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In April 2024, the GEOSTOR research consortium published a comprehensive interim
report in German. The key findings of this report are summarized by chapter in its first

section - and are now also available here in English.

Find the report in German here: https://cdrmare.de/morematerials/

Foreword

In July 2019, German marine research institutions joined forces with the federal government
and the northern German states of Bremen, Hamburg, Mecklenburg-Western Pomerania,
Lower Saxony, and Schleswig-Holstein to establish the German Marine Research Alliance
(DAM), creating one of the largest marine research alliances in the world. The aim of this
alliance is to develop new solutions for today’s urgent challenges through joint research
missions in seas and oceans.

As part of this alliance, the research mission CDRmare is tasked, among other things, with
investigating whether carbon dioxide (CO,) could be stored beneath the German North Sea
and what risks such storage might entail. Capturing CO; at industrial sites, compressing it, and
storing it deep beneath the German North Sea could be one approach to reduce hard-to-abate
CO; emissions. In the future, CO; may also be removed directly from the atmosphere and
stored underground to offset unavoidable greenhouse gas emissions.

Research on CO, storage beneath the German North Sea is being carried out within the
CDRmare research consortium GEOSTOR. In the first project phase, experts from eight
institutions contributed to GEOSTOR. Together, they examined whether and how CO; could be
stored in geological formations of the German North Sea on an industrial scale.

Their tasks included assessing the geological conditions and environmental risks in the North
Sea, developing new methods for storage monitoring, outlining the legal framework, estimating
potential operational and development costs, and identifying possible conflicts and synergies
with other uses of the German North Sea.

The report provides a comprehensive summary of the research findings from the first phase of
the GEOSTOR (2021-2024) consortium and offers initial assessments of the topics mentioned
above.

To address this complex issue from all angles, the report required the collaboration of experts
and scientists from various disciplines and institutions. All research teams in the GEOSTOR
consortium contributed one or more chapters, presenting their scientific methods and findings
in full detail. Numerous illustrations, diagrams, and photographs were used to make the
concepts as accessible and comprehensible as possible.

We hope you enjoy reading and are happy to answer any questions regarding the content.

Prof. Dr. Klaus Wallmann and the GEOSTOR research team


https://cdrmare.de/morematerials/
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Objectives of the
GEOSTOR Research Consortium

For many years, there has been a broad consensus within the national and international
scientific community that CCS (Carbon Dioxide Capture and Storage) can serve as an important
instrument for climate protection (IPCC, 1992, 2007, 2018, 2022). Numerous studies have also
shown that the environmental risks of CO; storage in deep geological formations can be largely
minimized if suitable sites are carefully selected, thoroughly investigated, and comprehensively
monitored (e.g., IPCC, 2005; Stoll & Wallmann, 2008; Wallmann & ECO;-consortium, 2015).

Moreover, nearly all national studies indicate that the climate targets set by the German Federal
Government (climate neutrality by 2045) can only be achieved if CCS is used to reduce hard-to-
abate industrial emissions (Federal Government, 2022). In addition, CO, must be removed from
the atmosphere and permanently stored in geological formations to offset unavoidable residual
emissions (Federal Government, 2022; IPCC, 2022).

Against this background, the GEOSTOR project aims to assess the potential and risks of CO,
storage in the Exclusive Economic Zone (EEZ) of the German North Sea in order to determine
whether safe storage is feasible in this area and whether such storage could make a significant
contribution to achieving Germany’s national climate targets.

CO; storage in
sandstone formations
of the German North Sea
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Water depth
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Cover graphic: Schematic diagram of CO, storage in sandstone formations beneath the German North
Sea: COy that is hard-to-abate is transported by pipeline or ship and injected into porous sandstone layers
more than 800 metres below the seabed. An overlying barrier rock prevents it from escaping. The injected
COy is fixed in the storage formation by capillary forces, dissolved in the saline formation water and
finally mineralised over thousands of years.
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Research Topics

To achieve this objective, the GEOSTOR project addressed a wide range of topics spanning the
fields of geology, environmental risks, storage monitoring, technology and costs, as well as
marine spatial planning and legal frameworks.

The investigations were limited to the German Exclusive Economic Zone (EEZ) in the North
Sea and focused on two selected areas (referred to as pilot or study areas), which had been
identified by the GEOSTOR consortium during the proposal phase (Area A and Area B, see
Figure 1). Area A serves as a representative example of a site with relatively simple geological
structures and low complexity, whereas Area B is characterized by numerous faults and more
complex geological conditions. In both areas, the Middle Bunter Sandstone was considered a
potential storage formation.

Currently, there are no commercial CO; storage projects in Germany, as the implementation
of such projects has not been possible under the existing German Carbon Dioxide Storage Act
(KSpG). Against this background, the GEOSTOR consortium addressed key topics and
unresolved questions that must be examined before a CO, storage project in the German EEZ
can be seriously considered.

Sketch of the German North Sea
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Fig. 1: Study Areas A and B in the German EEZ.



e
GEOSTOR

Development of the
Political Framework for CCS in Germany

At the start of the project (August 2021), there was no broad political or societal support for the
implementation of CCS projects in Germany. However, during the first phase of GEOSTOR,
many political and societal actors reassessed and, in some cases, redefined their stance on CCS
technology. The long-standing scientific consensus that CCS can be an important tool for
reducing CO; emissions increasingly gained recognition and traction among policymakers
and the public.

A key milestone was the German Federal Government’s 2022 evaluation report on the Carbon
Dioxide Storage Act (KSpG) (Federal Government, 2022). This report clarified that CCS could
make a significant contribution to reducing hard-to-abate industrial emissions and that
unavoidable residual emissions could be offset through BECCS (Bioenergy with CCS) and
DACCS (Direct Air Capture with geological CO; storage), thus supporting the government’s
climate policy goal of achieving net-zero greenhouse gas emissions in Germany by 2045.

In 2023, the Federal Ministry for Economic Affairs and Climate Action (BMWK) conducted

an extensive stakeholder process to develop the key points of a national Carbon Management
Strategy. The GEOSTOR partners GEOMAR, BGR, and the University of Hamburg were
actively involved in this process. The key points of the strategy were published by BMWK in
February 2024 and adopted by the Federal Government in May 2024 (BMWK, 2024). Among
other things, the strategy emphasized that CO, storage in geological formations is necessary to
achieve Germany’s climate policy goals.

At the same time, BMWK drafted a bill to amend the KSpG, which was adopted in a modified
form by the Federal Government in May and introduced to the Bundestag in June and the
Bundesrat in July 2024. This draft bill proposes to permit CO; storage in the German EEZ,
outside of designated nature conservation areas. The storage process would be strictly regulated
to minimize environmental and nature protection risks.

The opportunities and risks associated with CO; storage in the German EEZ were explored in
depth for the first time within the GEOSTOR consortium. The results presented in the report
provide an important scientific foundation for the development of future CO, storage projects
and for the ongoing societal debate on geological CO, storage in the German EEZ.

The research conducted has demonstrated that geological CO, storage in the German Exclusive
Economic Zone (EEZ) is, in principle, feasible. A significant portion of the CO, expected to be
captured in Germany in the future could potentially be stored beneath the German North Sea.

The main challenges lie in preventing leakage from the reservoir rock, minimizing seismic noise
during site exploration and monitoring, resolving use conflicts, and incorporating these
considerations into marine spatial planning. Additionally, the national legal framework must
be updated to enable CO, storage in the German EEZ.

THE FOLLOWING ARE THE KEY FINDINGS ELABORATED IN THE REPORT:

Regional Static Storage Capacity (Chapter 2):

The storage capacity analysis focused on the Middle Bunter Sandstone, identified as a key CO,
reservoir rock. Only trap structures were considered where injected CO, remains within a
confined area and is overlain by at least a 20-meter-thick caprock. The calculated static storage
capacity in Middle Bunter Sandstone structures in the German EEZ (beyond the 12-nautical-
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mile zone) is approx. 0.9 to 5.5 billion tonnes of CO;. Calculations assumed that 5-20% of the
pore space is usable for storage, though this may be lower depending on site-specific
conditions. Other geological units (e.g., Jurassic formations) in the subsurface may also offer
storage potential.

Potential Storage Sites: Geological Models of Areas A and B (Chapter 3):

Detailed studies were conducted in two areas selected by GEOSTOR. The potential storage
structure in Area A (100 km offshore, 1300 km?) is formed by a structural high caused by uplift
of an underlying salt pillow. The main reservoir unit is the 40-50 m thick Volpriehausen Base
Sandstone of the Middle Bunter (1.6-2 km depth). Area B (approx. 300 km offshore, ~560 km?)
also contains Middle Bunter sandstones, located 3-3.5 km below the seabed. Compared to Area
A, Area B is geologically more complex and faulted.

For both areas, detailed geological and volumetric models were developed for dynamic
reservoir simulations. Static storage capacities were also derived from the volumetric models.

Reservoir Modelling: Estimating Dynamic Storage Capacity in Area A (Chapter 4):

Numerical simulations show that up to 10 million tonnes of CO; per year could be stored over
30 years in Area A, using five vertical or two horizontal wells. This dynamic capacity is a
maximum estimate, as geological heterogeneities are only partially resolved in the model.

A simulated pressure increase of up to 130 bar could promote CO; migration and leakage along
faults or legacy wells. Reducing injection rates would lower these risks.

After closure, pressure declines rapidly. Within 100 years, roughly half of the CO, is trapped by
capillary forces or dissolved in formation water. Leakage risk is highest during injection and
decreases thereafter.

Formation Water Characteristics beneath the German North Sea (Chapter 5):

Data on the chemical composition of deep formation water are scarce. Available samples
indicate significantly higher salinity than seawater and strong spatial variability. Fluid sampling
and analysis of potential reservoir and caprock units are essential for site assessment,
particularly since brine leakage could locally harm benthic ecosystems.

Potential Leakage Pathways along Faults (Chapter 6):

Seismic mapping in the West Schleswig Block (Area A) indicates largely undisturbed formations
with favorable caprock properties. In the Central Graben (Area B), trap structures are formed by
both stratigraphic and fault-bound features. The geomechanical and hydraulic properties of
faults in Area B require further investigation to assess site suitability.

Leakage via Legacy Wells (Chapter 7):

Natural gas may migrate along legacy wells if present in depths of 0.1-1 km below the seabed.
Measured methane emissions from seven wells in the UK and Norwegian North Sea ranged
from 0.8-5.2 t per well per year. No leakage was detected at investigated sites in the German
sector.

Nonetheless, the legacy well in Area A should be further examined, continuously monitored, or
sealed if CO; storage is planned.
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Geotechnical Risks (Chapter 8):

Pressure increases from CO; injection could reactivate pre-existing faults and trigger
earthquakes. However, geotechnical analysis in Area A suggests that such induced events
would likely not exceed magnitude 2. Wind turbines near Area A would probably not be
affected by such low-magnitude events.

Rock-Fluid Interactions in the Subsurface (Chapter 9):

Reactions between CO, and reservoir or cap rocks, as well as reactive transport through
fractures, can be studied using experimental setups under in situ pressure and temperature.
Initial tests suggest that CO; leakage via legacy wells could be significantly reduced by
introducing reactive minerals into the seafloor.

Impact of Seismic Noise on Harbour Porpoises (Chapter 10):

Harbour porpoises rely heavily on acoustic orientation and have one of the most sensitive
hearing systems among animals. During seismic surveys in Area B, they avoided the sound
source within a 10 km radius.

Regular seismic operations related to CO; storage under the North Sea may thus impair habitat
quality. To minimize disturbance, sensitive times and areas should be considered, and the
number of active seismic campaigns kept to a minimum.

Storage Monitoring Using Seismological Methods (Chapter 11):

CO; storage can also be monitored using passive seismic methods, which emit no noise and
thus pose no threat to porpoises. Passive monitoring systems developed in GEOSTOR detect
microseismic events triggered by CO, injection.

Although ambient noise complicates detection, suitable sensor networks and Al-supported
analysis allow identification and localization of even minimal movements, enabling early
detection of fault reactivation.

Technologies and Costs of CO, Transport and Storage (Chapter 12):

Technologies for coastal CO; handling, offshore transport, and storage of up to 10 million
tonnes per year in Area A are generally available. Estimated costs range from €13-55 per tonne
but do not include capture at industrial sources or onshore transport.

Full CCS chain costs are significantly higher due to the complexity and expense of capture and
land-based logistics.

Legal Framework and Geotechnical Implications (Chapter 13):

A secure legal basis for CO, storage in subsea formations requires ratification of the London
Protocol and updates to national legislation. The legal framework for CO; export remains
unresolved due to differing views between the EU Commission and member states.

Legal requirements lead to various geotechnical tasks related to site exploration and
monitoring. A universal monitoring standard is currently lacking and may not be practical
given project-specific differences.

Developing monitoring plans requires not only a clear legal framework but also qualified
operators, competent authorities, and stakeholder involvement.
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Potential Use Conflicts in the German EEZ (Chapter 14):

As nearly the entire German EEZ is already designated for other uses or nature conservation,
CO; storage will only be feasible if multi-use concepts are developed and conflicts addressed in
marine spatial planning.

If areas designated for wind farms and military use are excluded, only a small portion of
otherwise geologically promising sites would remain available.

Geological Data Visualization (Chapter 15):

Geological data collected in GEOSTOR and predecessor projects for the German North Sea EEZ
are publicly available and can be interactively viewed and downloaded via web applications.
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Outlook for the Second Project Phase

In its second phase (August 1, 2024 — July 31, 2027), the GEOSTOR project will continue to be
funded as part of the DAM research mission CDRmare by the German Federal Ministry of
Education and Research (BMBF) and through contributions from the northern German federal
states. However, the objectives and composition of the consortium have been adjusted in order
to build on the insights gained during the first phase and to make them operational.
Furthermore, the planning of the second phase has taken into account the ongoing development
of the political and legal framework.

Objectives

With the Federal Government’s draft bill to amend the German Carbon Dioxide Storage Act
(KSpG), the legal framework for CO, transport and storage in Germany is expected to be
revised to allow for CO, storage in the German Exclusive Economic Zone (EEZ) and on the
continental shelf (Bundestag, 2024). Given the broad political support for this legislative
initiative, it is likely that the law will be passed and enter into force during the second
GEOSTOR project phase. This would create the legal basis for companies to apply for permits to
explore potential CO, storage sites in the German EEZ and to carry out extensive investigations.

Such industrial exploration projects involving 3D seismic surveys and exploratory drilling
would generate new data essential for site assessment. To identify and make use of potential
synergies, GEOSTOR aims to collaborate closely with companies conducting such investigations
of possible storage sites.

During the second project phase, GEOSTOR will focus all its efforts on Area A, as findings

from the first phase suggest that this area may be suitable for an industrial CO, storage project.
GEOSTOR will continue to investigate and characterize this area in detail to assess whether safe
CO; storage is feasible at the site. This will serve as an example of how comprehensive site
exploration and monitoring, along with in-depth assessments of environmental risks, can
contribute to ensuring high environmental standards for future CO, storage projects in the
German EEZ.
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