A Solar Radiation Diagrams
	Influence of Orientation and Inclination on the Yearly Radiations Sums for Different Locations

	Appendix B Checklist for Planning, Installing, and Operating a Photovoltaic Plant
	Appendix C Physical Constants/Material Parameters
	Important Physical Constants
	Material Parameters of Silicon

	References
	Further Information on Photovoltaics
	Index
	EULA







