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Executive Summary

Executive Summary

This report provides a comprehensive review of the national and international state-of-the-art in
geological CO, storage and transport, emphasizing its critical role within the CCS process chain.
Carbon dioxide capture and storage (CCS) is identified as a key technology in the global transition
to carbon neutrality. The report highlights on transport and geological storage processes of CO,,
evaluates Germany’s current readiness, and draws on international best practices to recommend

next steps for enabling CCS operations in Germany.
CCS: A Proven Technology for Reducing Emissions

The CCS process consists of three essential steps:

1. Capture: CO; is captured at emission sources or separated from gaseous streams.
2. Transport: CO; is transported to storage sites via pipelines or ships.

3. Storage: CO; is injected into suitable geological formations, where it is permanently stored.

International studies confirm CCS as a reliable and safe technology for reducing greenhouse gas
emissions. The European Union’s CCS Directive established a legal framework in 2009 to facilitate
CCS operations across Member States. Since then, several European countries implemented the
directive into national law and CCS projects were initiated with governmental support across the
continent. Meanwhile Germany has committed to carbon neutrality by 2045, positioning CCS as a

component of its national carbon management strategy.
Germany’s Approach to CCS

Germany’s proposed and amended Carbon Dioxide Storage and Transport Act (Kohlenstoffdioxid
Speicher- und Transportgesetz) should provide the regulatory framework for long term and full-
scale CCS operations. Key additions include to designate the German exclusive economic zone in
the North Sea for future offshore CCS operations and to streamline approval processes for CO;
transport pipelines.

Germany benefits from favorable geological conditions, an existing natural gas pipeline network,
and lessons learned from CCS research projects like Ketzin, which demonstrated safe and effec-
tive storage. With offshore and onshore formations offering significant capacity, Germany is well-
positioned to scale CCS to store significant volumes of domestic emissions.

The following key findings are reported for CO, Transport, Injection, and Storage:
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CO; Transport

* Pipelines are the most efficient method for transporting CO, across Europe, particularly in
liquid or supercritical phases at pressures of 80 to 200 bar.

¢ Shipping is an alternative for long distances, where CO; is transported in a liquid state at 7
to 45 bar and low temperatures.

e Impurities in the CO, stream can affect transport safety and system integrity, potentially
increasing corrosion risks. Corrosion-resistant materials must be used to ensure long-term

pipeline stability.

* Intermediate storage facilities (above ground or in subsurface formations like salt caverns)
support logistical efficiency.

CO; Injection

¢ CCS injection technologies leverage oil and gas industry standards. Injection wells must
use corrosion-resistant materials (e.g. stainless or high-chromium steel) and CO;-resistant

cement to withstand the corrosive effects of CO; in the presence of water.

¢ The injection interval and placement of wells must optimize connectivity to storage reser-
voirs. Well testing is critical to monitor and maintain hydraulic conductivity, ensuring effec-

tive injection throughout the project life cycle.

¢ Challenges such as dry-out effects, salt precipitation, and mineral dissolution can impact

injectivity, necessitating advanced monitoring and operational strategies.

Geological Storage of CO,

e Saline aquifers dominate storage projects in Europe, but depleted hydrocarbon fields are also
emerging as viable alternatives. Both storage types are considered mature and commercially

ready.

* Germany’s offshore saline aquifers offer an estimated capacity of 2900 Mt, with significant
additional capacity in onshore formations. The estimated capacity in depleted onshore fields

and aquifers for Germany is reported to be larger, awaiting further assessment.

* Safe storage requires robust monitoring of geological integrity, well integrity, and site-specific
risks, supported by risk-based monitoring plans and operational limits defined in storage

permits.
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Lessons from International Experience

Global CCS projects, particularly in the North Sea region, provide valuable insights for Germany,
including:

* Establishment of a enabling regulatory framework for companies to rely on

* Geological assessments tailored to Germany’s specific conditions, including offshore and on-

shore storage potential.

¢ Technological adaptations, such as managing legacy wells and ensuring compatibility of
transport and storage infrastructure.

¢ Economic incentives to support CCS deployment, learning from funding models and policies
in countries like Norway, Denmark and the Netherlands.

¢ Public acceptance, which remains a challenge in Germany. Transparent communication,
stakeholder engagement, and demonstrations of CCS safety are critical to building trust.

In conclusion, CCS is a proven, mature and save technology that plays an essential role in achiev-
ing climate goals, particularly for sectors with hard-to-abate emissions. Inside the European Union
the Net Zero Industry Act (NZIA) together with the EU Industrial Carbon Management Strategy
are key initiatives aimed at reducing industrial carbon emissions and encourage investment in
CCS technology. With favorable geological conditions, strong policy support, and infrastructure
development, Germany can successfully scale the CCS technology to support meeting its 2045 car-
bon neutrality target. By leveraging international experience and addressing local challenges, CCS
can become a cornerstone of Germany’s carbon management strategy.
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capacity

caprock

carbon dioxide stream

CCS life cycle

compressibility

dissolution trapping

geological integrity

geological storage

hydrate formation

hydraulic conductivity

injectivity

leakage

mechanical integrity

mineral trapping

Mass of carbon dioxide that can be stored in a subsurface formation

Impermeable sealing layer overlying the storage complex which acts
as a natural barrier and prevents the injected and stored CO, from
migrating

Flow stream containing primarily CO,

Process describing the capturing of carbon dioxide from emission
sources, transporting the carbon dioxide either for further utilization

processes or to permanent storage sites

Degree of gaseous compression, expressed in the ratio of a gas vol-
ume at elevated pressure and temperature conditions to its volume
at standard conditions

Process of liquid or supercritical carbon dioxide dissolving into the

brine

Condition of storage complex that prevent any leakage of carbon
dioxide
Injection and subsequent storage of CO, streams in subsurface for-
mations

Decrease in temperature of carbon dioxide during the injection pro-
cess, which can lead to changes in the phases and to the formation of
gas hydrates

Propertiy of porous rock layers (especially permeability, thickness,
porosity and saturation), describing the ease a fluid can flow through
the pore space

Injectivity describes the ability of a well to inject a fluid into a sub-
surface formation (ratio of the volumetric flow rate to the pressure
drop)

Unintended loss of stored CO,

Material condition, suitable to prevent any leakage of carbon dioxide

and to be resistant to corrosion processes

Long-term reaction of carbon dioxide with rock minerals to dissolve

the carbon dioxide and form new chemical bonds
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monitoring Repeated checking, supervising and observing of the storage com-
plex and facilities (including the CO, plume to detect deviations from
the planned behavior

Mt CO, Unit used to describe the mass of CO, that can be stored in a subsur-
face site
Mt COze Unit used to describe the emissions of greenhouse gases in terms of

the amount (megatonnes) of CO, that would have the same global

warming potential

Mtpa Unit used to describe the injected mass of carbon dioxide into a stor-
age site per year (megatonnes per year)

near wellbore dry-out ~ Carbon dioxide absorbs residual water during injection and tends to
dry out the pore space, remaining salts increase the salinity

plume Volume of free gaseous carbon dioxide inside the storage complex

residual trapping CO; is retained by capillary forces in the pore space of the reservoir

rock and becomes immobile

risk Uncertainty of project objective, expressed in terms of the severity of
consequences of an event and the likelihood

risk assessment Procedure to identify, analyze and evaluate risks

salt precipitation During the drying-out process of highly salt-saturated brine, salts
begin to precipitate leading to pore clogging

storage complex The target formation layer including the surrounding rock forma-
tions which could be affected by the storage operations

storage facility Area on the surface on which facilities for carbon dioxide injection

and storage are installed

storage site Volume of the storage layer(s) used to store CO, and the storage fa-
cilities at the surface

temporary storage Also known as intermediate storage; it describes storage processes
designed to store carbon dioxide for a limited period of time



1. Introduction and Global Overview on the Status of CCS/CCUS

1. Introduction and Global Overview on the Status of CCS/CCUS
1.1 CCS process with a Focus on Transport and Storage

“Carbon Capture and Storage” or CCS refers to technologies that capture CO, and store it under-
ground to prevent it from accelerating climate change. This report aims to present the current state
of knowledge on the geological storage and transport of CO, for CCS and similar processes (like
Carbon dioxide capture utilization and storage (CCUS) and carbon dioxide removal (CDR)) in a

scientifically sound, yet understandable and concise manner.

The International Organization for Standardization (ISO) defines CCS as a process consisting of
the separation of CO; from industrial and energy-related sources (or capturing directly from the
atmosphere), transportation and injection into a geological formation resulting in long-term isola-
tion from the atmosphere (ISO 27923, 2022) [1]. A depiction of the Carbon Dioxide Capture and
Storage processes is shown in the following Figure 1.

STORAGE

CO, is injected deep
underground for
permanent storage.

TRANSPORT Z
Liquid CO, is H
transported by

B IR b \
I pipeline or ship. = ! il
™ 1 . f :
-i. — -y e [ 8
- r e |

i H-

S————————7

€O, CAPTURE
CO, capture from
industrial plants.

Figure 1: Carbon Dioxide Capture and Storage Scheme [2]

CCS is a process that contains the following main components - capture, transport, injection and
storage. It is all part of the CCS life cycle.

Capture: During capture, CO; is separated from other gases at large industrial sites like steel

8



1.2. Why deploy CCS?

mills, cement plants, power plants, or even from the air. There are different proven methods for

this which are selected based on the origin of the emissions.

Transport: After being captured, CO; is compressed to increase its pressure, making it behave
like a liquid for easier transport. Before being transported, the compressed CO; is dehydrated.
Pipelines are typically used to move large volumes of CO;, but in certain cases, transport by ship
is a viable alternative.

Injection & Storage: In the final stage, CO; is injected through wells into geological rock forma-
tions, usually at depths of 1000 meters or more, where it is securely and permanently stored. These
formations are similar to those that have trapped oil and gas underground for millions of years.

The number of CCS projects under development or in operation is rising globally. Yet, the tech-
nology is not new: CO; has been injected into oil-bearing geological formations since the 1970-ies
([3]). The first commercial-scale CCS project is generally considered to be the Sleipner CO, Storage
Project in the North Sea ([4]). It started in 1996 and is located off the coast of Norway. The project
captures CO; from natural gas production and stores it in a saline aquifer. Sleipner was the first
project to inject CO; for the specific purpose of reducing greenhouse gas emissions, making it a
pioneer in CCS technology.

1.2 Why deploy CCS?

Countless scientific assessments are available on climate change and on the role different technolo-
gies may play in the mitigation and stabilization of greenhouse gas emissions. Many countries
made their pledge to change with carbon management strategies for emission reductions. The
Intergovernmental Panel on Climate Change (IPCC) estimates in its reports (IPCC, 2022) that the
negative impacts of anthropogenic climate change will be significant if global warming exceeds
1.5°C compared to pre-industrial levels [5]. The authors pointed to the critical role that CCS will
play in most mitigation pathways. To address this challenge, in 2015, the Paris Agreement was
negotiated through the United Nations Framework Convention on Climate Change (UNFCCC)
(2016) [6]. Through this agreement, the international community has set the goal of limiting global
warming to well below 2 °C and making additional efforts to keep warming to 1.5 °C. However,
the measures taken so far are insufficient to meet these goals. Based on the current status, this
means that limiting global warming to a maximum of 1.5 °C will not be achieved without a sub-
stantial increase in efforts to reduce greenhouse gas emissions. The UN IPCC report from 2023
([7]) points out that the current deployment rate of CCS is well below the required level to meet

the 1.5 °C goal and that “conditions such as policy instruments, greater public support and tech-
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nological innovation” are needed to improve deployment of CCS. Also the International Energy
Agency (IEA) states in a report that reviews the progress on CCS in the past 20 years concludes
that the current rate of progress is falling short of what is required to achieve climate goals [8].

In summary, the world’s foremost climate and energy organizations, the (IPCC) and the IEA, have
both emphasized the crucial role of CCS in achieving net-zero emissions by 2050. Moreover, CCS
will be particularly vital for hard-to-abate sectors like cement and steel production, where no other
viable solutions currently exist. It is becoming increasingly clear that any realistic path forward on
climate action will include CCS.

1.3 Legislative Framework for CCS

The EU Climate Law (Regulation (EU) 2021/1119) establishes the long-term framework for the
transition to a carbon-free economy in a legally binding manner and commits the European Union
to achieving climate neutrality by the year 2050. Member states have submitted their “Carbon
Management Strategies”, where CCS usually is a key component to meet emission reduction. For
CCS, the European Parliament and the Council issued a directive in 2009 (2009/31/EC CCS Direc-
tive) which addresses the safe geological storage of carbon dioxide and represents an important
component of the European climate protection strategy [9]. It was adopted with regard to the
goals of the Paris Agreement, which calls for a drastic reduction in greenhouse gas emissions to
limit global warming to below 2 °C.

CCS is seen as a transitional solution to reduce emissions from industrial processes that are cur-
rently difficult to avoid (hard-to-abate). This is intended to bridge the gap until fully emission-free
technologies are available on a large scale.

Objective of the Directive: The EU-Directive aims to establish a clear legal framework to ensure
that CO, storage is carried out in an environmentally friendly manner. This includes regulations
on site selection, monitoring, and risk management to minimize potential risks to the environment
and public health.

A key aspect of the Directive is that Member States have the right to decide whether and where
CO; storage sites will be established within their territory. They can designate specific areas for
CO; storage, but they also have the option to prohibit storage entirely, which grants Member States
significant sovereignty in shaping their CO, storage policy.

Thus, the CCS Directive [9] provides a legal framework that aligns with the EU’s climate protection

10



1.3. Legislative Framework for CCS

goals while respecting the sovereign decisions of the Member States.

The EU Net Zero Industry Act (NZIA) emphasizes the importance of carbon management strate-
gies in the member states in achieving climate goals. The NZIA aims to ramp up capacity for
net-zero technologies inside Europe. CO, capture, CO, transport, CO; utilization, and CO; stor-
age fall under the category of “net zero strategic technology.” As such, they are intended to benefit
from streamlined approval processes and easier access to markets and financing. The NZIA en-
visions that by 2030, a CO, storage capacity of 50 million tons of CO; per year will be available

across the European Union.

In February of 2024 the European Commission published the EU Industrial Carbon Management
Strategy. This document also highlights the importance of carbon management technologies and
demonstrates how these technologies can contribute to achieving climate goals. It presents a com-
prehensive approach for the EU to scale up carbon management. The strategy identifies a set of
actions to be taken, at EU and national level, to establish a single market for CO, in Europe and to
create a more attractive environment for investments in industrial carbon management technolo-
gies. In this document, the EU recommends a reduction of net greenhouse gas emissions by 90 %
compared to 1990 levels and an increase in carbon removal through land-based and industrial pro-
cesses to 400 Mt CO,e (with no separate target for industrial processes). The remaining greenhouse
gas emissions in 2040 are expected to be less than 850 Mt CO,e (compared to approximately 2500
Mt COze in 2023), see Figure 2 below.

Carbon dioxide emissions in the European Union from 1965 to 2023 (in
million metric tons)
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Figure 2: Past CO, emissions in the EU [10]

Sources Additional Information:;
Enel stitute; KPMG; Kearney EU; 1965 to 2023
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Situation in Germany

The legal framework for Carbon Capture and Storage (CCS) in Germany is primarily governed
by the Carbon Dioxide Storage Act ((Kohlenstoffdioxidspeichergesetz) (KSpG)) [11], which imple-
ments the EU CCS Directive (Directive 2009/31/EC) into national law. Adopted in 2012, the KSpG
regulates the demonstration and testing of CCS in Germany. The act allows for the underground
storage of CO; but places stricter limits in some respect than proposed by the EU CCS Directive,
reflecting Germany’s cautious approach. The latest evaluation report of the Federal Government
on the Carbon Dioxide Storage Act concludes that the current legal framework (KSpG) hinders the
practical application of both CCS and CCU. One example is the CO, transport: The report indi-
cates that the approval of CO; pipelines for the purpose of CCU is legally not possible. At the same
time, the climate neutrality studies analysed in the evaluation report regard CCS technologies as
a useful strategy to achieve the greenhouse gas neutrality targets set for Germany in the Climate
Protection Act by 2045.

The National Committee for Climate Protection and Energy discussed the draft law “to amend
the Carbon Dioxide Storage Act” during an expert hearing on November 6%, 2024. The vast ma-
jority of experts stated that CCS is a necessary technology to meet climate targets, though many
emphasized its use should be limited to unavoidable or hard-to-abate-emissions. Avoiding emis-
sions should take precedence over geological storage. The experts pointed to the immediate need
to accelerate the development of the necessary transport infrastructure and also highlighted the
costs of CCS, underscoring the need for planning certainty, accelerated approval processes, and
maintaining the “opt-in” option mentioned in the draft law, as offshore storage is considered more

expensive than onshore geological storage.

12
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Carbon Management Strategy in Germany

The carbon management strategy for Germany will consider several aspects [12]:

¢ The existing barriers to the transport and storage of carbon dioxide are being re-
moved, while guarding limits for its use are being established.

¢ In the future, storage will be allowed at sea (overwhelmingly in the exclusive eco-
nomic zone (EEZ) shown in Figure 3), outside of marine protection areas, if site suit-
ability is proven. On land, this will remain prohibited. However, individual federal

states may permit storage in their respective areas (“opt-in”).

¢ CCS/CCU must align with the goals of reducing greenhouse gas emissions. The fed-
eral government continues to prioritize the accelerated expansion of renewable en-

ergy.

¢ The use of CCS/CCU with gaseous energy carriers or biomass is possible as part of a

technology-neutral transition to a climate-neutral power system.

* The coal phase-out remains unchanged: emissions from coal-based power and heat-

ing plants will not have access to CO, pipelines or CO, storage.

¢ For CCS/CCU applications at power plants using fossil fuels, no funding will be pro-
vided. Additionally, government support for CCS/CCU will be focused on emissions
that are difficult or impossible to avoid.

13
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Figure 3: Exclusive economic zone of Germany [13]

In general, CCS in Germany faces several challenges and limitations from public opposition, reg-
ulatory caution and a strong focus on renewable energy and energy efficiency as primary climate
action strategies. As a result, Germany’s current CCS legal framework is cautious, balancing cli-
mate goals with environmental protection, public concerns, and regulatory safety. The intention to
primarily restrict CCS in Germany to the Exclusive Economic Zone (EEZ) represents a significant
limitation of potential storage locations and requires particularly high investments. In addition
to economic benefits, there are other advantages to onshore storage of CO,, such as proximity to
emission sources, short transport distances, and lower risks in the geological characterization of
storage sites all of which have the potential to support fast deployment.

1.4 Significance of CCS

To achieve greenhouse gas neutrality by 2045 in Germany, even with a gradual phase-out of fossil
fuels, CCS/CCU applications will be necessary in addition to the contribution of natural ecosys-

tems. This is particularly true for the reduction of hard-to-abate emissions. All scenarios from the
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IPCC that focus on reaching the 1.5°C target include a considerable amount of CCS/CCU.

CCS/CCU technologies applied in Germany are intended to preferably take on emissions that
are difficult or currently impossible to avoid. Additionally, there are industries where emissions
reduction technologies are not yet available. These sectors represent the primary application area
for CCS and CCU for Germany, where funding should also be provided. In sectors or facilities with
hard-to-abate emissions, where the switch to green hydrogen or the electrification of production

processes is currently not feasible, CCS and CCU can play a transitional role [12].

The cement, lime, and chemical industries (along with steel) are among the key emissions-intensive
sectors of the German industry that must contribute to decarbonization to meet climate targets.
These industries are also in competition with foreign production sites. These sectors must be given
the opportunity to decarbonize or considerably reduce the use of fossil raw materials promptly
through the implementation of CCS/CCU technologies.

Nowadays, the technologies necessary for successful application of CCS which are capture, trans-
port and storage are all considered “mature” with respect to their technology readiness level (Tech-
nology Readiness Level (TRL)). The TRL system provides a means of tracking the status of tech-
nologies during their progression through different stages of research and development. It is a
nine-point scaling system used to qualitatively evaluate the maturity level of a technology, where

level 9 is considered fully functional and tested on a commercial scale.

According to a review of the technology readiness level, the main relevant processes for transport
and storage are considered TRL 9 and hence commercial according to a review in Bui et al. (2018)

[14] as seen in Figure 4 below.
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Figure 4: Technology readiness levels of various aspects in the CCS chain [14]

According to Bui et al [14], the transport options via pipeline or ship as well as the storage of CO;
in saline formations (aquifer) are considered commercial (TRL 9) and therefore are regarded as
reliable and safe technologies.

1.5 Status of CCS Projects

As of mid 2023, 41 CCS facilities are globally in operation and 351 in development. The 41 active
CCS projects comprise a total CO, capture capacity of 49 Mtpa. In the past, most CCS facilities
operated as vertically integrated systems, where a single CO, capture plant had its own dedicated
compression, pipeline, and storage infrastructure. However, CCS networks are now emerging as
the predominant model for deployment. These networks enable multiple capture plants to share
common transport and storage infrastructure. Many CO; transport and storage facilities currently
in development are not linked to a specific CO; capture source.

CCS deployment via networks has become the leading approach, as networks offer economies of
scale that lower costs and business model synergies that mitigate risks. Capture hubs and trans-
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port networks are being developed to support regional CO, sources, typically located within 1,000
km of the storage site. Distances can be greater if the project scale and economics permit, espe-
cially when shipping is the primary transport method. These hubs and networks provide shared
infrastructure for the permanent storage of CO,. One example is the Northern Lights open-source
transport and storage network in Norway, which began operations on September 26", 2024 and is
expected to store 0.8 Mtpa of CO; from a cement plant in Brevik and a waste plant in Oslo (phase
1) deep under the seabed in the North Sea [15, 16].

Operational CCS Facilities in Europe

In Europe, five CCS facilities are in operation:

¢ Szank Field by MOL (Hungary), since 1992 with a capacity of 0.16 Mtpa, EOR-project
¢ Sleipner by Equinor (Norway), since 1996 with a capacity of 1 Mtpa, CCS-project
* Snohvit by Equinor (Norway), since 2008 with a capacity of 0.7 Mtpa, CCS-project

® Orca by Climeworks (Iceland), since 2021 with a capacity of 0.004 Mtpa, Direct-Air-
Capture (DAC) project

¢ Northern Lights by Equinor, Shell and Total Energies (Norway), since 2024 with a
capacity of nearly 0.8 Mtpa, CCS-project

Another six projects are under construction and 109 projects are under development in Europe. In
Germany two capture projects are under evaluation for CO, capture at cement production sites
(GeZero project of Heidelberg Materials, Carbon Clean CEMEX project).

Among the operational projects, Sleipner is the most cited and first project dedicated for CO;
storage. Hence, Sleipner plays a leading role for all following projects as well as for the formulation
of the subsequent regulations and frameworks and will be characterized briefly below.
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Sleipner CCS Project

Sleipner is the first commercial Carbon dioxide capture and storage (CCS) project which has
been injecting CO, into a saline aquifer offshore at a rate of nearly 1 Mtpa since 1996 and has
been in operation well before the EU formulated its CCS directive. The CO; is separated
from a natural gas stream which is produced from the Sleipner Gas Fields (Sleipner East
and Sleipner West), located nearly 250 km off the coast. The produced gas stream contains
nearly 9% of CO,. After separation, the carbon dioxide is injected through a nearly 2.5
km long deviated well into the Utsira Formation just below a local dome which is located
at a depth of 800 to 1000 meters, shown in Figure 5. The storage layer is approximately
150 to 200 meters thick and is covered by a shale caprock. The Utsira layer has an average
temperature of 37 °C, a pressure range of 80 to 110 bar, average porosity of 35 to 40 % and
a permeability of 1 to 8 Darcy. The Utsira Formation has nine intermediate shale layers
with different thicknesses ranging between 1 to 7 meters, across which the injected CO,
developed plumes which have laterally spread out over hundreds of meters.

Since the beginning of the injection, around 20 million tonnes of CO, have been injected into
the Utsira Formation. Various seismic measurements have been performed between 1994
and 2010 to measure the development of the CO; plume and to assess the storage tightness
of the Utsira Formation containing the carbon dioxide. 4D seismic methods have been
recently applied to monitor the plume development. As of today, carbon dioxide is still
being injected successfully into the saline aquifer at a constant rate. As the first commercial
project, Sleipner has demonstrated that CO; injection into a saline aquifer using available
technology is possible and feasible. The applied monitoring and seismic methods have
shown that carbon dioxide can be safely stored in the target formation at a very low risk
and possibility of leakage.

Sleipner A
Sleipner T !

Gas from
Sleipner West

CO; injection well

AN

Sleipner East
production and injection wells

Sleipner East field

Figure 5: Illustration of the Sleipner CCS project [17]
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1.6 Scope of this Report

CCS is a broad and multi-faceted topic which technically covers many aspects related to capturing
carbon dioxide from industrial and energy-related sources, transporting it to a storage location
and disposing of it. Besides that, there are many societal aspects and therefore, the discussions
are not limited to the scientific communities but CCS is broadly debated in media and news. This
report will focus on technical aspects and the state-of-the-art of CCS for transport, injection and

geological storage of COs,.

Whereas early studies and regulatory frameworks emphasized the geological storage component
of the CCS chain, the recently suggested amendments to the German federal law to facilitate CCS
applications (KSpG) addresses obstacles in establishing transportation pipeline networks, accelera-
tion of permitting processes and enabling operations. Experience and major findings from selected
international CCS projects will be highlighted in the subsequent sections and may show possible

pathways for future projects in Germany.
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2. Transport of Carbon Dioxide

Early CCS projects are characterized by one capture plant connected to one storage site. When
CCSis deployed on a larger scale that also means that numerous emitters are connected to a shared
transport infrastructure and possibly more than one storage site. Therefore, the term “hub” was
introduced and is used for shared infrastructure (“collection hubs” or “storage hubs”). These hubs
are developing internationally and support decarbonization of industrial areas around the globe.
While the EU directive on CCS and also the German KSpG put their focus on the regulation of ge-
ological storage, it has become clear, that transportation of CO, will need regulation and attention
for a successful future deployment of CCS in Europe.

The EU Member States have endorsed a Commission proposal to invest in carbon dioxide (CO,)
networks projects in December 2023. These international Projects of Common Interest (PCI) in-
crease momentum for the development of carbon capture, storage and utilisation (CCUS) projects.
They constitute the first building blocks of a future European-wide carbon value chain that are
scheduled for completion before the end of the decade and are therefore expected to contribute to
the EU’s 2030 decarbonisation objectives. All of them are classified as “hubs” and share infrastruc-

ture across EU member states.

The listed PCI projects below receive grants of collectively approximately 500 Mio. € from EU
funding:

* CO; export hub in the port of Dunkirk in France, called D’Artagnan. Funding for the con-
struction of a pipeline and export terminal to provide industrial sites a route to export their
captured CO; to storage sites abroad. More details can be found here [18].

¢ CO; infrastructure in the port of Rotterdam in the Netherlands, called Aramis, consisting of
an import terminal for the reception of CO, from carbon capture sites in various Member
States and of a 200 km undersea trunkline connecting the port to the future CO, storage site
in a depleted gas field offshore. More details are available here [19].

* Northern Lights initiative, a cross-border project linking CO; capture initiatives in several
EU Member States with a future storage site at sea on the Norwegian continental shelf. On
September 26", 2024, Northern Lights celebrated the world’s first commercial CO, transport
and storage service [16]. The onshore and offshore infrastructure has been delivered on time
for customers and within budget and is ready to receive CO, from Norwegian and European
industry. Northern Lights is the first project to offer commercial CO, transport and storage

as a service.
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Although the relating storage sites in Europe are focussing on the Norwegian and Dutch North Sea,
the transport hubs have a much larger international reach - even into the Ruhr area in Germany.
More importantly, these hubs will use pipeline and ship transportation as well as intermediate

storage solutions all on commercial scale.

One key benefit of sharing CO, infrastructure (“hubs”) is to have more than one emitter and
thereby reducing risks of intermittent CO, supply for the storage site. Vice versa, having more
than one storage site (“storage hub”) enables continuous access to storage - even when an injec-
tion well is shut-in. Hence, the availability of hubs and clusters increases flexibility and reduces
the risk of having to vent CO,. However, while the development of hubs has advantages through
costs and risks sharing, several other factors are in place for the successful projects listed above
with key components being a politically supportive government and the potential for funding.

Generally, CO; is typically captured and concentrated by absorption methods at nearly ambient
pressures in CCS projects. For the following stage of transportation, the concentrated CO, needs
to be compressed, in order to be able to efficiently handle large amounts of this gas. Mainly de-
pending on the distance from the emitter to the injection/storage site, the CO, may be transported
in a continuous way through pipelines or batchwise by vessels, railway or trucks. In the US where
CO; - injection is applied for enhanced oil recovery on a significant scale, a pipeline grid exists
with a length of more than 8,000 km to transport CO,. The operating history spans around 50

years demonstrating that transportation by pipeline is a mature technology.

2.1 Status of CO; Transport Technologies

The transport of CO, from its source to the injection site can be achieved with different methods.
Currently, the available methods are being applied to transport large amounts of natural or lique-
fied gases over long distances. The most commonly used method is the long-distance transport
via pipeline. Based on decades of experience and transportation of various gaseous and liquid
products the pipeline transport is classified with a TRL of 9. This pertains primarily to onshore
transport. To transport the gas from onshore to an offshore location, the economic feasibility of
using a pipeline might not be ensured. Varying conditions, especially pressure and temperature,
might pose additional challenges which would have to be overcome. One competitive alternative
to pipeline transport is the transport of CO, via ships. As the CO, behavior at elevated pressures
is similar to the behavior of liquefied natural and petroleum gas, it is assumed that the necessary
infrastructure does not change significantly for the transport of CO,. Due to limited capacity, ac-

cording to the CCS institute, a maximum load of 10,000 tons can be transported on one ship per

21



2. Transport of Carbon Dioxide

voyage.

All of the operating projects and those under consideration need to determine and select the
most suitable transportation method for their anticipated or active storage facility. In some of the
projects being developed, a combination of different transportation methods is being considered.
In Europe’s power and industry sector, many emissions are within a few kilometres away from
a major river or the shoreline, but far away from suitable geological formations in the European
North Sea, which hosts a large share of the potential storage sites. Therefore, long-distance CO;
transport will be required in many cases.

Figure 6 below illustrates the infrastructure necessary for CO, transport in a commercial CO, hub.

Offshore transport

o

| To geological storage

Figure 6: Transportation of CO; in a hub requiring on-/offshore pipelines, ship transport and
intermediate buffer storage (provided by the Global CCS Institute (GCCSI))

The following Table 1 summarizes the main characteristics of the common transport methods.

Method | Estimated capacity CO, Conditions CO; phase
Pipeline nearly 110 Mtpa 48 - 200 barg, 10 - 34 °C | vapour, liquid, supercritical
Truck > 1 Mtpa 17-20 barg, -30 to -20 °C liquid
Ship > 3 Mtpa 7 - 45 barg, -52-10 °C liquid
Rail > 1 Mtpa 7 - 26 barg, -50 to -20 °C liquid

Table 1: Transportation methods and their capacities, adapted from [15]

The transportation methods indicate that each method has its specific characteristics at which CO,
can be effectively transported to the point of injection.
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The pipelines have been used for many decades and are the most commonly applied method as

they require the lowest operating costs. One drawback is that pipelines do not offer the flexibility

of regulating the flow rates because the estimated capacity is used to determine the design of the

pipelines. The shipping alternative offers increased flexibility by increasing or reducing the CO,

supply to the storage sites. Additionally, ships can collect carbon dioxide from multiple sources

and transport them to a single destination and unlike pipelines, ships can amend their routes and

supply the capture carbon dioxide to new destinations if previous targets have become decommis-

sioned or unusable.

The transport of CO, via trucks or rail, while technically feasible, remains unsuitable for large-

scale projects due to the limited transportation volumes. Only the railroad transportation method

is a possibility for long and medium distances [15].

The following Figure 7 illustrates the phase ranges in which CO, is transported.
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Figure 7: Phase ranges of carbon dioxide transport (amended after [20])
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2.2 CO; Transport by Pipeline

Transportation via pipelines is expected to play a significant role in the deployment of CCS across
Europe. Statistically pipelines are the safest, most efficient and environmentally acceptable form of
transportation for gases and liquids over long distances. In many ways pipelines transporting CO;
are related to pipelines carrying other fluids as design, construction, operation and maintenance
are similar. However, there are also some significant differences as the CO, phase behavior is

different - especially when considering the expected impurities in the stream from emitters.

Transportation in pipelines is related to high investment expenditures of the pipeline grid, while
operational costs are moderate compared to alternative methods, such as transportation by rail-
way, truck or ship. Especially in case of moderate distances onshore, establishing a transportation
grid is a feasible option. With help of the state-of-the-art compressor technology, the designated
flow is achieved and maintained constant, overcoming the pressure drop within the pipeline. The
costs related to the operation mainly result from the compression energy which has to be opti-
mized by taking into account the investment for the pipeline construction: higher pressures result
in increased compression energy but smaller inner pipe diameters can be selected. In order to
keep the pressure drop in a reasonable range, the flow rate of gaseous CO; shall be limited to <
10m/s. E.g., a mass flow of 50t/h at 40 bar (CO,-density of approx. 100kg/m?) results in an ID
of at least 300 mm. According to the general design rules of pressure vessels, the wall thickness
increases linearly with pressure and inner diameter. However, the flow rate is only proportional to
the square root of the ID and the material costs rise to the power of 2, resulting in an overall opti-
mization task to determine the optimum operating conditions. A relevant increase in mass flow is
obtained through transport of liquefied CO,, due to the steep increase in density. Typical pressures

for liquid CO, transport are in the range of 80 to 200 bar at near atmospheric temperatures.

With respect to the choice of material, the purity of CO, plays a crucial role. While there are no
fundamental risks to be expected from pure CO,, only traces of contaminants like sulfur dioxide,
nitrogen oxides and especially water may lead to severe corrosion damages. For instance, lim-
its for nitrogen oxides were suggested as merely a couple of ppm. In general, materials that are
commonly used for transportation of natural gas cannot be adopted for CO, without further ex-
amination and treatment. Joint industrial projects are running for arming carbon steel pipes with
coatings or liners made of thermoplastic polymers. Challenges remain, such as gas penetration
towards the boundary between steel and polymer that in case of a sudden pressure drop may
lead to the collapse of the liner. Currently, an ISO standard is being elaborated (ISO 27913:2024,
CO; Pipeline transportation Systems), that shall provide general rules for defining CO, qualities
required for its transportation. Based on this standardization framework, a work group in the
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European Committee for Standardization (CEN) in the Technical committee (TC) 474 was estab-
lished pursuing the objective of elaborating the respective quality standards. Definite results are
not expected on a short term though. On the emitter side, the cement industry is currently becom-
ing increasingly active in developing strategies and concepts for their decarbonization, primarily
based on capture, storage and also utilization of carbon dioxide. From the perspective of this in-
dustry, CCS is a cost driver, for which an economically optimal solution is extremely important.
The possibility to store carbon dioxide offshore off the Norwegian coast is problematic in this sense
because of the high costs of transportation, especially in view of similar geological settings in the
North German Basin that would also allow a long term storage closer by. According to the Federal
Institute for Geosciences and Natural Resources (BGR) (Hannover), conditions are favorable for
storage in depleted gas fields in the northeast of Northrine-Westfalia (NRW) and in Lower Saxony.

2.3 CO; Transport by Ship

Shipping of CO, may be a competitive alternative to pipeline transport. Compared to pipeline
transport, shipping has a very different cost structure: Shipping costs are dominated by variable
costs- mainly fuel and liquefaction costs, while pipeline costs are dominated by CAPEX, the cost
of building the pipelines. Shipping costs therefore increase at a lower rate with distance than those
of pipeline transport (as no new ships are needed for longer distance). However, the transported
volumes are limited and therefore, pipelines appear more economic for larger volumes as well as

for longer project lifetimes.

Nevertheless, the transport by ship possesses a number of aspects to be considered:

¢ De-Risk early investment: in the early phase of a CCS project when captured CO, volumes
are small, technical and commercial viability can be tested by using ships for transportation
to geological storage sites.

* Flexibility: unlike pipeline transport, shipping allows for flexibility on choice of storage lo-

cations
¢ Short development time: ships are available faster than developing and constructing pipelines
* Scalability: depending on demand, the fleet serving a particular storage site or route can be

increased /decreased with time or with seasonal variation

Finally, the option to use ships may help to develop a competitive market as different operators
may compete to transport CO, along the same route. This is not the case with pipeline transport.
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Of course, there are downsides to be considered for transport with ships like the need to extend
ports, develop new ports or the exposure to weather conditions which may delay shipping opera-

tions.

Transportation via ships in tank vessels is supposed to be part of the future process chain, espe-
cially for overcoming long distances. Technological developments in this area, like new tank de-
signs, may also be applied to intermediate (onshore) storage for those cases when larger amounts
of CO; need to be buffered in order to compensate differences in incoming and outgoing CO,-
streams. Generally, tank storage is distinguished between medium and low pressure, while the
liquefied gas is transported at its bubble point in either case, for achieving an optimum of stored

mass and pressure.

Capacities for medium - pressure storage (commonly between 15 and 30 bar) currently range up
to 7.500m3. A South-Korean company has recently manufactured two tanks of 11.000m? each
for ship transportation at low pressures (max. 6 bar) and temperatures of less than -50 °C. Low
pressure transportation is still not being applied on a relevant scale. According concepts are based
on the design of ethylene vessels. For energetic reasons, it is important to use highly purified
CO; in order to entirely liquefy the gas at around -50 °C without increasing the pressure beyond 6
bar. Application of these low pressures theoretically allow much higher storage volumes. Vessels
could transport up to 80.000 m3, i.e. around 92.000t of CO,. On longer distances, active cooling is
required though, leading to higher operational costs. In spite of the tanks being vacuum-insulated
by applying recently developed high - porous and ultra low - conductive materials, temperatures
may rise by 10 °C, depending on the travelling time of the vessel. In a closed system, this would
result in a pressure increase, e.g. from 15 to 20 bar. Over long distances, the temperature may even
rise beyond this point leading to an unacceptable increase in pressure. In this case, gas has to be
vented. Commonly, impurities will be present in the gas that have an effect on the boiling point.
As an example, for a gas mixture containing 99 Mol-% CO, and 1 Mol-% of inert gas (nitrogen),
the pressure at the boiling point at -20 °C increases from 20 to 26 bar compared to absolutely pure
COy, i.e. 26 bar need to be applied in order to liquefy this specific mixture instead of 20 bar for 100
% CO». In Figure 8, the effect of 1% nitrogen on the pressure at the boiling point is illustrated as a
function of temperature.
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Figure 8: Effect of gas purity on the boiling pressure (calculated using the GERG Equation of State)

2.4 Intermediate Storage of CO,

Temporary storage is needed to provide buffer capacity between different types of CO, transport
or between CO, shipping and continuous injection into the geological storage. Buffer storage is
required after CO; liquefaction and before loading onto ships, in the case of onshore unloading
or unloading from a ship to injection. For most projects, CO, for temporary storage is kept in
pressurized vessels, but also geological formations and caverns may be suitable. In general, the
concept of intermediate CO; storage is to set up an infrastructure which provides the opportunity
to store carbon dioxide in temporary facilities before it is transported to the final storage site.
Occasionally, the supply of captured carbon dioxide intended for geological storage might exceed
the injection capacity of the pipelines and the wells. To balance supply and injection, suitable sites
or facilities to temporarily store CO, are required. Intermediate storage is needed in the event of a
system failure or component workover of transportation methods and injection facilities.

The development of intermediate storage facilities is still in very early stages and various con-
cepts have been developed. Intermediate storage can be performed in existing subsurface storage
sites, such as salt caverns or porous media which provide large volumes. As mentioned above,
pressurized vessels are also considered which have smaller volumes but could be operated easily.
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One of the first intermediate storage facilities being developed is part of the Northern Lights
project. In this designed intermediate storage facility, incoming CO, transported by ships is stored
in above-ground cylindrical tanks before it is transported to the final storage site which is located
approximately 150 kilometers away in the Aurora reservoir. The intermediate storage site is de-
signed to consist of 12 vertical cylindrical tanks with a height of approximately 31 meters which are
pressurized and have a total storage volume of 8.250 m3. The tanks are made of low-temperature
carbon steel and an operating pressure range of 13 to 18 barg and an operating temperature of -
30.8 °C to - 20.8 °C at which CO; is stored in a liquid phase [21].

Using existing subsurface storage sites are taken into consideration as intermediate storage sites.
As the exclusive economic zone in the North Sea has been designated as an area of vital interest for
CCS exploration, designing intermediate storage facilities located onshore is a viable option. The
state of Lower Saxony is critical for storing gas in subsurface gas storage facilities and the majority
of storage sites are salt caverns, many of which are located close to the coast. Using existing salt
caverns would be an opportunity to temporarily store carbon dioxide before it is transported to
final dedicated storage sites. Salt caverns provide the possibility to switch between injection and
production in a short period of time. This is an advantage for short-term temporary storage design
concepts using existing facilities close to the final storage sites. Lower Saxony has a large number
of salt caverns, many of which are located close to the coast and each cavern has the possibility
of storing large volumes. Assuming an average geometrical volume of 500.000 m? for a cavern, a
maximum operating pressure of 150 bar and an average temperature of 50 °C, the injected carbon
dioxide would be in a supercritical phase and have a density of nearly 700 kg/m?. Using these
values, a total amount of nearly 350.000 t CO; could be stored in one cavern. This is significantly
greater than surface intermediate storage sites as applied at the CCS project Northern Lights. As
one storage facility usually contains numerous salt caverns, a higher volume could be stored in
those sites. Considering that salt caverns are already existing in large numbers and that Lower
Saxony provides geological opportunities to construct further ones, this implies an increase in the
potential intermediate storage volume. As salt caverns are located closer to potential future geo-
logical storage sites, a larger volume can be temporarily stored for a shorter period of time because
the distances to offshore saline aquifers will be considerably less.

There are also other emerging concepts focusing on temporary CO, storage which are located
at the surface. Some of the new ideas focus on using formic or oxalic acids that can bind CO,,
leading to greater storage capacities. The density of formic acids containing carbon dioxide can
reach 1152kg/m? and oxalic acid’s density can reach up to 1857 kg/m? ([22]). Formic acid has a
high stability making it a suitable product for transport and storage processes and both formic and
oxalic acids can be incorporated into Direct Air Capture (DAC) Technologies.
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2.5 Risks during the Transport of CO,

Risks exist in the form of leakages or gas blowouts that result from aged sealings or fatigue of steel
and polymeric parts. In comparison to hydrogen, CO, dissolves in polymers and elastomers to
a considerable extent, leading to ageing over longer periods of operation. In case of emergency
shut downs, the dissolved gas may lead to the so-called explosive decompression. As a conse-
quence, blisters appear and the respective parts become irrevocably damaged. On the other hand,
decades of experience exist in handling compressed CO,, e.g. in enhanced oil recovery, including
extensive investigation of material compatibility that allow for a safe operation also in future CCS
applications. Impurities further have a negative effect on the material integrity. Since purifica-
tion of the gas stream to values close to 100% are mostly economically not feasible, residual water
and reactive gases are most probably present, bearing the risk of corrosion. In order to prevent
tank (and pipeline) materials from corroding, polymeric or inorganic coatings are currently being
developed. Special attention has to be paid to welding that is not only prone to sour gas attack
but the extremely low temperatures signify an additional challenge in terms of increasing brit-
tleness. Development of compatible welding materials and procedures that are resistant against
low-temperature, liquid - CO; are currently under development.

2.6 Outlook for CO, Transportation

The transportation system serves as the link between CO, emitters and storage sites, influencing
the design and operation of both. Uncertainties around material selection and operational factors
may lead to conservative design approaches. The main challenge is understanding the limita-
tions of each transport technology to lower costs and address restrictions on feed stream purity.
Additionally, planning must consider the future expansion of the CCS network to prevent unused
overcapacity and ensure flexible infrastructure use, reducing risk. Unlike pipeline transport, where
capital costs are the primary factor, the majority of costs for CO, shipping are operational, largely
driven by the CO, liquefaction process. Reducing these costs presents a key technical challenge,
along with optimizing the design and operation of the injection system. Comparative Life Cy-
cle Assessments (LCA) of pipelines versus shipping are limited in the literature [23], with results
heavily dependent on the specific pipeline design used as a reference. Considering the significance
of the greenhouse gas footprint in CCS systems, comprehensive life cycle analysis is essential.
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Takeaways on CO; Transport

® Various heavy industries are currently expanding their capabilities to capture and

concentrate carbon dioxide on a large scale.

¢ Continuous operation of these capture facilities essentially depends on the posterior
processing chain to operate smoothly and to convey the captured gas to designated

storage sites in a constant and reliable way.

* This chain consists of intermediate storage, transportation and injection facilities for
handling compressed carbon dioxide preferentially in a liquid or supercritical state,
the variable density being a crucial parameter.

¢ All necessary processes and equipment are highly developed and experience in the
operation of processes using compressed carbon dioxide on a large industrial scale

exists over various decades.

e Still there are risks remaining that are envisaged by the industry involved: During
capture of carbon dioxide it appears not to be feasible to reduce minor compounds
below a limit of some ppm that would be necessary to securely prevent any form of
material incompatibility. Pure CO, is generally no problem while traces of water, ni-
trogen oxide (NOy) or sulfur can cause corrosion. Currently, new materials are being
developed for mitigating these risks and safely transporting the gas to the injection
site.

30



3. Injection of Carbon Dioxide

COx, injection is a critical component of carbon dioxide capture and storage (CCS). It describes the
process of transporting CO» from a location on the earth’s surface to the geological storage layer
below, usually at a depth of at least 1000m. The injection mainly takes place in the vertical direction
from the wellhead to the bottom through a cased wellbore (see Figure 9).

CO, supply (Q, B, T)

Wellhead system P /
/| vh

f
Depth >800m th /‘¥

Time (years)
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. res
Distance from well

Rock
properties  \--ooomm T

Fill to spill line

Figure 9: Summary of injection pressure management in an offshore setting [24]

A pump (when liquid CO; is delivered) or a compressor (when gaseous CO; is delivered) is re-
quired on the surface or on the offshore platform [25]. The CO; must be pressurized to a pressure
which, together with the hydrostatic pressure in the wellbore, is greater than the pressure in the
storage layer [24, 26]. Generally, under static conditions, the Bottom hole pressure (F;) can be
estimated from the Wellhead pressure (P,,) as follows:

Py, = Pyn +pco, - g - Ah (1)

Under dynamic conditions, the pressure losses due to friction must also be taken into account [24].

For this injection process, it is important to know exactly the phase behavior of the CO; or the CO,
stream with impurities and the resulting phase density (pco,). Usually, the CO; is liquid at the
wellhead and changes to the supercritical state with increasing depth and the resulting increase
in pressure. The temperature of the CO; also changes due to heat exchange with the surrounding
geological formations. At the bottom of the well, the CO; flows out of the well in a radial direc-

31



3. Injection of Carbon Dioxide

tion and into the porous and permeable subsurface reservoir. It is important that there is a good
hydraulic connection between the wellbore and the rock layer and that the rock layer has good
hydraulic conductivity, which ensures stable injection at the desired injection rate.

For a successful CO; injection, factors such as well design, well placement strategies, including
well angle and completion length and reservoir characteristics must be considered. The following
subsections discuss the technical standards of well design and the fundamentals of CO3 compres-
sion and pumping, well integrity and well injectivity. Technical challenges in CO; injection are
also discussed.

3.1 CO; Compression and Pumping

The high compressibility of CO2 needs to be taken into account for the design of pumps and com-
pressors. Figure 10 shows the exemplary relative compressibility as a function of the discharge

pressure at a suction pressure of around 50 to 60 bar.
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Figure 10: Relative compressibility for various temperatures as a function of injection pressure
(modified after [27])

The Volumetric compression efficiency (1) depends on the relative compressibility in the follow-
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ing manner:

AV
= - — 2
nEe 0 )
= relative compressibility 3)

Vo
It becomes clear that intermediate cooling is required in order to arrive at acceptable volumetric

efficiencies.

3.2 Well Design and Placement

Many technologies for the well construction for large-scale geological carbon dioxide (CO;) storage
already exist. The drilling and completion techniques in the oil and gas industry have reached
a high level of maturity, enabling the drilling and completion of deep vertical wells, extended-
reach wells (including horizontal wells), multi-completion wells, and wells capable of handling
corrosive fluids. Drawing from extensive experience in the oil and gas industry, drilling, injection,
enhanced recovery of hydrocarbons, and completion techniques for CO; injection wells are well-
established [24]. However, due to the characteristics of CO,, various obstacles remain in well
design, necessitating adjustments for carbon dioxide storage projects.

Deep wellbores are drilled by sections. A pipe (casing) is cemented into each section before the
drilling process of the next section is continued with a slightly smaller diameter. This creates a
telescopic shape of the wellbore (see Figure 11). A second pipe (tubing) with a smaller diameter
is installed inside to transport the fluid during the injection. The completed wellbore consists
of many components: tubular elements, elastomer and metal seals, cemented sections and the
wellhead (see Figure 11) [24].

Casing and cement have the task of stabilizing the wellbore and providing a zonal isolation to pre-
vent uncontrolled fluid migration between different rock layers [28]. There are certain standards
for well design: see e.g. Bundesverband Erdgas, Erdol und Geoenergie e.V. (BVEG) Leitfaden
Bohrungsintegritit [29] for Germany or NORSOK D-010 [30] for Norway. However, these doc-
uments do not yet contain a standard for CO, injection wells. Nevertheless, they are applicable
with a few restrictions [28]. The standard for gas storage wells comes very close to the require-
ments [25, 28]. For these wells, CO; is considered as an accompanying component of produced or
injected fluids [29, 30]. The double barrier system that is common for this type of wellbores should
be adopted for CO; injection wells [28]. The first barrier is in direct contact with the CO; (blue line
in Figure 11). In the event of a defect, there is a second barrier (red line) that prevents uncontrolled
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fluid migration.

Gemeinsame Barrieren im E = Kreuz Kdrper
—— —_— —

Barrieretormatian 1 T - WA nach imdisker Profung

- Uberwactung Fingranm &

Prichubri S hewng

Truthasss
1 5 Procubtiomahnour | 3 i - Uberwachung Fingreum &
erchraubdagaree

o N [ Tr—— 4 |- bruckbes - Eanwnching Rngroem &
- Drucktest

sacirchr 5 |l verhravbagamme |- UESrchu Sinrman &

steigrohrhanger-
dicfrtung
E-Kisua sibeper 7 |- Dvuchnest - Fencdescher Dnickics
unterer
auptschisher

6 |- Druckbest (baranchiing Fingrssm &,

Ringraum B
B |- Druckbes - Panndschar Dniciies:

. Barriere Farmation A |- Gelogisches Modell |- W& nisch initisker Prifting
zementintenall 20m Nachwels drch
Pros Meszng

=

- Uberwachung Fingraum &

Procubtimrahmour - Lerwachung Fingram 1

- Verschraubdagramme

TEArwACRENg FnGEme

Bokricehiap! Visisle Kanirols

Ringraum A - Druchzest

steigrahranger.
tansch

[-Kreus Kieper
c oberer
Hauptschiober

Drucktess - (tarwacring Fangraem A

- Bruchtest Penndischer Dnciest

@ln om|la|n

- Drucktest Freriafrecher Cichiighsiies,

Details siehe

').{’/

Figure 11: Schematic example of a well barrier [29]

For COs injection wells it is important to consider all existing load conditions and the corrosive
environment created by COs in the presence of water [25]. The tubing can corrode from the inside
(internal corrosion) while the casing can come into contact with CO; from the outside and con-
sequently also corrode (external corrosion) [28]. CO; can also attack the cement, causing cement
degradation by carbonation [28]. To prevent these effects, the selection of appropriate materials is
crucial. General recommendation for the materials are steels with high corrosion resistance, e.g.
stainless steel or high chromium steel [24]. Good cement placement is vital and CO, resistant
cement should be used [24].

Offshore gas injections, especially those combined with Enhanced Oil Recovery (EOR), are com-
monly conducted through so-called flexible pipes that contain polymer liners as barriers keeping
the fluids inside the pipe while tensile wires are wrapped around for the Mechanical integrity at
the elevated operating pressures. These systems have been qualified for more than 15 years for
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3.2. Well Design and Placement

their application in oil and gas production. The excellent experience with this type of pipes may
not directly be transferred to carbon dioxide, since this gas is dissolved in the typically applied
polymers, such as PA11, PA12 and PVDF to a higher extent than e.g. natural gas. As a conse-
quence, CO, permeation occurs leading to small losses that may still be in an allowable range.
In case of an emergency gas release, the barrier material may get severely damaged due to the
following explosive decompression. Similar phenomena may be expected for elastomeric sealing

elements at connections, fittings, compressors and valves in onshore installations.

The well placement and selection of the injection interval is crucial to establish a good connection
to the storage reservoir. A key difference to oil and gas wells is that CO; injection wells should
not inject into high regions of the structure. Instead, injection should take place into lower regions.
This allows the CO; to slowly migrate upwards to higher areas of the structure after injection [24].

Sleipner Injection Well 15/9-A16

As an example the CO, injection well of the Sleipner project is shown in Figure 12:

Wellhead

Sea Bed

26” Conductor

/ Standard stainless steel (Duplex, 316)

J e 2102 3140
- m

High grade stainless 1010.5 - 1013mTVD

steel (25% Cr)

o : \
83" sail angle 9 5/8" Casing

Gravel pack with sand screens

Figure 12: Sleipner CO; injection well 15/9-A16 design [24]

The well is a long reach horizontal well (83° inclination). The reason for this is not to estab-
lish a better connection to the storage formation, but because the CO; is to be injected at a
sufficient distance from the producing gas reservoir. The CO; injection well has a 38 me-
ter long injection interval [24]. To prevent corrosion, the components that come into direct
contact with CO», e.g. the tubing and the production casing are equipped with high-alloy
steel (15% Cr).
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3. Injection of Carbon Dioxide

3.3 Well Injectivity

Injectivity refers to the rate at which carbon dioxide is injected into a specified section of a reservoir
(the volume of carbon dioxide per unit pressure drop per unit time) and the subsequent ability of
the carbon dioxide to migrate away from the injection well [31]. CCS is highly dependent on
the well injectivity, which is determined by the reservoir’s geological characteristics, especially its
porosity, permeability, and thickness combined with the well completion [32]. The concept of the
Injectivity index (I) (comparable to the productivity index of production wells) is often used [24,
32]:

q

= 1
th_Pres

(4)

If the injectivity index is known, the possible Injection rate (q) results from the following equa-
tion [24, 32]:

q:I'(th_Pres) (5)

The maximum allowable injection pressure must be selected in such a way that there is sufficient

certainty that no fractures will form or old fractures or faults will be reactivated [32, 33].

If the geometry and properties of the storage layer are known, the possible injection rate can also

be estimated using the following equation based on Darcy’s law for radial flow [24].

2'7T'/€7«es'h7j‘(Pres_th)

q:
woin ()

From this equation it can be seen that the injectivity index depends on the fluid properties, in

(6)

this case the CO; viscosity (), the well design (Wellbore radius (r,,) and completion interval)
and the rock permeability Rock permeability (k,.;). However, this is only a very simplified equa-
tion. In reality, variations in CO; density, multi-phase flow effects, near well bore damage and
heterogeneities in rock properties must be taken into account [24]. There is a direct proportional
relationship between the injectivity index and the product of permeability and injection interval
thickness (kh-product) [24, 32]. In Figure 13, these two parameters, which are essential for the

injection, are plotted against each other for the existing CCS projects.
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Figure 13: Average k- and h-values in current commerical CCS projects (kh- product) [34]

The current projects show a permeability between 5 and 5000 mD [26]. The thickness of the in-
jection interval varies from several 10 meters to several 100 meters. There is a sweet spot of the
kh-product in the range between 10 and 100 Dm (white area). A minimum for the kh-product of
0.25 Dm is given in the literature [26].

Nevertheless, high permeability is not only advantageous. It should also be noted that this in-
creases the risk of possible leaks [32]. Bachu et al. [35] suggested that while high permeability may
be necessary near the wellbore to enhance injectivity, lower permeability beyond the radius of in-
fluence is beneficial for increasing residence time and maximizing the rates of residual trapping,

dissolution trapping, and mineral trapping.

Well testing is a common method to determine the hydraulic conductivity (or the kh-product) in
advance and to monitor it over the injection period [32]. For the assessment of the initial injectivity
in aquifers it is important to consider that the storage formation is expected to possess a different
conductivity to the initially present brine than to COs. Therefore, technical injection tests are rec-
ommended before large investments are made [26]. A continuous or repeated verification of the
injectivity is essential, as various physico-chemical processes can lead to a change, especially to a
reduction of the injectivity (see section 3.5). If the injectivity of a single well is not sufficient for the
anticipated volumes, the injection rate can also be increased by drilling further injection wells, but
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this leads to additional investment and operating costs [26].

Injectivity in the Sleipner CCS Project [24]

COz injection in the Sleipner field was started in 1996 with a 100m injection interval. Despite
the extremely high permeability of 5000mD and the large injection interval, the planned rate
of 2000m?/day /bar could not be achieved due to sand influx into the well. After the start
of injection, a rapid drop in injectivity to approximately 200m?/day /bar was observed.

A re-completion was required in 1997 including the re-perforation of the injection interval
with the installation of gravel packs and sand screens. Subsequently, the injectivity recov-
ered approximately 2000 to 2400 m?3 /day/bar what was even above the designed injectivity.
The example shows that near wellbore flow resistance can have a strong negative influence
on injectivity. This can be caused by damage of the storage formation near the wellbore.
The correct design and installation of the well completion system is an essential tool to

counteract this.

3.4 Well Integrity

The integrity of a well is given if the fluids are safely controlled at every possible combination of
pressure and temperature to which they can be exposed within the intended operating conditions
[29]. This requires technical, operational and organizational measures [29]. The guidelines for
these procedures can be found in documents such as the BVEG Leitfaden Bohrungsintegritat [29]
and NORSOK D-010 standard for well integrity in drilling and well operations [30]. With a few
deviations, these are also applicable to CO; injection wells [28]. Some special attention is required,
since CO; will be involved in multiple reactions together with the irreducible water saturation
in the pores, e.g. of the cement. Generally, the well barriers shall prevent the injected gas from
penetrating the cementation on a large scale but contact cannot entirely be avoided. Chemical
reactions may take place at the cement-casing interface, leading to corrosion and conversion of
cement minerals that on their turn may jeopardize the casing-cement bonding and open new path-
ways for the gas to penetrate. The most relevant reactions are the conversion of calcium-silicium
hydrates to carbonate that induce a hardening of the solid structure and closing of pores in the
tirst place, followed by the formation of SiO, weakening the overall structure considerably and
eventually leading to loss of well integrity. Nevertheless, strong efforts are undertaken to develop

COg-resistant completion systems that already proved to sustain the harsh environments.

Annular pressure monitors are crucial in detecting leaks in the packers and pipelines, which is

essential for rapid corrective action. It is also important to ensure the integrity of abandoned and
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legacy wells [24].

3.5 CO; Injection Challenges

During the injection of CO; into the subsurface, the injectivity can be reduced by various effects.
The main effects described in the literature are: Near wellbore dry-out and Salt precipitation, min-
eral dissolution and fines migration, Hydrate formation and pressure build-up due to flow barri-
ers [32, 36]:

* Near wellbore dry-out and salt precipitation [32, 33, 36, 37, 38, 39]: This effect is particularly
relevant for aquifers with high brine salinity. When COs is first injected into a porous and
permeable storage layer, it must displace the present brine. However, this displacement is
not complete. Both on the pore scale, brine remains behind due to the capillary forces and on
the macroscale, brine is bypassed by unstable displacement and possible heterogeneity [38].
The inflowing CO,, which is dry or unsaturated, gradually absorbs the remaining water by
evaporation until the pore space may be completely dry [39]. However, as the salts dissolved
in the brine (mainly NaCl) are not carried away, the salinity increases [37]. If the brine is
oversaturated with salts, this results in salt crystals precipitating [38]. The precipitated salts
are deposited in the pore spaces and can partially or completely block the flow paths [33, 38,
39]. This effect occurs mainly near the borehole, where the dry CO; comes into contact with
the brine for the first time [32, 37].

* Mineral dissolution and fines migration [32, 36, 38, 39]: When the injected CO; comes into con-
tact with the brine, not only does water evaporate into the CO; phase, but CO; also dissolves
into the aqueous phase [38]. This dissolution can result in an acidic solution (down to a
pH-value of 4) and the solubility of minerals, especially calcite and dolomite, can therefore
increase enormously [32, 38, 39]. Dissolving minerals initially have the effect of increasing
the porosity and thus possibly also the permeability. However, it is also possible that fine
particles are released by the dissolution processes [32, 36]. If these fines are then transported
away, there is a possibility that they will settle in pore throats and thus partially or completely
block the flow paths [32].

* Hydrate formation [33, 36]: This effect is particularly relevant for depleted oil and gas fields
with high depletion pressures [33, 36, 38]. For COs to be injected into the storage layer, the
bottom-hole flowing pressure must be greater than the pressure in the storage formation [26].
When the CO, flows into the storage layer, the pressure decreases with increasing distance to
the well and the CO; expands. Such a change in pressure is always associated with a change
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in temperature. If the storage pressure is low, it is possible for the CO, to become gaseous as
it flows into the storage layer and thus expands considerably. Under isenthalpic conditions,
this results in enormous cooling [33, 38]. If the temperature falls below the hydrate phase
boundary, gas hydrates can form [33]. These ice-like solids consist of a cage-like lattice of
water molecules with trapped CO; inside [33]. Similar to salts or fines, these hydrates can
clog the flow paths.

Pressure build-up due to flow barriers [38]: Even if there are no permeability changes or clogged
flow paths in the near-bore region, it is possible that the injection pressure increases unusu-
ally quickly. This may be due to the fact that COs is injected into a small closed volume [38].
For example, the reservoir may have unknown compartmentalization due to sealing faults.
Since water and brine are almost incompressible, the pressure rises very quickly. This can be
remedied by producing water from the reservoir through another borehole, but this signifi-

cantly increases the operating costs [38].

It is recommended to investigate the effects that could possibly lead to a reduction in injectivity in

advance by means of experimental studies and/or numerical simulations [36]. In this way, suit-

able countermeasures can also be found if necessary: e.g. preheating the CO, stream to avoid

hydrates [26, 33, 38] or a preceding fresh water injection to avoid salt precipitation near the well-
bore [37].

Takeaways on CO; Injection

¢ Injecting CO; into the target formation is a closely planned and executed process that

requires detailed knowledge of the storage complex.

e Vital rock parameters of the storage complex need to be examined to assess the injec-
tivity of the well. Potential outcomes of geochemical reactions between CO, and rock
minerals or drying out processes in the near wellbore area need to be understood to

maintain an acceptable injection without compromising the storage integrity.

¢ Various international guidelines and national legislation influence the injection pro-
cedure in order to ensure that it is conducted safely and reduces the risks of any kinds
of hazards.
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Injectivity Challenges in the Snehvit field, Norway [24, 32, 40]

In the Snehvit CO; storage project, the engineers had to deal with several injection chal-
lenges. The field is located in the Norwegian Barents Sea 150 kilometers north of the coast.
COg is captured from a nearby natural gas field which contains 5 to 8% COx. Injection takes
place in a saline aquifer and was started in 2008 with one well. A second well was drilled

in 2016. Figure 14 shows the injection pressure (bottom-hole flowing pressure) over time.
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Figure 14: Injection pressure (bottom-hole flowing pressure
for the Snehvit CO; storage site: (a) Injectivity issues due to salt precipitation; (b)
Long-term pressure build-up due to flow barriers; (c) stabilized injection pressure into the

shallower Ste formation [24].

From 2008, the CO, was first injected into the Tubden formation at a depth of 2560 m to 2670
m. There is an early increase in injection pressure (a), which was caused by drying out and
salt precipitation in the near-wellbore region [24, 32]. This could be remedied by episod-
ically adding methyl-ethylene-glycol slugs to the CO; stream [24]. However, a long-term
increase in pressure was also observed later on (b). This is due to the compartmentaliza-
tion with sealing faults and heterogeneities of the aquifer [24, 32]. Finally, the well was
reworked in 2011 and the CO; was subsequently injected into the shallower Ste formation
(2300 m to 2400 m). This layer has much better lateral communication, which has kept the
injection pressure stable since then [24, 32]. So far, seven million tons of CO, have been

injected. Over the 30-year lifetime, a total injection of 23 million tons is planned.
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4. Geological Storage of Carbon Dioxide in Geological Formations

The process of storing carbon dioxide in the subsurface is the last step in the CCS cycle. After
injecting it into the target formation, the CO, shall remain trapped inside the porous media and

not be of any harm to the environment and public health.

It is useful to evaluate potential sites for geological storage by analysing the following elements:
geological capacity, containment and injectivity. When all three of these elements appear suitable,
then the storage site is a candidate for CO, storage. Once a site is selected and a storage permit
awarded, an operational plan describes the operational limits and conditions under which the
system can be operated safely. Monitoring of the site will ensure that operations are following
all safety and HSE principles and that stored CO, can be tracked and behaves as expected in the
storage complex. Typically, the monitoring program is described in a Monitoring, Measuring and
Verification (MMYV) plan.

4.1 Status of Technologies to Store CO,

The typical storage sites for captured CO; are saline aquifers (porous formations containing water
or brine) or depleted hydrocarbon (oil and gas) reservoirs. There are other geological storage op-
tions available, like salt caverns for intermediate storage, unmineable coal seams or even reactive
rocks like basalt layers. But these latter options are available at low technical maturity (low TRL)
or at limited capacity.

A schematic overview of the CO, storage options is shown in Figure 15 below.

The biggest contribution to capacity is estimated from saline aquifer formations. According to Bui
et al [14], the injection of CO; in saline formations (aquifer) is considered commercial (TRL 9) and
therefore can be regarded as a reliable and safe technology.

The injection of CO; in depleted hydrocarbon reservoirs is considered to be at technical readiness

level 7 and therefore is ready for demonstration in full-scale.

CO; injection into producing oil reservoirs is also a commonly employed method for enhancing
oil recovery (EOR). In fact, up to now this technology is the dominant user of CO, injection. This
technology is often regarded as a form of carbon capture, utilization, and storage (CCUS), as the

injected CO; aids in boosting oil production while at the same time, a substantial portion of it re-
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Figure 15: Target Formations for Geological Storage of CO; [41]

mains in the reservoir. CO,-EOR, with a long and successful track record, is hence also considered
mature, reliable and commercially applied (at the highest technology readiness level, TRL 9). CO;-
EOR is often applied in North America. The majority of present CCS/CCUS sites operate as EOR
sites [14, 15]. Using CO, for Enhanced Oil Recovery is a successful method as the carbon dioxide
contacts the remaining oil, improves oil mobility, sweeps the reservoir and thereby reduces the oil

remaining trapped inside the pores [42].

In a similar way, it is also possible to inject CO; into a producing gas (or retrograde gas condensate)
reservoir. This would be considered an enhanced gas recovery (EGR) method. In such a situation,
the injected CO; supports the gas production by reducing the pressure decline in the reservoir.
Such an operation can also be considered a CCUS method. These CCUS options shall not be
further discussed in this report and hence, the focus in this report will be on geological storage of
CO, in saline aquifers and depleted hydrocarbon reservoirs.

4.2 Capacity for CO, Storage

The numbers reported for storage capacity vary over a wide range. The numbers quoted may not
even be comparable as they will depend on the maturity of the storage site. It is important to

understand storage capacity and a brief introduction to the terminology is provided here.
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The so called theoretical capacity is a regional or national first approximation of capacity. It esti-
mates the amount of pore space available for injected CO, to occupy; however, it does not account
for the fact that injected CO, will only fill a fraction of available pore space. The effective capacity
is an estimation of the amount when necessary geological and engineering limits (e.g. maximum
pressure) are considered. It is often estimated using corrected pore volumes. Practical capacity is
the fraction of the effective capacity that is the result of a full assessment including non-technical
factors (e.g. regulations, project economics, infrastructure, etc.). Finally, the matched capacity is
the proven commercial storage capacity available, matching the CO, sources and all other restric-
tions. This CO, storage pyramid is shown below in Figure 16 and is adapted from the Carbon
Sequestration Leadership Forum (CSLF) published techno-economic resource pyramid.
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Figure 16: CO, Storage Capacities, CO, storage resources and their development, modified from
CSLF (IEA, 2022) [43]

These different classes of capacities make it sometimes difficult to compare reported capacities. In
particular, when high level or regional storage capacities are reported, these numbers can not be
equal to practical or matched capacities of individual storage projects. Also, storage capacity num-
bers change as the CCS project matures and develops over time. To capture the level of maturity
during the development of CCS projects, the term "Storage Readiness Level" (SRL) has recently
been introduced by Akhurst [44]. Similar to the TRL concept, the SRL concept assigns values from
1 (initial assessment) to 9 (ready to start injection). SRL numbers can be assigned to individual
CCS projects. A similar concept exists in the oil and gas industry with the Storage Resource Man-

agement System (SRMS), which provides a framework for reporting capacities [45].

A variety of methods exist on how to determine the storage capacity. Methods range from sim-
ple equations to advanced numerical simulations to estimate storage capacities. The following

method based on simple calculations should illustrate the required input parameter and related

44



4.2. Capacity for CO, Storage

uncertainties. The theoretical storage capacity for a saline aquifer constrained by structural traps
can be calculated by

VCO2:A'h'¢'(1_Swir)a (7)

where, Voo indicates the porous volume [m?] available for storage of CO,, A is the lateral area
[m?], h is the aquifer thickness [m], ¢ is the porosity and S, is the irreducible water saturation.
This equation assumes an aquifer with a constant area, height, porosity and irreducible water
saturation across the entire storage volume. This is - of course - a very idealistic assumption, but

is often used as a first pass assessment for theoretical storage capacity.

In order to get improved estimates, some geological complexities and heterogeneities must be
included, as porosity and saturations depend on the rock type and pore size. A storage efficiency
factor, ¢, was introduced to obtain effective storage capacities within the available porous volume.

Since mass of CO; is preferred over volume, the resulting equation for calculating effective storage
capacity in a saline aquifer is

Mooy = A-h-¢-(1— Suw) - £ - 5555, ®)

where, Mco, is the mass of carbon dioxide [kg], ¢ is the effective storage capacity [—] and pco2
is the respective density of carbon dioxide at conditions in the storage formation in [kg/m?]. Ac-
cording to [24], the storage efficiency factor ranges between 3% and 15% with a typical value of
around 5%. The storage efficiency is heavily dependent on gravity effects and buoyancy as CO; is
much lighter than brine. Hence, CO, injected will flow upwards towards the vertical seal and from
there often form a plume above the brine which spreads out laterally across the trap. Therefore,
only a small part of the theoretical reservoir volume may be contacted by the injected CO,. The
major volume which would be available for geological storage remains saturated with brine and
contributes to a reduction in storage efficiency. In storage conditions with high buoyancy effects

and in combination with high CO, mobilities, a low storage efficiency factor is expected [46].

If a depleted hydrocarbon field is selected as a potential CCS site, then the geological site is char-
acterized, the project uncertainty significantly reduced and the effective storage capacity can be
estimated with higher confidence as the storage capacity will be somehow related to the initial
hydrocarbon volume in place before production started and the cumulative produced fluids from
the hydrocarbon field. Therefore, the following equation can be used to estimate an upper limit of
storage capacity:
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Mco, = HCIIP - Ry - pco, )

where HCIIP is the volume of hydrocarbons initially in place in [m?], Ry is the recovery factor that
replaces the storage efficiency factor [—] and pco2 is the density of the CO, stream at standard
conditions in [kg/m?].

All of the above illustrate the required input parameters. For a given project, many additional
aspects may cause small modifications to the calculation method shown above. Additional con-
sideration must be given to the composition of the CO, stream to be injected as it will not consist
of 100% CO, but contain impurities that will have an impact on the fluid density to be stored.
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Estimated Geological CO, Storage Capacities
The CCS projects in operation have various dimensions of storage capacity:

¢ The Sleipner CCS project is estimated to have a total storage capacity of more than 42
Mt [44].

¢ Until now, only a small part of the porous Utsira formation off Norway has been used
for geological CO, storage due to its occasionally low depth. An assessment of the
CO; storage favorable layer of the Utsira formation (saline aquifer) and including the
Skade formation results in a theoretical storage capacity of more than 15 Gigatonnes
[47].

¢ For the German North Sea area a conservative estimate of theoretical capacity in off-
shore saline aquifers was calculated using Monte Carlo simulations with assumptions
for a mean CO, density of 625 & 75 kg/m? and a median storage efficiency factor of
10 % (values ranging from 5 to 20 %), results in a storage capacity of approximately
2900 Mt for a total of 262 identified traps [48].

¢ CO, storage capacities in onshore saline aquifers and depleted gas fields in Germany
were assessed in 2005, see [48]. The calculated CO, storage capacity for onshore Ger-
many is expected to be approximately 20000 Mt in saline aquifers plus approximately
2800 Mt in natural gas fields, which was calculated based on 39 gas fields in Germany
and hence exceeds the estimations reported for offshore storage.

¢ While most CO, storage projects in Europe are operated and planned in saline
aquifers, there are also developments in depleted hydrocarbon fields, like the Green-
sand project in Denmark and the Porthos and Aramis projects in the Netherlands with
significant capacities.

4.3 CO, Containment

Safe containment of CO, is another requirement for long-term geological storage. The injected
CO; stream is trapped within the geological formations due to the rock layers above being imper-
meable. There are several trapping mechanisms that influence migration of CO, in the geological
formation until all movements shall come to a stop. The tendency of CO, to move or migrate away

from the injection point will depend on many factors and will be specific for each storage location.
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In general, storage will take place in geological formations deeper than 800 m where migration
to the surface is highly unlikely. The captured CO; stream is injected into a deep saline aquifer
either in a liquid or supercritical phase. When CO; is injected, it displaces the water into lower
formations and begins to accumulate at the top of the storage layer directly below the sealing
caprock. The injected CO, forms a plume which spreads out laterally below the sealing layer. The
process is driven by buoyancy as the density of the CO, plume is lower than saline water. With
time, the CO, will begin to dissolve into the brine, leading to a reduction in the volume of the

gaseous phase and creating a denser CO,-brine saturated liquid.

A schematic overview of the mechanisms that provide safe containment is shown in Figure 17.

The process is called CO, trapping.

Structural Trapping
Injection well

trapped Reservoir:
= brine filled
porous rock

Figure 17: Schematic overview of CO, containment and trapping mechanisms [49]

The dominant trapping mechanisms depend on the structure of the storage layer, the mineral
composition of the rocks and the time elapsed after the injection. Initially, CO, migrates from the
injection point to the top of the storage layer below the sealing caprock, driven by its lower density

compared to brine.

Various trapping mechanisms are possible for CO,. They can be divided into two categories: phys-

ical and geochemical trapping.

Physical trapping methods include structural and stratigraphic trapping which maintain the CO;’s
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original state and are dedicated for short-term storage and are dependent on the structure of the
storage site. Another short-term physical trapping method is residual trapping. Due to capillary
forces between the CO, and the brine, small amounts of carbon dioxide can remain trapped in the

pore spaces between the grains and become immobile.

Geochemical trapping includes mineral and solubility trapping mechanisms [50]. These methods
are dependent on the geochemical interactions between the injected CO, stream and rock minerals.
In the long run, the CO, will begin to dissolve into the brine resulting in a denser CO, saturated
brine. The CO, molecules can also react with other minerals present inside the geological media
resulting in geochemical reactions and mineral alterations. Reactions can occur in the aqueous
phase when the carbon dioxide reacts with brine, resulting in the bonding of minerals forming
carbonic acid. The carbonic acid is separated into hydrogen ions and carbonate, leading to a de-
crease in the pH-value. This results in an increased release of cations out of the geological structure
into the aqueous solution. These cations are predominantly bivalent calcium, iron and magnesium
ions. With the carbonates, these ions begin to form stable chemical bonds over time. These re-
sult in calciumcarbonate (CaCO3), magnesiumcarbonate (MgCO3) and/or ironcarbonate (FeCO3)
[51]. Geochemical reactions become more dominant with time during geological storage. If carbon
dioxide is used for EOR, geochemical reactions are less dominant and observed at extremely low
reaction rates in high-permeability zones. In such a case,petrophysical properties barely change
during the CCS/CCUS process [52].

With time, mineral dissolution of CO, and geochemical reactions with CO, and brine will become

the dominant trapping mechanisms as shown in Figure 18.
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Figure 18: Various trapping mechanisms of carbon dioxide as a function of time [53]

The changes in the trapping mechanisms should lead to enhanced storage security as the phases
mix and reduce the CO; volume. The level of salinity influences the dissolution potential of the gas
into the brine [50]. In thicker aquifers, CO, dissolution is more likely to occur [54]. During mineral
trapping, weak carbonic acid is formed due to CO, dissolution, which produces solid carbonate
minerals that effectively trap carbon dioxide over a long period of time.

4.4 Monitoring Technologies for CCS projects

International guidelines and national legislation require operators to develop a monitoring strat-
egy plan which must be implemented during the CCS project life. Specifics for the injection of CO;
and its storage in the subsurface are found in [9, 11]. The monitoring processes (included in the
MMV plan) are a required component in CCS projects as a part of the license to operate.

The risk-based monitoring plan shall be robust and in place during the entire lifetime of a CCS

project. An initial monitoring plan needs to be submitted during the application for a storage
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permit to the national competent authorities. The monitoring strategy needs to ensure safe site
operations, furthermore that the CO, plume as a result of the injection is developing as planned
(demonstration of conformance) and that it is safely stored in the respective storage formation

(demonstration of safe containment) for long-term. Effective monitoring methods shall be able to

¢ determine whether or not the monitoring coverage is sufficient in space and time (frequency

and coverage) to determine safe operations or potential irregularity

* be sensitive enough to detect any irregularity reliably (accuracy)

¢ detect any irregularities fast enough so that action can be taken to respond without major
impact

Main objectives in the MMV plan are measuring emissions at the site of injection, measuring com-
position of the CO; stream, pressure and temperature measurements and chemical analysis of the
materials. In the EU, monitoring results and measurements shall be reported according to the
Monitoring and Reporting Guidelines issued in the ETS Directive 2007/589/EC.

If irregularities during storage are detected, protective and corrective measures need to be taken as
defined in the MMV plan. As part of the overall risk management the MMV strategies need to be
continuously updated during the project life. Initially, a plan containing protective and corrective
measures needs to be submitted during the storage permit application. The methods distinguish

between mitigating geologically induced risks and engineered risks.

The available monitoring techniques can be classified as direct and indirect methods. Indirect ap-
proaches are external measurements such as seismic and geophysical techniques which monitor
changes in rock properties and alterations in stress states and fluid distributions. Direct measure-
ments are conducted directly downhole or at the wellhead for observing changes in pressure and

temperature.

The following Table 2 is a brief overview of general monitoring technologies which are used in
CCS operations [55, 56, 57, 58]:
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Table 2: Overview of Common Monitoring Techniques at CO, Storage Sites

Method

Purpose

Measurement methods

Tracers

Pressure analysis

Well logs

Seismic monitoring methods

Surface deformation

Water composition analysis

4D time lapse seismic moni-

toring

soil analysis and shallow

ground—water movements

Observation / monitoring

wells

Plume movement analysis

and leakage tracing

Control of pressure and anal-

ysis of injection condition
Track CO, movement

detect CO, distribution and

potential leakages

observe geomechanical
changes and identify CO,

migration pathways

mineral analysis and po-
tential of mineral trapping,
quantification of gas-rock-

interactions

observe target area and the
development of the plume
and assess subsurface rock
property changes

detect interactions between

CO; and the surrounding
rock

monitor pressure and plume
development in locations fur-
ther away from the injection

wells

travelling time

Storage pressure, annulus pressure
and groundwater
velocity logs

3D seismic imaging, seismic moni-
toring, electromagnetic techniques,

wellbore seismic imaging

satellite mapping and imaging

salinity and mineral ions analysis

non-invasive seismic mapping

CO, isotopic analysis and gas com-

position measurements

reservoir pressure monitoring,
fluid identification, fluid composi-

tion

It is important to mention that methods for monitoring will differ between offshore and onshore

CCS activities.

In offshore monitoring strategies, it is useful to include changes in subsea pressure and tempera-

ture data with time and to integrate it into simulation models in order to predict potential anoma-

lies in advance [59]. Another technology applied in offshore projects is to employ submarine opti-
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cal fibre networks for CCS applications. This technology provides real-time monitoring data, lasts
for significant periods of time and provides an areal overview [60]. For onshore projects, the ap-
plication of Interferometric Synthetic Aperture Radar (InSAR) method was applied successfully.
This method uses sensitivity measurements to detect surface deformations using high-resolution
satellite imaging [61].
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Monitoring Strategies

Sleipner CCS Project

As the first storage project in a saline aquifer, Sleipner has been monitored since the be-
ginning of the operation in 1996. At Sleipner, pressure monitoring at the wellhead and the
use of gravimetric and seismic monitoring methods have contributed to the understanding
of pressure and plume development in the storage site. Predominantly 3D and lately
4D seismic surveys have been performed. The first one was used as an initial baseline
study and the subsequent ones were repetitions until 2020 to compare the developments
of the plumes and possible changes in the layers over time. Additionally, four gravity
surveys, electromagnetic tests, seabed surveys and chemical sampling were performed to
examine the development of the plume and to monitor and check for potential leakages
of carbon dioxide out of the storage site, which has not been detected. These have also
served as international examples and contributed to the development of guidelines for

CCS monitoring strategies [1, 40].

Quest CCS Project

The Quest project in Canada is an onshore deep saline aquifer storage project which
has been operating since 2015. Its total capacity has been estimated at around 27 Mt.
Three wells have been drilled as injection wells into the storage layer, each injecting at
approximately 145t/hr. Since the operation began, more than 6.8 Mt of CO, have been
injected into the target saline aquifer at a depth of approximately 2km. The saline aquifer
is the Basal Cambrian Sand which is about 45 meters thick. It has several intermediate
seals made of shale and salt. The CO, stream does not contain pure carbon dioxide; it
also has small amounts of impurities, such as hydrogen and nitrogen. The carbon dioxide
originates from a hydrogen production facility (Scotford Upgrader) and is transported
through a nearly 100-km-long pipeline to the injection site [62, 63]. The Quest project is
located in a slightly seismic active area which required the use of monitoring activities for
seismic occurrences. At Quest, surface monitoring methods included 3D and 2D seismic
surveys, vertical seismic profiling, water sample analysis and the InSAR technology.
For subsurface monitoring, down-hole pressure monitoring using pressure logs, seimsic

surveys and water sampling are being continuously applied [40].
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Northern Lights

A network project which began operations on September 26%, 2024 is Northern Lights (Fig-
ure 19). This project is part of the broader Longship project, which connects all steps of the
entire CCS cycle from capture until permanent storage. In this project, an intermediate stor-
age facility is being constructed in Jygarden, which will be supplied by ships from emitters
across the European Union. From the intermediate storage facility, the carbon dioxide is to
be transported through a nearly 110 kilometer long pipeline to a saline aquifer located in
the Aurora storage site off the Northwestern Norwegian coast. Preliminary capacity esti-
mations are around 1.5 Mtpa and a total storage capacity of nearly 100 million tonnes of
CO; is to be expected.

" LoNGSHIP ‘ NORTHERN LIGHTS SCOPE

CO, capture Transport Receiving terminal Permanent storage
< plants. Liguid €O, ! 8 @Oy njecte it safne acuer,

Figure 19: Northern Lights [64]

In Northern Lights, wellhead pressure and temperature are to be monitored to observe the
injection flow into the subsurface storage site. Further leak detection methods will be based

on mass balance calculations and the pressure monitoring with the help of onshore gauges.

4.5 Key Risks and Risk Management

Risk is defined to be a combination of a likelihood of something happening and the potential im-
pact that event may have. Both, likelihoods and consequences are not known exactly, but can only
be estimated from assessments and existing information. Therefore, there is uncertainty translating
into risk. Understanding uncertainty is key for CCS projects. The CCS industry can benefit from
experience from related industries, in particular from the oil and gas industry, the underground
gas storage industry and similar.

55



4. Geological Storage of Carbon Dioxide in Geological Formations

Since the priority in CCS projects is a safe and long term storage of CO,, the major risk is related

to containment or CO; leakage.

Leakage from storage sites poses environmental risks and undermines the effectiveness of CCS
as a climate mitigation tool. The possible risks can originate from changes to storage formation
(geological integrity) due to pressure and temperature effects or geochemical reactions, or by leak-
ing wells (well integrity) as depicted in Figure 20 [65].

Oil Production
Well

CO: Injector Legacy Well Shallow Groundwater Well

rinki 2 N Quality

S §eismicityWave

_ LeakyWell |{,

/ ‘Monitoring '

P Storage Reservoir - CO:2 Injectivity

Figure 20: Potential risks associated with CO; storage [65]

CO; typically will move away laterally from the injection well (due to viscous forces) and then
begins to migrate vertically toward the top of the reservoir due to buoyancy. On large time scales,
CO;, dissolves in the residual brine (dissolution trapping) and enters a slow convective process.
It is also subject to capillary trapping (water-wetted rocks) and mineral trapping. However, the
remaining mobile CO; will continue to migrate vertically and come into contact with the caprock,
where the migration stops. In some rare situations, geochemical interactions, pressure, and/or
temperature conditions may trigger migration into the caprock [66]. Pressure changes could cause
stress perturbations as well as geochemical interactions, resulting in weakening that can form new

fractures, reactivate existing fractures or increase caprock permeability [67].

CO; injection and storage in saline aquifers while showing high potential and promising scaling
effects, often suffers from sparse data compared to depleted hydrocarbon fields. Consequently,
the subsurface risk associated with CCS projects in saline aquifers differs from risk associated
with depleted hydrocarbon reservoirs and consequently, monitoring costs for saline aquifers are
typically larger due to the larger area occupied by the expected CO, plume. Also, considerable

56



4.5. Key Risks and Risk Management

exploration activities are expected for saline aquifers to de-risk projects before operations can start.

Key risks are always site specific, but the following list comprises the most frequently listed risks:

* Geological Integrity: caprock characteristics, aquifer confinement, induced seismicity, CO,
plume to stay within the storage complex

* Well Integrity: leakage from wells, material compatibility, completion and cementing issues
from legacy wells

¢ Injectivity Risk: loss of well injectivity over time, sand production in pressure management

wells, exceeding maximum operational pressure during injection

Figure 21 illustrates the risk assessment, management, and communication framework presented
by the International Energy Agency (IEA) in CO, storage projects. Risk assessment consists of six
stages including problem formulation, site selection and characterization, exposure assessment,
effective assessment, risk characterization, and risk management [68]. Various approaches can be
used in risk assessment, which may be either qualitative or quantitative. For example, the bow-tie
risk assessment method uses diagrams to provide a qualitative evaluation of the storage medium,
but it does not account for carbon dioxide interactions or potential cap leakage, which could affect
long-term storage safety. In contrast, the Bayesian Network (BN) method focuses on decision-
making and managing risks specific to CO; storage sites. One of the most commonly applied
quantitative risk assessment methods was developed by the United States Department of Energy
and was named the National Risk Assessment Partnership (NRAP). The NRAP method assesses
the geological storage site as one entire system containing multiple components, which include the
reservoir, surface and injection facilities and the target storage formation. By varying the available
input parameters, the target formation behavior and especially brine movement in saline aquifers
is examined. Modeling various uncertainties in the input parameters will provide a statistical dis-
tribution of probabilities during CO, storage. It is critical to apply the risk assessment framework
in accordance with project-specific conditions and scenarios to ensure that both qualitative and
quantitative techniques effectively identify potential risk scenarios.
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Figure 21: Risk assessment, management, and communication framework in CCS presented by
IEA [55]
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Takeaways on CO, Storage

* Geological storage of CO, is characterized by the elements of storage volume

(capacity) and storage safety (containment).

¢ Capacity relates to the volume (or mass) of CO, that can be stored in the targeted stor-
age formation. Inside Europe most storage projects are operating in saline aquifers,
but some projects are being developed for depleted hydrocarbon fields. The technical
readiness level is high and storage in aquifers is considered a commercial and mature
technology. As CO; storage in depleted hydrocarbon fields is being developed at a
commercial level, it can be expected that CO, storage in depleted hydrocarbon fields

will soon turn into a mature technology.

¢ Capacity calculations for offshore saline aquifers show tremendous volumes. How-
ever, capacity numbers change as a CCS project matures. Therefore, it is difficult to

compare numbers reported on a regional scale with individual project capacities.

¢ For Germany, CO, storage capacity offshore is around 2900 Mt in saline aquifers. The
estimated capacity in onshore fields and aquifers for Germany is reported to be larger
than that, but can currently not be assessed in detail.

¢ Safe containment of CO, must be shown by ensuring geological integrity and well
integrity combined with appropriate operational limits to be defined in the storage
permit. A risk-based monitoring plan will be put in place to track conformance and

containment.

¢ Key risks during CO, storage are site-specific, but relate to geological integrity of the
storage complex, well integrity of all wells affecting the storage complex and well

injectivity to be able to comply with contractual commitments.
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5. Conclusions

Carbon dioxide capture and storage (CCS) is a process which involves three crucial steps to avoid
carbon dioxide emissions from being released into the atmosphere. These steps are capturing
carbon dioxide directly at the emission source or separating it from a gaseous stream, transporting
it through pipelines or by ships to an injection site and injecting it into subsurface formations,
where it becomes permanently stored. A large number of international studies conclude that CCS
is a critical component to reduce greenhouse gas emissions. As CCS is increasingly recognized
as a contribution to reduce greenhouse gas emissions, the European Union has released its CCS
Directive in 2009 to set up a framework to enable CCS operations throughout the Member States

of the European Union to meet their climate goals.

The German Federal Government has set the goal to achieve carbon neutrality by 2045. As part
of its national carbon management strategy, carbon capture and storage (CCS) is recommended as
a key option to reduce Germany’s greenhouse gas emissions, especially for industry sectors with
hard-to-abate emissions. In the wake of the strategy, the existing federal law on carbon dioxide
storage is planned to be updated. The amended law (Kohlenstoffdioxid Speicher- und Transport-
gesetz) will designate the German exclusive economic zone in the North Sea as the area of high
interest and priority for future CCS operations. The approval and construction process of CO;
transport pipelines will also be incorporated in the amended law in order to facilitate approval

procedures for transporting carbon dioxide to final storage sites or to utilization processes.

Capturing CO, and transporting it has been performed for many decades and is considered an
established technology to prevent CO, from reaching the atmosphere. Many technologies in the
CCS process chain are considered to be at TRL 9. In 2023, operational and planned CCS projects
were estimated to have a total capacity of nearly 361 Mtpa, and this is expected to grow further in
the coming years. The technical readiness in transportation, injection and geological storage has

been elaborated in this report. The most important points are summarized below:

Transport

 Pipeline transport is expected to play a significant role for CCS across Europe. It allows
the transport of large volumes in different phase states (liquid, vapor, supercritical). Higher
transport volumes can be achieved in a liquid state typically at pressures between 80 to 200
bar.
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¢ Shipping of CO; may be a competitive alternative to pipeline transport especially over long
distances. Typical ship transport conditions are at extremely low temperatures and pressures
between 7 to 45 bar to achieve that the CO, is in a liquid state.

* Regulating and observing the quality of the carbon dioxide stream is a crucial aspect as im-
purities may have a significant effect on the CO, properties and the phase boundaries might
shift. Small levels of impurities might already require increased pressure to achieve the lig-
uid state of COs.

¢ Impurities might also induce corrosion to the piping material thus posing a significant risk to
the integrity and stability of the system. Transporting carbon dioxide requires precise knowl-
edge of the material, the compatibility and the composition of the gas stream. Corrosion-
resistant materials ought to be selected to ensure safe transportation of carbon dioxide to the
storage site.

* Intermediate or temporary storage describes facilities which are designated as sites which
should temporary store captured carbon dioxide in order to balance the supply of cap-
tured CO; and the transport to final injection sites. Intermediate storage facilities can be
constructed above ground or subsurface storage sites (caverns, porous rock layers) can be

considered.

Injection

¢ Technologies for the well construction for large-scale geological carbon dioxide (CO3) storage
can be derived from the technologies of the oil and gas industry. Standards on well design
and integrity do not yet exist for CO injection wells. Nevertheless, standards for oil and
gas wells can be used as a basis except for minor deviations. The double-barrier system, as
prescribed for gas storage wells, is to be used for CO; injection wells.

¢ For CO; injection wells it is important to consider the corrosive environment created by CO,
in the presence of water. General recommendation for the materials are steels with high
corrosion resistance, e.g. stainless steel or high chromium steel. Good cement placement is

vital and CO, resistant cement should be used.

¢ The well placement and selection of the injection interval is crucial to establish a good con-
nection to the storage reservoir. In contrast to production wells, the CO; injection should

take place in the lower region of the storage formation.

¢ To be able to inject CO;, at the desired rate a good hydraulic connection between the wellbore
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and the rock layer is required and the rock layer must have a good hydraulic conductivity.
It is recommended to have a minimum kh-product of 0.25 Dm. Well testing is a common
method to determine and monitor the hydraulic conductivity.

Injectivity can deteriorate during the lifetime of a project for various reasons. The following
effects have been observed in experiments and in some CCS projects: near wellbore dry-
out and salt precipitation, mineral dissolution and fines migration, hydrate formation and
pressure build-up due to flow barriers.

Geological Storage
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* Inside Europe most storage projects are operating in saline aquifers, but some projects are

being developed for depleted hydrocarbon fields. The technical readiness level is high and
storage in aquifers is considered a commercial and mature technology. As CO, storage in
depleted hydrocarbon fields is being developed at a large scale, it can be expected that CO,
storage in depleted hydrocarbon fields will soon turn into a mature and commercial technol-

ogy-

Geological storage of CO; is characterized by the elements of storage volume and storage
safety. Capacity estimations based on geological conditions for offshore saline aquifers in-
dicate tremendous volumes. Investments for the construction of the required infrastructure
are not taken in to account. Therefore, capacity numbers change as a CCS project matures.
Therefore it is difficult to compare numbers reported on a regional scale with individual
project capacities.

For Germany, offshore CO; storage capacity is around 2900 Mt in saline aquifers. The esti-
mated capacity in onshore fields and aquifers for Germany is reported to be larger than that,
but can currently not be assessed in detail.

Safe containment of CO, must be shown by ensuring geological integrity and well integrity
combined with appropriate operational limits to be defined in the storage permit. A risk-

based monitoring plan will be put in place to track conformance and containment.

Key risks during CO, storage are site-specific, but relate to geological integrity of the storage
complex, well integrity of all wells affecting the storage complex and well injectivity to be
able to comply with contractual commitments.



Adapting International CCS Experience to Germany

For Germany, the experience from international commercial and national research CCS operations
is crucial to establishing a broad and operational cycle to capture carbon dioxide at emitters and
transporting it to injection sites. The exclusive economic zone off the coast of the North Sea con-
tains aquifer formations below the seabed, which can be used to store CO,. A close examination of
the potential capacity of these formations is necessary. Germany already has a broad network of
pipelines that could be extended for transporting CO,, which provides the opportunity to extend
this network from CO; sources directly to the North Sea coast.

Lower Saxony has a large number of salt caverns which can store a large mass of carbon dioxide in
a supercritical state. Some of these caverns may act as intermediate storage sites that would store
the CO;, before it is transported to the offshore saline aquifers in the exclusive economic zone. The
majority of the available salt caverns are located close to the coast, leading to potentially lower
construction costs for the transportation network.

The Ketzin research project demonstrated that the subsurface geology in Germany is suitable for
storing carbon dioxide. Applied monitoring technologies at Ketzin, Sleipner and Snevhit indicate
that the methods are precise and reliable and all indicate the safe containment of carbon dioxide

in the target formation.

The results of this scientific study reveal that CCS is a proven technology that has been extensively
studied and safely implemented across the globe. Operational experience from past and ongoing
projects has shown that potential risks can be contained and that the stored CO, in the subsurface
does not migrate out of the storage complex.

For CCS projects to be successful in Germany, several factors need to be considered:

1. Regulatory Framework: Germany has strict environmental and safety regulations, partic-
ularly concerning groundwater protection and public acceptance. International CCS expe-
rience in the North Sea area will need to be considered in the Federal Mining Act and the
future amended CO, Storage and Transportation Act.

2. Geological Conditions: Geological conditions for CO; storage vary globally. Germany will
need to assess its own geological formations (such as deep saline aquifers or depleted gas
fields) for suitability. Additional regional studies have only incremental value. Specific sites
will need to be investigated - offshore as well as onshore. While international projects can
serve as examples, Germany’s specific geological characteristics must be considered. From
a geological point of view, both, offshore and onshore formations have potential to provide
significant capacities for CCS projects.
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. Technological Adaptations: Technologies used in international projects must be tailored to

local conditions. This applies to the transport and storage infrastructure as well as to existing
wells. A thorough review of technological transferability is required and legacy wells will
need special attention.

. Economic Aspects: CCS projects require substantial financial resources. Funding models and

incentive structures that have been successful in other countries would need to be adapted
to Germany’s economic landscape and support policies. European programs may also play
a role here.

. Public Acceptance: There is a degree of skepticism towards CCS technologies in Germany,

particularly due to concerns about long-term safety and potential environmental risks. In-
ternational experience could help build public trust, but targeted information campaigns,

support from policymakers and transparency are necessary.

. Infrastructure and Logistics: Germany will need to develop or adapt the necessary infras-

tructure for CO, transport and storage. This includes, for example, pipelines, which are
already in place in some countries. In Germany it will be essential to accelerate transport-
infrastructure projects.

With favorable geological conditions, existing plans to develop an extensive pipeline network,

potential available intermediate storage sites, and supportive federal regulations, makes CCS a

viable solution to support Germany in achieving its carbon neutrality goals by 2045.
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