
V

Contents

Preface XV
List of Contributors XIX

1 Reservoir Definition 1
Patrick Ledru and Laurent Guillou Frottier

1.1 Expressions of Earth’s Heat Sources 1
1.1.1 Introduction to Earth’s Heat and Geothermics 1
1.1.2 Cooling of the Core, Radiogenic Heat Production, and Mantle

Cooling 2
1.1.3 Mantle Convection and Heat Loss beneath the Lithosphere 4
1.1.3.1 Mantle Heat Flow Variations 4
1.1.3.2 Subcontinental Thermal Boundary Condition 5
1.1.4 Fourier’ Law and Crustal Geotherms 6
1.1.5 Two-dimensional Effects of Crustal Heterogeneities on Temperature

Profiles 8
1.1.5.1 Steady-state Heat Refraction 8
1.1.5.2 Transient Effects 10
1.1.5.3 Role of Anisotropy of Thermal Conductivity 10
1.1.6 Fluid Circulation and Associated Thermal Anomalies 12
1.1.7 Summary 13
1.2 Heat Flow and Deep Temperatures in Europe 13
1.2.1 Far-field Conditions 14
1.2.2 Thermal Conductivity, Temperature Gradient, and Heat Flow Density

in Europe 17
1.2.3 Calculating Extrapolated Temperature at Depth 18
1.2.4 Summary 20
1.3 Conceptual Models of Geothermal Reservoirs 21
1.3.1 The Geology of Potential Heat Sources 22
1.3.2 Porosity, Permeability, and Fluid Flow in Relation to the Stress

Field 27
1.3.3 Summary 30

References 32

Geothermal Energy Systems. Edited by Ernst Huenges
Copyright  2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-40831-3



VI Contents

2 Exploration Methods 37
David Bruhn, Adele Manzella, François Vuataz, James Faulds,
Inga Moeck, and Kemal Erbas

2.1 Introduction 37
2.2 Geological Characterization 39
2.3 Relevance of the Stress Field for EGS 44
2.4 Geophysics 52
2.4.1 Electrical Methods (DC, EM, MT) 53
2.4.1.1 Direct Current (DC) Methods 54
2.4.1.2 Electromagnetic Methods 55
2.4.1.3 The Magnetotelluric Method 55
2.4.1.4 Active Electromagnetic Methods 63
2.4.2 Seismic Methods 66
2.4.2.1 Active Seismic Sources 67
2.4.2.2 Seismic Anisotropy and Fractures 71
2.4.2.3 Passive Seismic Methods 73
2.4.3 Potential Methods 76
2.4.3.1 Gravity 76
2.4.3.2 Geomagnetics and Airborne Magnetic 78
2.4.4 Data Integration 80
2.4.4.1 Joint Inversion Procedures 81
2.5 Geochemistry 81
2.5.1 Introduction 81
2.5.2 Fluids and Minerals as Indicators of Deep Circulation and

Reservoirs 83
2.5.3 Mud and Fluid Logging while Drilling 85
2.5.4 Hydrothermal Reactions 86
2.5.4.1 Boiling and Mixing 88
2.5.5 Chemical Characteristics of Fluids 91
2.5.5.1 Sodium–Chloride Waters 92
2.5.5.2 Acid–Sulfate Waters 92
2.5.5.3 Sodium–Bicarbonate Waters 93
2.5.5.4 Acid Chloride–Sulfate Waters 93
2.5.6 Isotopic Characteristics of Fluids 94
2.5.7 Estimation of Reservoir Temperature 97
2.5.7.1 Geothermometric Methods for Geothermal

Waters 98
2.5.7.2 Silica Geothermometer 98
2.5.7.3 Ionic Solutes Geothermometers 99
2.5.7.4 Gas (Steam) Geothermometers 100
2.5.7.5 Isotope Geothermometers 100
2.5.8 Forecast of Corrosion and Scaling

Processes 100
References 103
Further Reading 111



Contents VII

3 Drilling into Geothermal Reservoirs 113
Axel Sperber, Inga Moeck, and Wulf Brandt

3.1 Introduction 113
3.1.1 Geothermal Environments and General Tasks 114
3.2 Drilling Equipment and Techniques 115
3.2.1 Rigs and Their Basic Concepts 115
3.2.1.1 Hoisting System 115
3.2.1.2 Top Drive or Rotary Table 115
3.2.1.3 Mud Pumps 116
3.2.1.4 Solids Control Equipment 118
3.2.1.5 Blowout Preventer (BOP) 118
3.2.2 Drillstring 118
3.2.2.1 Bottomhole Assembly 118
3.2.2.2 Drillpipe 121
3.2.3 Directional Drilling 122
3.2.3.1 Downhole Motor (DHM) 122
3.2.3.2 Rotary Steerable Systems (RSS) 122
3.2.3.3 Downhole Measuring System (MWD) with Signal Transmission Unit

(Pulser) 123
3.2.3.4 Surface Receiver to Receive and Decode the Pulser Signals 123
3.2.3.5 Special Computer Program to Evaluate Where the Bottom of the Hole

Is at Survey Depth 123
3.2.4 Coring 125
3.3 Drilling Mud 125
3.3.1 Mud Types 126
3.3.1.1 Water-based Mud 126
3.3.1.2 Oil-based Mud 126
3.3.1.3 Foams 126
3.3.1.4 Air 126
3.3.2 The Importance of Mud Technology in Certain Geological

Environments 127
3.3.2.1 Drilling through Plastic/Creeping Formations (Salt, Clay) 127
3.3.2.2 Formation Pressure and Formation Damage (Hydrostatic Head,

ECD) 127
3.4 Casing and Cementation 128
3.4.1 Casing and Liner Concepts 129
3.4.2 Casing Materials 129
3.4.3 Pipe Centralization 131
3.4.4 Cementation 132
3.4.5 Cement Slurries, ECD 133
3.4.6 Influence of Temperature on Casing and Cement 136
3.5 Planning a Well 136
3.5.1 Geological Forecast 136
3.5.1.1 Target Definition 137
3.5.1.2 Pore Pressures/Fracture Pressure/Temperature 137



VIII Contents

3.5.1.3 Critical Formations/Fault Zones 138
3.5.1.4 Hydrocarbon Bearing Formations 138
3.5.1.5 Permeabilities 138
3.5.2 Well Design 139
3.5.2.1 Trajectory 139
3.5.2.2 Casing Setting Depths 139
3.5.2.3 Casing Sizes 139
3.5.2.4 Casing String Design 140
3.6 Drilling a Well 142
3.6.1 Contract Types and Influence on Project Organization 142
3.6.1.1 Turnkey Contract 142
3.6.1.2 Meter-contract 143
3.6.1.3 Time-based Contract 143
3.6.1.4 Incentive Contract 143
3.6.2 Site Preparation and Infrastructure 144
3.6.2.1 General 144
3.6.2.2 Excavating and Trenching 144
3.6.2.3 Environmental Impact (Noise, Pollution Prevention) 144
3.6.3 Drilling Operations 144
3.6.4 Problems and Trouble Shooting 145
3.7 Well Completion Techniques 148
3.7.1 Casing (Please Refer Also to ‘‘Casing String Design’’) 148
3.7.1.1 Allowance of Vertical Movement of Casing 148
3.7.1.2 Pretensioning 148
3.7.1.3 Liner in Pay Zone (Slotted/Predrilled) or Barefoot Completion 150
3.7.2 Wellheads, Valves and so on 150
3.7.3 Well Completion without Pumps with Naturally Flowing Wells 151
3.7.4 Well Completion with Pumps 152
3.8 Risks 152
3.8.1 Evaluating Risks 153
3.8.1.1 Poor or Wrong Geological Profile Forecast 153
3.8.1.2 Poor Well Design 153
3.8.2 Technical Risks 154
3.8.2.1 Failure of Surface Equipment 154
3.8.2.2 Failure of Subsurface Equipment 154
3.8.3 Geological–Technical Risks 155
3.8.4 Geological Risks 157
3.8.5 Geotectonical Risks 159
3.9 Case Study Groß Schönebeck Well 159
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4.8.2 Thermal Stimulation 204
4.8.3 Chemical Stimulation 204



X Contents

4.9 Sustainability of Treatment 206
4.9.1 Hydraulic Stimulation 206
4.9.1.1 Proppant Selection 206
4.9.1.2 Coated Proppants 209
4.9.2 Thermal Stimulation 209
4.9.3 Chemical Stimulation 210
4.10 Case Studies 210
4.10.1 Groß Schönebeck 210
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