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Anthropogenic emissions of carbon dioxide (CO2) into the atmosphere have a 
significant impact on the Earth's carbon cycle. While efforts are made to reduce 
the release of greenhouse gases via reduced energy consumption, more efficient 
energy production, and a shift to renewable energy supplies, it is generally 
expected that fossil fuels will continue to provide a major part of the world’s 
energy portfolio during the 21st century (IPCC 2005). This is particularly true for 
coal which is relatively inexpensive and abundantly available in existing or 
emerging industrial power houses such as the United States, Brazil, Russia, India, 
and China. Carbon Capture and Storage (CCS) has been developed as an interim 
measure to allow energy production from coal without CO2 emissions. This 
currently available technology entails capturing CO2 from large-scale industrial 
sources such as coal-fired power plants or cement, steel and petrochemical 
factories. The captured CO2 gas is then compressed to a smaller volume, hence 
higher density, transported in pipelines, and eventually injected for long-term 
storage into deep geologic formations, such as deep saltwater-bearing aquifers or 
depleted oil and gas fields (IPCC 2005).  

Extensive research is currently carried out to (1) improve the technology and 
efficiency of capturing CO2 and (2) to ensure the long-term safety of storing CO2 
underground. This volume of “Environmental Earth Sciences” is a Thematic Issue 
(TI) focusing on the geologic storage aspect of CCS. The idea of a TI as a new 
type of publication within this series is to assemble manuscripts dealing with a 
specific topic comprising its state-of-the art, providing recent research results, and 
discussing future work from an international perspective. This TI is dedicated to 
the recent progress made in Germany’s CO2 storage R&D programme 
GEOTECHNOLOGIEN funded by the Federal Ministry of Education and 
Research (BMBF) and the German Research Foundation (DFG) 
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(GEOTECHNOLOGIEN 2006, 2007, 2009). A specific focus therein was the 
joint research project CLEAN - CO2 Large-Scale Enhanced Gas Recovery in the 
Altmark Natural Gas Field (Germany), which was conducted by 16 German 
institutions from academia and industry within the period from July 2008 until 
December 2011 (Kühn et al. 2012, Kühn et al. 2011). In order to place the 
findings into a broader context, the TI also covers other related CO2 storage R&D 
in Germany and provides an international point of view with contributions from 
the United States (Mukhopadhyay et al. 2012), Korea (Park et al. 2012) and 
Norway (Mykkeltvedt and Nordbotten 2012). The 24 individual contributions are 
structured into four major topical areas: (i) Introduction of Joint Initiatives for 
Field-Based Research; (ii) Laboratory Experiments and Field Tests; (iii) 
Monitoring Concepts, and (iv) Modelling Studies.  

Under the topic Introduction of Joint Initiatives for Field-Based Research, the 
current issue collates research results from several CO2 joint research projects, 
directly connected to test sites. Most of the material is provided by the CLEAN 
project (Kühn et al. 2012) which aimed to inject around 100.000 t of CO2 into the 
depleted gas field in the Altmark, Germany. Another pilot site on the same scale is 
“Europe’s longest-operating on-shore CO2 storage site at Ketzin, Germany” 
(Schilling et al. 2009, Würdemann et al. 2010) which is presented in this TI by 
Martens et al. (2012). A small scale injection test was performed to study the 
geochemical impact of CO2 on shallow groundwater through an injection test in 
Northeast Germany (Peter et al. 2012). A virtual test site is modelled in the CO2-
MoPa project, which concentrates on basic research independent from a specific 
test site in order to develop generic theoretical and experimental methods (Bauer 
et al. 2012). 

Laboratory Experiments and Field Tests are in integral part to deepen the 
understanding within the framework of CO2 storage and enhanced gas recovery 
(EGR). Pudlo et al. (2012) show results about “The impact of diagenetic fluid-
rock reactions on Rotliegend sandstone composition and petrophysical properties 
(Altmark area, central Germany)”, Huq et al (2012) investigate “Chemical 
changes in fluid composition due to CO2 injection in the Altmark Gas Field” and 
Hou et al. (2012a) present a developed long-term wellbore sealing concept which 
was tested in-situ in the Altmark natural gas field.  

A major factor for the success of any CO2 storage project is that the subsurface 
response to CO2 injection and storage can be reliably and efficiently monitored. 
This TI introduces several studies describing development and application of 
Monitoring Concepts. Schütze et al. (2012) study natural analogues to develop 
reliable monitoring methods to understand subsurface CO2 migration processes. 
Park et al. (2012) present “A pressure-monitoring method to warn CO2 leakage in 
geological storage sites”. Lempp et al. (2012) outline “Methodological approaches 
in the laboratory with respect to the in-situ conditions of the Altmark Gas Field”. 
Lamert et al. (2012) test the “Feasibility of geoelectrical monitoring and 
multiphase modelling for process understanding of gaseous CO2 injection into a 
shallow aquifer”. Baumann and Henninges (2012) focus on well logging for 
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injection and saturation profiling with special emphasis on the CO2 injection in 
depleted gas fields. Becker et al. (2012) conclude this section with their work on 
stable isotope applications with regard to CCS and EGR. 

Modelling Studies are an important tool to improve the fundamental under-
standing of subsurface processes related to CO2 storage but also to support more 
practical investigations of CO2 migration, risk assessment, and reservoir 
management. The challenges for modelling lie in both describing the complexity 
of coupled thermo-hydro-mechanical-chemical processes and capturing the 
structural geology and heterogeneity of real systems (Nordbotten and Celia 2012). 
First step for any dynamic simulation model is the development of a static 
geological model. With regard to the CLEAN project, Norden et al. (2012) outline 
the basis to do that, the “Geological and thermal structure of the larger 
Altensalzwedel area”. Böttcher et al. (2012) evaluate in this TI the thermal 
equations of state for CO2 in numerical simulations. Singh et al. (2012a) 
conducted a “Thermal analysis of the Altmark gas field for carbon dioxide 
injection with enhanced gas recovery”. Hydraulic processes are the focus of 
Mykkeltvedt and Nordbotten (2012) as they study convective mixing in response 
to commercial-scale injection. Singh et al. (2012b) describe “Numerical 
simulation of tracer transport in the Altmark gas field”. Hou et al. (2012b) focus 
their modelling on mechanical processes with special emphasis on enhanced gas 
recovery technology. The chemical processes of CO2-induced fluid-rock 
interactions are evaluated in the modelling studies by De Lucia et al. (2012) and 
Beyer et al. (2012). 

Benchmarking by code or model comparison is an important strategy for 
demonstrating the accuracy and predictive capability of models. Benchmarks with 
special emphasis on CO2 storage have been discussed by Class et al. (2009) and 
Kempka et al. (2010). In this TI, Kolditz et al. (2012a) suggest “A systematic 
benchmarking approach for geologic CO2 injection and storage” and 
Mukhopadhyay et al. (2012) present “A model comparison initiative for a CO2 
injection field test”. In order to better deal with the complexity of simulating 
coupled processes in complex systems, an on-going effort is to develop modelling 
platforms allowing efficient cooperation of distributed developer groups 
(Flemisch et al. 2011, Kalbacher et al. 2011). Here, Kolditz et al. (2012b) present 
one such effort introducing “OpenGeoSys: an open-source initiative for numerical 
simulation of thermo-hydro-mechanical/chemical (THM/C) processes in porous 
media”. 

 

Keywords: CCS, CO2 storage, EGR, depleted gas fields, Altmark, test sites, saline 

aquifers, laboratory experiments, monitoring, modelling, benchmarking 



4 

Acknowledgements 

We owe many thanks to the authors of this thematic issue. These include 

participants of the CLEAN project who contributed to a large extent to this 

volume. Furthermore we acknowledge manuscripts from other projects in Europe 

and the world and the additional input from partners around the globe. This work 

was also supported by the Assistant Secretary for Fossil Energy, Office of 

Sequestration, Hydrogen, and Clean Coal Fuels, through the National Energy 

Technology Laboratory, U.S. Department of Energy, under Contract No. DE-

AC02-05CH11231. 

 

 

References1 

Bauer S, Class H, Ebert M, Feeser V, Goetze H, Holzheid A, Kolditz O, Rosenbaum S, 
Rabbel W, Schaefer D, Dahmke A (2012): Modeling and parameterization of CO2 storage in 
deep saline formations for dimension and risk analyses - the CO2-MoPa project. Environ. Earth 
Sci., online first, doi: 10.1007/s12665-012-1707-y. 

Baumann G, Henninges J (2012): Well logging for injection and saturation profiling during CO2 
injection in depleted gas fields. Environ. Earth Sci., online first, doi: 10.1007/s12665-012-
1708-x 

Becker V, Myrttinen A, Zimmer M, Pilz P, Barth JAC (2012): Stable Isotope Applications 
during Carbon Capture and Storage (CCS) and Enhanced Recoveries of Hydrocarbons. 
Environ. Earth Sci., online first, doi: 65(5): 1367-1380 

Beyer C, Li D, de Lucia M, Kühn M, Bauer S (2012): Modelling CO2-induced fluid-rock 
interactions in the Altensalzwedel gas reservoir. Part II - coupled reactive transport simulation. 
Environ. Earth Sci., online first, doi: 10.1007/s12665-012-1684-1 

Böttcher N, Taron J, Kolditz O, Park CH. Liedl R (2012): Evaluation of thermal equations of 
state for CO2 in numerical simulations. Environ. Earth Sci., online first, doi: 10.1007/s12665-
012-1704-1 

Class H, Ebigbo A, Helmig R, Dahle HK, Nordbotten JM, Celia MA, Audigane P, Darcis M, 
Ennis-King J, Fan Y, Flemisch B, Gasda SE, Jin M, Krug S, Labregere D, Naderi Beni A, 
Pawar RJ, Sbai A, Thomas SG, Trenty L, Wei L (2009) A benchmark study on problems 
related to CO2 storage in geologic formations: Summary and discussion of the results. 
Computational Geosciences 13(4) 409-434. doi:10.1007/s10596-009-9146-x  

De Lucia M, Albrecht D, Bauer S, Beyer C, Kuehn M, Nowak T, Pudlo D, Stadler S (2012): 
Modelling CO2-induced fluid-rock interactions in the Altensalzwedel gas Reservoir. Part I - 
From experimental data to a reference geochemical model. Environ. Earth Sci., online first, 
doi: 10.1007/s12665-012-1725-9 

Flemisch B, Darcis M, Erbertseder K, Faigle B, Lauser B, Mosthaf K, Muthing S, Nuske P, 
Tatomir A, Wolff M (2011): DuMux: DUNE for multi-phase, component,scale, physics, . . . 
flow and transport in porous media. Advances in Water Resources, 34(9): 1102-1112 

GEOTECHNOLOGIEN (2006) Investigation, Utilization and Protection of the Underground 
Kick-Off-Meeting, BGR Hannover, 22-23-September 2005, Programme & Abstracts 

                                                 
1 Contributions within this Thematic Issue are listed with authors in bold letters. 



5 

Koordinierungsbüro GEOTECHNOLOGIEN, Science Report No. 6, 144 p, ISSN: 1619-7399 
(http://www.geotechnologien.de).  

GEOTECHNOLOGIEN (2007) 1st French-German Symposium on Geological Storage of CO2 - 
Abstracts from the CO2-Symposium in Potsdam, June 21st and 22nd, 2007, Koordinierungsbüro 
GEOTECHNOLOGIEN, Science Report No. 9, 202 p, ISSN: 1619-7399 
(http://www.geotechnologien.de). 

GEOTECHNOLOGIEN (2009) Die dauerhafte geologische Speicherung von CO2 in Deutschland 
- Aktuelle Forschungsergebnisse und Perspektiven. Sonderband Koordinierungsbüro 
GEOTECHNOLOGIEN, Science Report No. 14, 141 p, ISSN: 1619-7399 
(http://www.geotechnologien.de). 

Hou Z, Gou Y, Taron J, Görke UJ, Kolditz O (2012a): Thermo-hydro-mechanical modeling of 
carbon dioxide injection for enhanced gas-recovery (CO2-EGR): a benchmarking study for 
code comparison. Environ. Earth Sci., online first, doi: 10.1007/s12665-012-1703-2 

Hou Z, Wundram L, Meyer R, Schmidt M, Schmitz S, Were P (2012b): Development of a 
long-term wellbore sealing concept based on numerical simulations and in situ-testing in the 
Altmark natural gas field. Environ. Earth Sci., online first, doi: 10.1007/s12665-012-1670-7 

Huq F, Blum P, Marks M, Nowak M, Haderlein SB, Grathwohl P (2012): Chemical changes 
in fluid composition due to CO2 injection in the Altmark Gas Field: preliminary results from 
batch experiments. Environ. Earth Sci., online first, doi: 10.1007/s12665-012-1687-y 

IPCC (2005) Special Report on Carbon Dioxide Capture and Storage prepared by Working Group 
III of the Intergovernmental Panel on Climate Change (Eds: B. Metz, O. Davidson, H. C. de 
Coninck, M. Loos, L. A. Meyer) Cambridge University Press, Cambridge, United Kingdom 
and New York, NY, USA, 442 pages. 

Kalbacher T, Delfs JO, Shao H, Wang W, Walther M, Samaniego L, Schneider C, Musolff A, 
Centler F, Sun F, Hildebrandt A, Liedl R, Borchardt D, Krebs P, Kolditz O (2011): The IWAS-
ToolBox: Software Coupling for an Integrated Water Resources Management, Environ. Earth 
Sci., 65(5) 1367-1380, doi: 10.1007/s12665-011-1270-y. 

Kempka T, Kühn M, Class H, Frykman P, Kopp A, Nielsen CM, Probst P (2010) Modelling of 
CO2 arrival time at Ketzin – Part I. International Journal of Greenhouse Gas Control 4(6), 
1007-1015. doi: 10.1016/j.ijggc.2010.07.005 

Kolditz O, Bauer S, Beyer C, Böttcher N, Dietrich P, Görke U-J, Kalbacher T, Park C-H, 
Sauer U, Schütze C, Shao HB, Singh AK, Taron J, Wang W, Watanabe N (2012a): A 
systematic benchmarking approach for geologic CO2 injection and storage. Environ. Earth Sci., 
online first, doi: 10.1007/s12665-012-1656-5. 

Kolditz O, Bauer S, Bilke L, Böttcher N, Delfs JO, Fischer T, Görke UJ, Kalbacher T, 
Kosakowski G, McDermott CI, Park CH, Radu F, Rink K, Shao H, Shao HB, Sun F, Sun 
YY, Singh AK, Taron J, Walther M, Wang W, Watanabe N, Wu N, Xie M, Xu W, 
Zehner B (2012b): OpenGeoSys: an open-source initiative for numerical simulation of 
thermo-hydro-mechanical/chemical (THM/C) processes in porous media, Environ. Earth Sci., 
online first, doi: 10.1007/s12665-012-1546-x. 

Kühn M, Förster A, Großmann J, Meyer R, Reinicke K, Schäfer D, Wendel H (2011) CLEAN: 
Preparing for a CO2-based Enhanced Gas Recovery in a Depleted Gas Field in Germany. 
Energy Procedia 4, 5520-5526. doi: 10.1016/j.egypro.2011.02.538 

Kühn M, Tesmer M, Pilz P, Meyer R, Reinicke K, Förster A, Kolditz O, Schäfer D & 
CLEAN Partners (2012): CLEAN: CO2 Large-Scale Enhanced Gas Recovery in the Altmark 
Natural Gas Field (Germany): Project overview. Environ. Earth Sci., online first, doi: 
10.1007/s12665-012-1714-z. 

Lamert H, Geistlinger H, Werban U, Schütze C, Peter A, Hornbruch G, Schulz A, Pohlert 
M, Kalia S, Beyer M, Großmann J, Dahmke A, Dietrich P (2012): Feasibility of 
geoelectrical monitoring and multiphase modelling for process understanding of gaseous CO2 
injection into a shallow aquifer. Environ. Earth Sci., online first, doi: 10.1007/s12665-012-
1669-0 

Lempp CFH, Shams KM, Jahr N (2012): Stress monitoring in deep boreholes as a task in future 
CCS projects: Methodological approaches in the laboratory with respect to the in-situ 
conditions of the Altmark Gas Field. Environ. Earth Sci., online first, doi: 10.1007/s12665-
012-1706-z 

Martens S, Kempka T, Liebscher A, Lüth S, Möller F, Myrttinen A, Norden B, Schmidt-
Hattenberger C, Zimmer M, Kühn M (2012): Europe’s longest-operating on-shore CO2 



6 

storage site at Ketzin, Germany: a progress report after three years of injection. Environ. Earth 
Sci., online first, doi 10.1007/s12665-012-1672-5. 

Mukhopadhyay S, Birkholzer JT, Nicot JP, Hosseini SA (2012): A single site multi-model 
comparative study for CO2 injection field test: An introduction to Sim-SEQ, Environ. Earth 
Sci., online first, doi: 10.1007/s12665-012-1668-1 

Mykkeltvedt TS, Nordbotten JM (2012): Representing effective rates of convective mixing from 
commercial-scale injection. Environ. Earth Sci., online first, doi: 10.1007/s12665-012-1674-3. 

Nordbotten JM, Celia MA (2012): Geological storage of CO2 – Modeling approaches for large 
scale simulations. John Wiley & Sons 

Norden B, Foerster A, Behrends K, Prokoph K, Stecken L, Meyer R (2012): Geological and 
thermal structure of the larger Altensalzwedel area: Inputs for a shared earth model of the 
CLEAN site. Environ. Earth Sci., online first. 

Park YC, Huh DG, Park CH (2012): A pressure-monitoring method to warn CO2 leakage in 
geological storage sites. Environ. Earth Sci., online first, doi: 10.1007/s12665-012-1667-2 

Peter A, Lamert H, Beyer M, Hornbruch G, Heinrich B, Schulz A, Geistlinger H, Schreiber 
P, Dietrich P, Werban U, Vogt C, Richnow HH, Großmann J, Dahmke A (2012): 
Investigation of the geochemical impact of CO2 on shallow groundwater: Design and 
implementation of a CO2 injection test in Northeast Germany. Environ. Earth Sci., online first, 
doi: 10.1007/s12665-012-1700-5 

Pudlo D, Reitenbach V, Albrecht D, Ganzer L, Gernert U, Wienand J, Kohlhepp B, Gaupp 
R (2012): The impact of diagenetic fluid-rock reactions on Rotliegend sandstone composition 
and petrophysical properties (Altmark area, central Germany). Environ. Earth Sci., online first, 
doi: 10.1007/s12665-012-1723-y 

Schilling F, Borm G, Würdemann H, Möller F, Kühn M, CO2SINK Group (2009) Status Report on 
the First European on-shore CO2 Storage Site at Ketzin (Germany). Greenhouse Gas Control 
Technologies 9, Energy Procedia 1(1) 2029-2035, doi: 10.1016/j.egypro.2009.01.264 

Schütze C, Sauer U, Beyer K, Lamert H, Strauch G, Braeuer K, Flechsig C, Kaempf H, 
Dietrich P (2012): Natural analogues - a potential approach for developing reliable monitoring 
methods to understand subsurface CO2 migration processes. Environ. Earth Sci., online first, 
doi: 10.1007/s12665-012-1701-4 

Singh AK, Görke U-J, Kolditz O (2012a): Thermal analysis of the Altmark gas field for carbon 
dioxide injection with enhanced gas recovery. Environ. Earth Sci., online first, doi: 
10.1007/s12665-012-1689-9 

Singh AK, Pilz P, Zimmer M, Kalbacher T, Görke U-J, Kolditz O (2012b): Numerical 
simulation and geophysical monitoring of tracer transport in the Altmark gas field. Environ. 
Earth Sci., online first, doi: 10.1007/s12665-012-1688-x 

Würdemann H, Möller F, Kühn M, Heidug W, Christensen NP, Borm G, Schilling FR (2010) 
CO2SINK—From site characterisation and risk assessment to monitoring and verification: One 
year of operational experience with the field laboratory for CO2 storage at Ketzin, Germany. 
International Journal of Greenhouse Gas Control 4(6), 938-951. doi: 
10.1016/j.ijggc.2010.08.010 



DISCLAIMER  
 
This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor The Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or The Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or The Regents of 
the University of California. 
 
Ernest Orlando Lawrence Berkeley National Laboratory is an equal opportunity 
employer. 
 




