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Abstract

There is a need to accelerate the deployment of Carbon Capture, Utilization, and Storage (CCUS)
throughout Europe. As a part of this, the CCUS ZEN project has looked at identifying promising value chains based
on technical mapping of emission sources, utilization options, transport infrastructure and storage sites. This high-
level screening has been carried out for two selected regions: the Baltic Sea region and the Mediterranean Sea
region.

First, a screening of the emission sources in each geographical region led to the identification of promising
sites for CO; capture. The focus was on identifying clusters of emitters, where CO; could be captured from different
industrial plants and gathered at a hub before transport to the storage site. The emitters can also be identified as
promising depending on their amount of emission, location, type of industry, etc. For each emission source,
information about the facility was collected, along with information about the facility’s emissions. The screening of
potential storage sites in the geographical region was carried out based on public and available data. For each
mapped storage site, information was gathered about the type of reservoir (deep saline aquifer or depleted
hydrocarbon field), the onshore or offshore location, the capacity of the reservoir and the Storage Readiness Level
indicating the maturity of the capacity evaluation. For the infrastructure screening, we looked at existing
infrastructure relevant for CO2-transport with emphasis on pipelines, existing natural gas corridors, waterways and
ports. If transport using pipelines or waterways were not an option, also railways and road (lorries) were evaluated.
Thereafter, one or more chains were suggested, linking one or more emission clusters to one or more
storage sites. The total emission volumes of the clusters and the storage capacities were considered. It was
recognised that actual volumes should be treated with caution. On the storage side, the maturity level of the capacity
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estimation is often low, resulting in potential smaller capacities when the resource is further assessed. Also, crucial
data can be missing or confidential, which makes detailed studies and dynamic reservoir modelling challenging. The
total volumes of the clusters’ emission do not necessarily represent the amount of captured CO3, but rather a
maximum, as not 100% of the emissions would necessarily be captured. The potential for carbon utilisation was
assessed by identifying existing CO> use projects and looking at the potential availability of renewable energy and
biogenic CO..

Keywords: caputure, transport, storage, mapping, Europe, CCUS

1. Introduction

There is an increasing demand to accelerate the deployment of Carbon Capture, Utilization, and Storage (CCUS)
throughout Europe, as a part of the European Green Deal, the European Climate Law and to increase climate energy
and climate targets for 2030 [1] . As part of this, the EU funded network project CCUS ZEN has connected CCUS
actors in Europe, to identify promising value chains and to share knowledge and experience. We carried out a high-
level technical mapping focused on emission sources, storage sites, transport infrastructure, utilization options and
renewables, alongside with non-technical mapping including stakeholder needs, regulations, climate policies and
funding opportunities (Figure 1). These aspects should be considered when CCUS value chain are to be developed
further after the initial technical high-level screening. A high-level screening of promising value chains has been
carried out for two selected regions: the Baltic Sea region and the Mediterranean Sea regions [2]. The overall
screening workflow was tested in the two geographical regions and led to the definition of at least 15 CCUS value
chains, several with different transport solutions included, using ships or pipelines or a combination [3].
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Fig. 1. Overview of work tasks in the CCUS ZEN project, with the regional high-level technical mapping marked in the green box.

2. Methodology for high-level CCUS technical value chain screening

Several studies have been carried out focusing on high-level CCUS value chain screening with scenario
developments [4], infrastructures [5] or storage sites [6].

The high-level CCUS technical value chain can be subdivided into four main parts covering mapping of CO-
emitters, infrastructure screening, storage sites screening and utilization as a final piece in the puzzle (see Figure 2).
For each part of the value chain, several key input parameters are listed without ranking the importance, costs, or
effort to get enough data to draw solid conclusion.
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As part of the high-level CCUS technical screening, an open geographical information system (QGIS) has been
used for mapping the emitters and storage sites from previous reports, and to illustrate emission clusters and possible
transport routes, both existing and future infrastructures.

High-level CCUS Value Chain screening

Mapping of emitters
* Emission sources

* Amounts

» Share of biomass
* Location

= Type of industry

Utilization
= Technology options

Infrastructure screening
= Existing pipelines

= Transport corridors
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= Transport capacity

= Waterways and ports
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= Roads

Storage screening
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Injectivity

Caprock properties
Legacy wells
Seismicity

Protected areas

* Renewable energy Storage readiness level

Fig. 2. Principal sketch presenting the main components to consider in the high-level technical CCUS value chain screening. From [7].

2.1. Mapping of emitters

Inspection of the emission sources in each geographical sector leads to the identification of promising sites
for CO; capture. The focus is put on identifying clusters of emitters, where CO- could be captured from different
industrial sites and gathered at a hub before common transport to storage. Yet, standalone emitters could also be
identified as promising for CCUS value chains, depending on their amount of emission, location, type of industry,
etc. For each emission source, information about the facility is collected (facility name, company, location,
coordinates, and industrial sector), along with information about the facility’s emissions (annual amount of CO»
emitted, emissions trend, share of biomass, and waste-to-energy).

The CO; emission database in CaptureMap, provided by ENDRAVA is sourced from the EU Emissions
Trading System (EU-ETS) and the European Pollutant Release and Transfer Register (E-PRTR). The EU-ETS data
mainly includes the fossil-based CO, emissions, whereas the E-PRTR includes both fossil-based and biogenic CO;
emissions. The E-PRTR dataset only includes the facilities with CO, emissions above 100 ktpa, while the EU ETS
dataset also includes the facilities with smaller emission volumes (<100 ktpa). Since CaptureMap use the E-PRTR
system as their basis for facilities in European countries, many facilities with CO, emissions less than 100 ktpa are
not included in CaptureMap database.

Data from CaptureMap provided by Endrava are used for mapping CO, emissions sources in the Baltic Sea
region (Denmark, Sweden, Finland, Germany, Estonia, Latvia, Lithuania, Poland) and the Mediterranean Sea region
(France, Spain, Italy, Greece, Turkiye). The emission data were quality-checked, and amended where necessary, by
the CCUS ZEN partners in Denmark, Sweden, Finland, Estonia, Latvia, Lithuania, Poland and France. Since
Tirkiye is not covered in the CaptureMap database, this mapping is carried out in the project by the Turkiye partner
[2] . The reported CO; emissions are in general from 2021, except for some facilities where only older data are
available. Clusters are defined, with the total amount of emissions, the number of facilities in the cluster, and the
share of each industrial sector in the total emissions.
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2.2. Mapping of infrastructures

For the infrastructure screening, we looked at existing infrastructure relevant for CO,-transport with emphasis on
pipelines (onshore and offshore), existing natural gas corridors, waterways and ports. Existing pipelines could either
be reused if they have the specification needed (temperature and pressure limitations, material etc.) or the pipeline
corridor can be used as a route for a new CO: pipeline. Depending on the pressure requirement in the reservoir, it may
be suitable to use booster pumps. If transport using pipelines or waterways are not an option, also railways and road
(lorries) are evaluated.

There are multiple ways to transport CO, which include pipelines, ships, trucks/lorries or railways. All methods
are often combined with pre- and/or post-processes such as compression and drying of the CO_ stream, removal of
impurities, liquefaction and intermediate storage solutions. Larger CO; quantities, such as usually estimated for a
CO; cluster require either a pipeline or ships, or a combination of both. This sub-section presents a high-level
comparison between the two transportation methods.

The best transportation is often a combination of multiple methods that balances costs with convenience,
practicality and compliance with safety, and legal and environmental requirements. Pipelines are commonly the
safest and most economical way to transport large quantities of CO over short to medium distances. On the other
hand, pipelines are not a temporary flexible infrastructure and must be considered for long-term operations. They
require a high initial investment, but reduced OPEX. Re-utilisation of existing infrastructure may, therefore, be a key
for such projects. OPEX may also be reduced by combining processes like drying or compression with the emitter’s
industrial processes which produce heat or cold. Construction of a CO; pipeline should consider the environmental
impacts and routes might be concerned by deviations of protected areas. Residential or densely populated areas may
be a risk factor for the presence of CO; pipelines as well. Pipelines can transport CO; at gaseous, liquid or
supercritical phases. Currently, there are approximately 8000 kilometres of onshore CO; pipeline in the US today. In
Norway, one offshore CO. pipeline is built in the Northern Light project.

Shipping is a more flexible operation and is viable for longer distances and also for smaller volumes. While the
CAPEX costs are lower and the ships can be repurposed after the project closure, the OPEX costs are a main
decision driver. Residential areas are not an obstacle in ship traffic and compliance to environmental restrictions is
easier. On the other hand, shipping is dependent on the existence of suitable harbours and cannot travel onshore.
Shipping logistics commonly require a large intermediate storage and CO; can only be transported in liquid phase.
Commonly today, 1500 to 3000 tonnes vessels are used in the food industry, and the transport conditions are 15 bar
and -28°C. It is foreseen that the ship size for CCS project will be larger, but it depends on the logistic chain.

For transportation the mapping tool developed in the CO2LOS project was used to identify opportunities in ship
transport or barges, while PCI Transparency Platform, combined with OpenStreetMap, was used for pipelines.
Additionally, the European Network of Transmission Systems Operators for Gas (ENTSOG) provides a yearly
updated map with an overview of existing gas pipeline infrastructure and projections for future development.

2.3. Mapping of storage sites

There are two main categories for underground carbon dioxide storage; we have saline aquifers and
depleted reservoirs that have been used for previous oil and gas production. Other geological storage options, like
mineral carbonisation in basaltic rocks was not considered, since such sites have not been mapped in detailed in the
previous projects.

The amount of CO; to be stored underground, is very much dependent on the media for the storage and the
injectivity. The subsurface storage aquifers or permeable geological formation can be defined as a regional aquifer, a
storage assessment unit, and has an upper limit defined by where the CO, will be in supercritical phase
(approximately below 800 m depth, depending on pressures and temperature variations). The lower limit is defined
by the porosity and permeability to the reservoir units and will be defined on what is seen as an acceptable injection
rate. In the CCUS ZEN project, the classification of storage structures is built on methodology outlined in [8]. There
exist several methods to calculate storage capacity. The storage capacity can in general terms be described as the
pore volume of the aquifer in the storage assessment unit region multiplied with the storage efficiency factor
(fraction of pore space where CO- “can” be injected). In the CCUS ZEN project, the capacity formulas [9] have
been used [2] .
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The screening of potential storage sites in the geographical sectors is carried out and based on public and available
data from projects such as GESTCO, GeoCapacity, CO2Stop, NORDICCS, Strategy CCUS, PilotSTRATEGY, and
national projects. For each mapped storage site, information is gathered about the type of reservoir (deep saline aquifer
or depleted hydrocarbon field), the onshore or offshore location, the capacity of the reservoir (mean value), and the
SRL level indicating the maturity of the capacity evaluation based on [10].

2.4. Mapping of utilization

Carbon Capture and Utilization includes many technologies that can capture CO; directly from the air or from
industry facilities and use it as feedstocks to produce products like chemicals, fuels and materials. Further details and
description of different CCU technologies can be found in [10, 11 and 12].

In the high-level screening of utilization, the main source has been the CO, Value European database on CCU, that
has been developed though previous EU projects like SCOT and IMPACTS and contains approximately 150 ongoing
and upcoming projects at different TRL levels.

3. Results of the high-level screening mapping

Figure 3 shows the results of the high-level screening mapping for the Baltic and Mediterranean regions, with
emission sources and storage sites marked. The number of facilities and CO, emission sources varies largely between
the countries, with large emitters in both regions (Table 1). Large emitter clusters are seen in Poland and Germany in
the Baltic region and Italy and Turkey in the Mediterranean Sea Region. For the storage sites, large deep saline aquifers
with large storage capacities are mapped for Denmark, with total capacity of 16 042 Mt, where depleted hydrocarbon
fields are not included, and Poland with 8 885 Mt storage capacity. In the southern region, Spain, Italy and Greece
show large storage capacities (around 3.1 — 4.8 Gt).
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Fig. 3. High level mapping of emission sources and storages sites for the Baltic region (dark green colour) and Mediterranean region (orange
colour). Natura 2000 area is marked with light green colour. From [2].
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Table 1. Number of facilities and corresponding CO, emissions for countries in the CCUS ZEN Baltic Sea and Mediterranean Sea
regions.

Country Number of facilities Facilities with CO, emissions above
100 kton/year [kton/year]

Denmark 33 11834

Sweden 95 51 036

Finland 74 46 033

Germany 405 365 840

Estonia 13 8643

Latvia 3 1654

Lithuania 9 5588

Poland 164 189 159

Sum Baltic Sea region 796 689 347

France 258 99 995

Spain 199 90 475

Italy 204 120538

Greece 39 32242

Tirkiye 175 357 888

Sum Mediterranean region 875 701 137

Table 2. Potential storage sites in the CCUS ZEN Baltic Sea and Mediterranean Sea regions.

Country Number of deep Number of Total References

saline aquifers hydrocarbon capacity

fields (Mt)

Denmark 27 Not included 16 042 [14, 15]
Sweden 9 0 3420 [16]
Finland 0 0 0 -
Germany 34 Not included 3539 [15, 17]
Estonia 0 0 0 -
Latvia 17 0 1172 [18, 19, 20, 21,22]
Lithuania 12 5 299 [17, 19, 23]
Poland 55 39 8 885 [24], Pers. com. Wojcicki, A. (2023):

Calcul. based on the pore volume
published in [15] and using the CSFL
methodology with SEF = 20% which
is comparable to other German and
Polish site calculations.

Sum Baltic Sea region 33357

France 4 20 739 [9, 25]
Spain 17 Not included 4816 [9, 17, 25]
Italy 14 11 4699 [9]
Greece 5 2 3174 [9, 26]
Tirkiye Not evaluated 109 109 [27]

Sum Mediterranean Sea 13537

region
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4. Discussion

There are several challenges in the mapping of a CCUS value chain and this will vary along the value
chain. For emission sources, there are some complexities in deciding which industry sites should be prioritized for
CCS. The emission sources are subdivided depending on type of industry, varying from refineries, chemicals, power,
hydrogen, energy from waste, cement, paper and pulp, iron and steel and others. For some industries CCS is the
obvious option to reduce emissions, while in other cases CCS may be one of several options (some form of
electrification often being another). The level of CO; emissions in the future and longevity of an industrial plant can
also be a factor in considering the deployment of CCS. Information on this is however difficult to obtain.
Information can be commercially sensitive and there may also be political considerations that are hard for us to
assess. For this reason, in this high-level screening, only the current emission levels from different industries are
considered.

When choosing the emitters hub, several factors were evaluated. The type of industry, the number of
emission sources and not least location are very important factors. If there are several large industry clusters that can
share common infrastructure, like pipelines and/or buffer storage and/or ship transport, this can be very central for
building out an emission hub. In addition, the possibility to share a storage site would be beneficial for the emitters
and for the one owning the storage site.

For CO- emitters, a hub structure is attractive [28] to reduce the risk for each industry actor. A hub structure
also reduces the risk that transport, and storage infrastructure will be underutilized. A hub with more emitters will be
less dependent on the emissions of a single industrial site for maintaining a high degree of utilisation.

As a result of the development of common infrastructures for transporting and storing emissions from
different industries, there is likely to be a need for common specifications for fluid composition and pressure/
temperature conditions [29] . A better understanding of the reasons behind the limitations of the impurities given for
the transport and storage infrastructure will make it easier to find solutions that is optimal in a whole chain
perspective, and not only for parts of the chain. There is an ongoing debate if a common specification should be
given to make it easier to transport CO, from different sources to several logistic network, or if each network should
find its own specification based on the need for limitations related to their material choice, storage possibilities etc.
The cost for extra purification is often high, and trying to find the lowest possible purification steps needed could
potentially reduce costs.

In the screening, the total emissions amount of the clusters and the storage capacities are considered.
However, it is recognised that actual total CO, emission volumes should be treated with caution. On one side, the
total amount of the clusters’ emission does not exactly represent the amount of captured CO2, but rather a maximum,
as not 100% of the emissions would necessarily be captured. For some industries transitioning to renewables or
biogenic feed stocks may be more attractive and easier to implement.

To develop a high-level value chain, all the present and future stakeholders along the value chain need to be
informed and aligned. There are several main actors and driving forces that would be shaping CCUS value chains,
and these should be involved in the workflow. There is a strong interdependency of stakeholders with different
interests, from industry with emitters, to transport and storage owners. To be able to reduce the risks, both
economically and in terms of time spent, partnerships (or collaboration between stakeholders) across the value chain
should be in place. Reducing the uncertainty, both in storage capacity, storage injectivity and longevity of a storage
site, is important. One major bottle neck at present, is the lack of open geological datasets, both 2D and 3D seismic
dataset, and/or data from wells for potential storage formations. In the CCUS ZEN project we had project partners
from the two geographical regions in the project. Even with many research institutes and key industry actors
involved, it was challenging to get access to datasets to make reliable estimates for storage potential. The underlying
datasets needed such as interpreted 2D seismic or 3D seismic, data from existing wells, geological models and/or
reservoir models are seldom publicly available. Scarce data cover is a major challenge in many regions, and in
CCUS ZEN project, the mapping of storage sites was heavily relying on previous research projects. As the screening
of potential storage sites was based on public and available data, it resulted in varying mapping coverage.

Another challenge related to storage sites mapping is the capacity of these potential storage sites. Indeed,
databases present a large number of sites with too little storage capacity for an operational CCS project to take place.
For example, in Southern France, existing capacity data are on the order of few tens of Mt, even smaller, per site. It
is then challenging to find sufficient storage capacity for the identified emission clusters and build large-scale value
chains. This is also a reason why transnational scenarios were developed. Finland is lacking any storage potential,
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since they have only bedrocks, and therefore the selected value chain suggested in CCUS ZEN is pipeline or ship
transport from Helsiniki, Finland to Radby, storage site in Denmark [3]. Sweden has sedimentary deposits in the
Baltic Sea, like the Cambrian Faludden Formation, but with low storage potential e.g. dipping aquifer, with small
natural closures e.g. [30]. However, the structures continue southwards at Polish side, and may serve as a potential
storage structure.

Mapped in a number of European countries, extensive and relatively deep onshore regional Mesozoic
aquifers including local traps (e.g. anticlinal structures) can be used both for CCS and geothermal purposes. For
example, regional Lower Jurassic aquifer covering large part of Poland is deemed as one of primary geothermal
reservoirs of the country and is utilized in a number of district heating (and other) geothermal installations and many
such geothermal projects are being completed or planned now. However, if CCS projects would use local
traps/structures located outside population centres where district heating could be switched to geothermal, then such
competition could be mitigated.

Both in the northern and southern North Sea are competing interests with the oil and gas industry, not so
much on the areas, as CO; licences are awarded by the governments, but we foresee on the pore pressures. If CO;
storage will lead to higher pressures in some reservoirs or aquifer, these may have an impact on neighbouring CO;
storage sites and/or oil and gas production. However, these challenges have not been evaluated in the CO; storage
screening but should be considered in future dynamic simulations.

5. Conclusions and recommendations

The high level CCUS value chain screening can be summarised in Figure 2, with mapping of emitters, transport
infrastructure and storage sites, and utilization as a theme closely connected to capture screening.

High-level CCUS value chain screening is the first step, evaluating the main tasks and research tasks that needs to
be addressed. The screening should be a tool to gather interesting stakeholders for further work and future in-depth
analysis. Thereafter, more input data, further analysis and modelling are needed to mature and qualify a CCUS value
chain.

From the technical screening work performed, the main recommendations we can draw from for further
development of CCUS value chains are:
¢ Include and anchor with all entities; also include research institutes and academia, in addition to government and
NGOs in the process.

Have all key stakeholders involved — actors from the whole CCUS chain.

Design the value chain from an industrial and regional reality in order to provide a solution to an identified need.

Improve geological knowledge to decrease uncertainties related to storage capacity and leakage risks.

Improve access to data: Aim for open data and sharing of data. This is especially important for dataset linked to

storage sites, to mature the site and level the Storage Readiness Level.

Consider emitters from hard-to-abate industries (cement, etc.) as potential anchors for the clusters

e We also recognise that non-technical aspect, such as legal regulations, social acceptance and economic factors, are
important factors also for the technical mapping.
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