




Shallow Geothermal Systems –

Recommendations on Design, Construction, Operation
and Monitoring





Shallow Geothermal Systems –

Recommendations on Design,
Construction, Operation
and Monitoring

Of the Geothermal Energy Study Group at the specialist
Hydrogeology Section of the German Geological
Society (FH-DGGV) and the Engineering Geology
Section of the German Geotechnical Society and the
German Geological Society (FI-DGGT/DGGV).

Edited by
German Geological Society e.V. (DGGV)
and the
German Geotechnical Society e.V. (DGGT)



Deutsche Gesellschaft für Geotechnik e.V. Deutsche Geologische Gesellschaft –
vertr. durch den Vorsitzenden Geologische Vereinigung e.V.
Herrn Dr.-Ing. Wolfgang Sondermann vertr. durch den Vorsitzenden
Gutenbergstr. 43 Herrn Professor Dr. Jan Behrmann
45128 Essen Buchholzer Str. 98
Germany 30655 Hannover

Germany

Authors: Sass, I., Brehm, D., Coldewey, W. G., Dietrich, J., Klein, R., Kellner, T., Kirschbaum, B.,
Lehr, C., Marek, A., Mielke, P., Müller, L., Panteleit, B., Pohl, S., Porada, J., Schiessl, S.,
Wedewardt, M., Wesche, D.

Translated by Philipp Thrift, Hannover

Cover: Schematic drawings showing the arrangements of the different systems, Graphic: Sass &
Mielke 2012

Library of Congress Card No.: applied for

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

Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie; detailed
bibliographic data are available on the Internet at <http://dnb.d-nb.de>.

 2016 Wilhelm Ernst & Sohn, Verlag für Architektur und technische Wissenschaften GmbH &
Co. KG, Rotherstraße 21, 10245 Berlin, Germany

All rights reserved (including those of translation into other languages). No part of this book may
be reproduced in any form – by photoprinting, microfilm, or any other means – nor transmitted or
translated into a machine language without written permission from the publishers. Registered
names, trademarks, etc. used in this book, even when not specifically marked as such, are not to be
considered unprotected by law.

Coverdesign: DesignPur, Berlin
Typesetting: Thomson Digital, Noida, India
Printing and Binding:

Printed in the Federal Republic of Germany.
Printed on acid-free paper.

Print ISBN: 978-3-433-03140-7
ePDF ISBN: 978-3-433-60670-4
ePub ISBN: 978-3-433-60668-1
eMobi ISBN: 978-3-433-60669-8
oBook ISBN: 978-3-433-60667-4

http://dnb.d-nb.de


Contents

Preface ....................................................................................... IX

Acknowledgements .................................................................. XIII

List of Figures ........................................................................... XV

List of Tables ............................................................................. XXV

Preamble .................................................................................... XXVII

Notation.................................................................................... XXIX

1 Introduction ..................................................................... 1

2 Principles ......................................................................... 5

2.1 Geological, hydrogeological and geotechnical principles .... 5
2.2 Geothermal principles........................................................... 12
2.3 Solar energy zone ................................................................. 29
2.4 Geosolar transition zone ....................................................... 31
2.5 Terrestrial zone ..................................................................... 35
2.6 Anthropogenic thermal influence ......................................... 36
2.7 Interaction between geothermal energy systems and the

ground................................................................................... 37
2.7.1 Hydrochemical interactions .................................................. 39
2.7.2 Interactions between geothermal systems and groundwater

organisms.............................................................................. 39

3 Geothermal energy installations ................................... 41

3.1 Closed systems ..................................................................... 42
3.1.1 Borehole heat exchangers (downhole heat exchangers)....... 42
3.1.2 Heat pipes ............................................................................. 50
3.1.3 Horizontal collectors............................................................. 51
3.1.4 Thermal piles and concrete components in contact

with the soil .......................................................................... 55
3.2 Open systems (direct use of groundwater) ........................... 59
3.2.1 Well systems......................................................................... 61
3.2.2 Geothermal energy in conjunction with mines and

underground workings.......................................................... 65
3.3 Geothermal energy storage concepts .................................... 70

V



3.3.1 Aquifer thermal energy storage ............................................ 70
3.3.2 Borehole thermal energy storage.......................................... 71
3.3.3 Cavern thermal energy storage (CTES)................................ 72

4 Legislative principles ..................................................... 73

4.1 Water legislation................................................................... 73
4.1.1 European regulations ............................................................ 73
4.1.2 National law.......................................................................... 74
4.2 Mining legislation................................................................. 74
4.3 Natural mineral deposits legislation ..................................... 75
4.4 Nature and landscape conservation ...................................... 75
4.4.1 The european ‘natura 2000’ ecological network .................. 75
4.4.2 Nature and landscape conservation ...................................... 76
4.5 Environmental impact assessment ........................................ 77
4.6 Non-statutory regulations ..................................................... 77

5 Planning principles......................................................... 78

5.1 Project workflow................................................................... 79
5.1.1 Establishing the basis of the project ..................................... 79
5.1.2 Preliminary design ................................................................ 80
5.1.3 Final design .......................................................................... 80
5.1.4 Building permission application ........................................... 81
5.1.5 Detailed design ..................................................................... 81
5.1.6 Preparing for contract award and assisting in award process.... 82
5.1.7 Supervising and setting up the operation ............................. 82
5.2 Surveying requirements for BHE installations ..................... 83
5.2.1 Geothermal category 1.......................................................... 83
5.2.2 Exploratory measures for category 1.................................... 84
5.2.3 Geothermal category 2.......................................................... 84
5.2.4 Additional exploratory measures for category 2 .................. 84
5.2.5 Geothermal category 3.......................................................... 84
5.2.6 Additional exploratory measures for category 3 .................. 84
5.3 Models for simulating heat transfer...................................... 85

6 Boreholes and completion............................................. 91

6.1 Drilling methods ................................................................... 91
6.2 Equipment in boreholes ........................................................ 94
6.3 Boreholes: deviation from the vertical ................................. 97
6.4 Geological and hydrogeological influences.......................... 104

VI



s

6.5 Response test methods.......................................................... 109
6.5.1 GRT concepts and measuring principle ............................... 110
6.5.2 Evaluation............................................................................. 111
6.5.3 Thermal resistance of borehole............................................. 115
6.5.4 Quality control with the help of the GRT ............................ 117
6.5.5 Evaluation of unsteady GRT data ........................................ 118
6.5.6 Cylinder source method........................................................ 119
6.5.7 Enhanced geothermal response test ...................................... 136

7 Design, construction and operation of
closed systems ............................................................... 143

7.1 BHE systems ........................................................................ 143
7.1.1 Detailed design ..................................................................... 143
7.1.2 Backfilling the annular space................................................ 155
7.1.3 Requirements profile for backfill material ............................ 158
7.1.4 BHEs that are not fully sealed.............................................. 177
7.1.5 Pressure and flow tests for BHEs ......................................... 179
7.1.6 Thermal transfer fluids.......................................................... 190
7.1.7 Horizontal connecting pipes and connection to

building services ................................................................... 194
7.1.8 Commissioning, operation and maintenance........................ 196
7.1.9 Documentation...................................................................... 199
7.1.10 Abandoning and decommissioning ...................................... 200
7.2 Horizontal collectors............................................................. 201
7.2.1 Planning and designing collector systems............................ 201
7.2.2 Installation of horizontal collectors ...................................... 205
7.2.3 Installation of geothermal energy baskets ............................ 205
7.2.4 Laying the pipes ................................................................... 206
7.2.5 Filling and bleeding.............................................................. 206
7.2.6 Thermal transfer fluids.......................................................... 207
7.2.7 Pressure tests......................................................................... 207
7.2.8 Commissioning..................................................................... 207
7.2.9 Documentation...................................................................... 207
7.2.10 Operation of horizontal collector.......................................... 209
7.2.11 Effects of operating horizontal collectors............................. 209
7.2.12 Abandoning and decommissioning ...................................... 210

8 Design, construction and operation of open systems 211

8.1 Well systems......................................................................... 211
8.1.1 Detailed design ..................................................................... 218

VII



8.1.2 Site supervision, quality assurance, documentation ............. 220
8.1.3 Pumping and well tests......................................................... 220
8.1.4 Commissioning, operation and maintenance........................ 220
8.1.5 Hydrochemical and microbiological influences ................... 225
8.1.6 Documentation...................................................................... 230
8.1.7 Abandoning and decommissioning ...................................... 230
8.1.8 Practical example of a well system ...................................... 230
8.2 Aquifer thermal energy storage (ATES)............................... 235

9 Risk potential................................................................... 236

9.1 The 5-M method................................................................... 236
9.1.1 Man....................................................................................... 236
9.1.2 Method.................................................................................. 237
9.1.3 Materials ............................................................................... 238
9.1.4 Machines............................................................................... 239
9.1.5 Medium................................................................................. 239
9.1.6 Summary............................................................................... 240
9.2 Geological risks .................................................................... 241
9.2.1 Rocks with swelling or subsidence potential........................ 241
9.2.2 Soluble rocks ........................................................................ 241
9.2.3 Overconsolidated rocks and rocks susceptible to pore water

pressure................................................................................. 242
9.2.4 Tectonics............................................................................... 242
9.2.5 Mass movements .................................................................. 243
9.2.6 Collapses, subsidence and mining subsidence ..................... 243
9.2.7 Gas escape ............................................................................ 243
9.3 Hydrogeological risks........................................................... 244
9.3.1 Confined and artesian groundwater ...................................... 244
9.3.2 Multi-layer groundwater systems ......................................... 245
9.3.3 Hydrochemical gradients ...................................................... 245
9.3.4 Venting ................................................................................. 246
9.3.5 Water quality ........................................................................ 246
9.4 Environmental risks .............................................................. 247
9.4.1 Legacy pollution and deposits .............................................. 247
9.4.2 Mining, mining damage........................................................ 248
9.5 Risks during BHE installation .............................................. 248
9.6 Operational risks................................................................... 249

Literature.................................................................................... 253

Glossary..................................................................................... 264

VIII



Preface

The use of shallow geothermal energy has increased enormously over the past
ten years. As the number of geothermal energy installations has risen, so has
the number of technical developments in the field. There have been cases of
damage in connection with the construction and operation of geothermal
energy systemswhich have attractedmuch attention in the media. In particular,
the cases of damage that have become public show that drilling to depths of
several hundred metres is a technical activity that calls for responsible
procedures in the sense of quality-assured design, construction and operation
of the systems. Avoiding damage caused by shallow geothermal energy
installations is a top priority for sustainable geothermal energy uses, especially
when bodies of groundwater have to be protected against adverse effects. The
recommendations in this book should be regarded as contributions to the
quality-assured realisation of such systems. One of the aims of the Geothermal
Energy Study Group at the specialist Hydrogeology Section of the German
Geological Society (DGGV) and the Engineering Geology Section of both the
German Geotechnical Society (DGGT) and the DGGV is to promote the
widespread use of geothermal energy as an environment-friendly energy
source while prioritising the protection of bodies of water. The authors as
well as the DGGV and the DGGT have conceived these recommendations as
advice and not as a set of technical regulations in the sense of a standard.
Therefore, the recommendations of the Geothermal Energy Study Group
include a number of textbook-like passages and much information on the
legislation that affects approvals and permits. At the time of going to print, the
preparation of a standard for shallow geothermal energy was not in sight; such
a standard is, however, still regarded as essential.

The authors and their assistants in the study group are hydrogeologists,
engineering geologists and engineers from design consultants, the construc­
tion industry, the building materials industry, authorities and universities.
They drew up the recommendations over a number of years and all were well
aware of the fact that some of the content could certainly trigger controversy
in technical circles.

In order to guarantee the technical quality of the recommendations of the
Geothermal Energy Study Group, the content was subjected to a peer review
process. Prof. Dr. Ingrid Stober (Freiburg Regional Authority), Prof. Dr. Rolf
Bracke (International Geothermal Center, Bochum) and Prof. Dr. Dmitry V.
Rudakov (National Mining University, Dnipropetrovsk) undertook this
important and demanding task, approaching it from different perspectives.
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Their remarks and comments were carefully considered in the preparation of
this current edition of the recommendations.

Besides the peer review process, the publishers made the recommendations
publicly available on the Internet for three months. Anybody who was
interested was invited to submit their remarks, comments and suggestions
for improvements within those three months. The authors read and evaluated
every single contribution received, which resulted in many improvements
being made to the text and illustrations. We are very grateful to all who made
contributions to the work of the study group in this way.

The authors of the recommendations are as follows:

Spokesman for the study group

Prof. Dr. rer. nat. Ingo Sass
Institute of Applied Geothermal Science & Technology
Technische Universität Darmstadt
Schnittspahnstr. 9
64287 Darmstadt

Deputy spokesman

Dr. rer. nat. Dirk Brehm
BGU, Bielefeld

Permanent members of the study group

Prof. Dr. rer. nat. Wilhelm Georg Coldewey
Institute of Geology & Palaeontology
Westfälische Wilhelms-Universität Münster

Dr. rer. nat. Jörg Dietrich
HeidelbergCement, Enningerloh

Dr. rer. nat. Rainer Klein
boden & grundwasser, Amtzell

Dipl.-Min. Torsten Kellner
Berlin

Dipl.-Ing. Dipl.-Geol. Bernd Kirschbaum
Federal Environment Agency, Dessau
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Dipl.-Geol. Clemens Lehr
Geotechnisches Umweltbüro Lehr, Bad Nauheim

Dipl.-Geol. Adam Marek
Environment Department, Bielefeld

Dipl.-Ing. Philipp Mielke
Institute of Applied Geothermal Science & Technology
Technische Universität Darmstadt

Prof. Dr. rer. nat. Lutz Müller
Environmental Engineering Department
Ostwestfalen-Lippe University of Applied Sciences, Höxter

Dr. rer. nat. Björn Panteleit
Geological Services Agency for Bremen (GDfB)

Dipl.-Geol. Stefan Pohl
geo consult POHL, Bendorf

Dipl.-Geol. Joachim Porada
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Dipl.-Ing. Stefan Schiessl
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Preamble

The members of the Geothermal Energy Study Group, organised under the
auspices of the specialist Hydrogeology (FH-DGGV) and Engineering
Geology (FI-DGGV/DGGT) sections of the German Geological Society
(DGGV) and the German Geotechnical Society (DGGT), are pleased that
you are interested in the recommendations contained in Shallow Geothermal
Systems – Recommendations on Design, Construction, Operation and Mon­
itoring. These recommendations represent the results of the ongoing work of
the Geothermal Energy Study Group (DGGT Working Group 4.11). The
members of the study group are experts drawn from all areas involved with
geothermal energy: industry, authorities, consulting, polytechnics and
universities.

The publication of this book of recommendations is one of the main tasks of
the study group. The recommendations are initially limited to shallow
geothermal energy, but the intention is to consider aspects of deep geothermal
energy as well. Furthermore, the recommendations are intended to form the
technical foundation for basic and further training events aimed at the
personnel of drilling contractors and based on standard DIN EN ISO
22475-1: ‘Qualification in drilling boreholes for geothermal purposes and
installing closed heat transfer systems (borehole heat exchangers)’ (DGGT/
DGGV, 2010).

The study group holds regular working sessions – about four to six times a
year. One of the main tasks of the study group is the publication of advice and
recommendations for the members of the specialist sections at the DGGV/
DGGT and DGGV as well as others who are concerned with geothermal
energy issues. The recommendations consider, in particular, the underground
parts of the different geothermal energy systems. The most important aspects
of the geothermal use of the ground are touched upon, although the focus is
clearly on the most frequent types of application – borehole heat exchangers
and well systems. Many special methods, techniques or combinations of
methods are available on the market. The fact that those are not yet discussed
in detail in these recommendations in no way implies that, for example, the
various specialities represent ineffective or less suitable systems; it was
merely decided to limit the recommendations to the most common systems
in order not to exceed the scope of this book.

One specific aim of the recommendations is the quality-assured design,
construction, operation and monitoring of shallow geothermal energy instal­
lations. The recommendations are intended to help guarantee the protection of
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bodies of groundwater without obstructing the further spread of heating and
cooling systems based on geothermal energy. Avoiding damage to geo­
thermal energy installations and damage caused by the construction and
operation of such systems is central to the issues discussed. In the light of
current projects, the book also includes a chapter on dealing with potential
risks.

The use of shallow geothermal energy represents a significant, environment-
friendly and also safe way of reducing the primary energy consumption of our
society. Some 50–60% of the total energy consumption of the industrialised
nations of Central Europe can be attributed to the operation of buildings. With
virtually no restrictions on location, no direct emissions, the ability to cover
the base load and economical operation, this is where geothermal energy can
play a role.
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Notation

Symbol Definition Common unit

A Area m2

Af net filter area m2

ac dimensionless critical well spacing 1

bwi capture zone width m

Ca W � s �K�1heat capacity of an area

W � s �K�1heat capacity at constant pressure (isobar)Cp

W � s �K�1heat capacity at constant volume (isochor)CV

molar heat capacity at constant pressure W � s �mol�1 �K�1cmp

(isobar)

molar heat capacity at constant volume W � s �mol�1 �K�1cmv

(isochor)

specific heat capacity W � s � kg�1 �K�1csp

specific heat capacity at constant pressure W � s � kg�1 �K�1cspp
(= Cp/m)

cspv specific heat capacity at constant volume W � s � kg�1 �K�1
(= CV/m)

d diameter m

diameter of annular space mdas

borehole diameter mdb

filter mesh aperture mdfa

inside diameter (i.d.) mdi

outside diameter (o.d.) mdo

particle size mdpa
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