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Executive summary
The storage capacity data existing for each region and assed in previous project (COMET, CO2STOP,
Geocapacity, etc) present different levels of confidence, resulting in different maturity and readiness
levels to implement CCUS projects.
STRATEGY CCUS synthetized and homogenized storage capacities in each region giving the level of
maturity and confidence of storage resources knowledge. Starting from the data about previous
assessments collected by local teams, on which a gap analysis was conducted, the project
harmonized the estimates of storage capacity and undiscovered resources based on the
methodology and recommendation set up in the deliverable D2.1: Methodologies for cluster
development and best practices for data collection in the promising regions.
The storage capacities reported here were calculated using a volumetric approach in most of the
cases. In few cases, capacities were estimated through reservoir simulation. Capacity estimate by
volumetric approach is dependent on standard parameters (bulk volume, porosity, net-to-gross, CO2
density) and a modifying term, the storage efficiency factor (SEF). Storage efficiency values also
reflect general geologic characteristics and boundary conditions. For example, carbonates and open
systems have a higher efficiency than clastic reservoirs and closed systems.
The SEF reflects the level of confidence of storage resources. This coefficient has great impact on
storage resources estimate. A conservative approach using a SEF of 2% was applied in regions with
low confidence on storage resources classification.
The storage resources of STRATEGY CCUS regions up to 8.5 Gt of capacity, where DSA represents ~
92% of the type of resources and DHF around 8%. A potential of 0.33 Gt of CO2 could be used in
North Croatia Depleting Hydrocarbon Fields and in Galati (not counted).
Using the qualitative assessment to describe storage capacity, within DSA and DHF assets, regions
reported 60 DSA prospects with 45 described as Tiers2 and 15 as Tiers1 and 50 DHF prospects, which
are by definition Tiers2 resource. The type and amount of data used and its quality determine the
level of confidence of CO2 storage resources estimates. Therefore, numbers reported for the
capacity estimation should be integrated in the CCUS plan (WP5) taking into account their
confidence (uncertainty).
One of the challenges in planning the ICCUS clusters is the uncertainty of storage capacity at longterm scale. Field capacity should be enough to store 30-40 years of emissions with an injection rate
adapted to the CO2 flow rate from industrial/power installations. CO2 storage resources should be
classified as at least Tiers3 (Contingent) and ideally as Tiers4 (Matched) to become bankable. All
STRATEGY CCUS storage resources are classified below Tiers3 and the level of confidence for the
description of these resources is distinct among regions.
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Abbreviations and acronyms
Abbreviation /
Acronym

Description

CCUS

Carbon Capture Use and Storage

CSFL

Carbon Sequestration Leadership Forum

DHF

Depleted Hydrocarbon Field

DSA

Deep Saline Aquifer

ECBM

Enhanced Coal bed methane

EC

European Commission

EOR

Enhanced Oil Recovery

DX.X, DXX

DeliverableX.X as numbered in Annex1; DeliverableXX as numbered by EC

TRL

Technology Readiness Leve

RSC

Regional Stakeholder Committee

SEF

Storage Efficiency Factor

TEA

Techno-Economic Assessments

TERR

Techno-Economic Resource-Reserve

UCB

Unmineable coal beds
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Maturity level and confidence of STRATEGY CCUS storage resources
1 Introduction
Several CO2 storage capacity quantification methods have been proposed (e.g. US DOE, CSLF,
Geocapacity project, etc.), and it is likely that different approaches have been followed when
assessing the storage capacity in each promising region. The storage capacity data existing for each
region and collected by local teams in the deliverable D2.2 Data Collection (Carneiro & Mesquita,
2020) present different levels of confidence, resulting in different maturity and readiness levels to
implement CCUS projects. A sound knowledge about the storage capacity and about the uncertainty
in its assessment is essential for the roadmaps and economical evaluations being made in WP5
(Establishing realistic detailed plans and techno economic evaluations for CCUS at different
geographical and timescales), but also for the development of local business models, which includes
bankable storage capacities in WP4 (Methodological developments for mapping environmental and
economic drivers).
STRATEGY CCUS synthetized and homogenized storage capacities in each region giving the level of
maturity and confidence of storage resources knowledge. Starting from the data about previous
assessments collected by local teams, on which a gap analysis was conducted, the project
harmonized the estimates of storage capacity and undiscovered resources based on the
methodology and recommendation set up in the deliverable D2.1: Methodologies for cluster
development and best practices for data collection in the promising regions (Cavanagh et al., 2020).
Specific guidelines were developed to classify storage resources in the promising regions, including
the definition of the storage site locations, capacity and injectivity estimates, and confidence levels
on those estimates. The guidelines1 focus on three reservoir types, Deep Saline Aquifers (DSA),
Depleted Hydrocarbon Fields (DHF), including the expectation for EOR, and Uneconomic Coal Beds
(UCB).

1.1 Storage Capacity Estimates
The maturity level and the confidence of storage resource capacity appraisal made in the eight
regions was re-evaluated in STRATEGY CCUS and followed a two-fold approach:


a qualitative appraisal of suitability that supports the capacity estimate. Suitability covers all
technical aspects of storage from reservoir capacity and quality to seals, faults and wells.
The appraisal consisted of a Boston Square Analysis (BSA) score for both attribute suitability
(y-axis) and data quality (x-axis).

1

Deliverable D2.1 : Bridging the Gap Storage Resource Assessment Methodologies
(https://strategyccus.eu/sites/default/files/STRATCCUSWP21-PART2-SRAM-v1.pdf)

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 837754
9

Suitability is scored by expert judgement. High values indicate good attributes such as high capacity,
high reservoir porosity and permeability, an effective seal, an absence of problematic faulting,
fracturing or well issues; low scores flag a prospect for review. Data quality indicates strengths and
gaps in the evidence base


a pyramid approach. Capacity estimates were ranked using a quantitative resource pyramid
approach consisting of four tiers (Table 1.1) that reflect the increasing maturity of data and
understanding about potential storage capacity from regional first approximations to
targeted storage sites candidates. The requirements for each tier reflect this maturation (.
The described tiers are compatible with existing schemes (CSLF TERR, SPE SRMS), allowing
outcomes to be transferred to equivalent classifications if required.

Table 1.1: Tiers classification/definition and suitability criteria

Tier 1

Regional assessment; equivalent
to Prospective (Theoretical),

Generic SEFs (storage efficiency factor). Formation and storage unit
estimate. First approximation. Low data burden and global storage
efficiency values where boundary conditions are poorly constrained or
uncertain.

Tier 2

Discovery assessment;
equivalent to low Contingent
(Effective),

Tailored SEFs. Daughter unit estimates. Second approximation. Moderate
data burden and lithology specific regional storage efficiency factors.
Distinction between deep saline aquifers, depleted hydrocarbon fields and
coal beds. Boundary conditions are established.

Tier 3

Prospect assessment; equivalent
to Pending/On Hold (Practical),

Detailed data prospective candidates. Third approximation with a more
taxing data burden, including sub attributes of the main factors used to
estimate capacity and lithology specific local SEFs. Each candidate prospect
requires either existing or targeted data acquisition sufficient to build a
simple geomodel for first pass simulation and well location consideration.

Tier 4

Site assessment; equivalent to
Justified/Approved/On Injection
(Matched), project.

Targeted storage sites. The final approximation prior to operation. This has
the highest data burden and requires a detailed geomodel for reservoir
simulation studies. Outcomes from the simulations test the accuracy of the
storage efficiency factors and provide scenarios for maximising capacity
based on well planning and scheduling.

The storage capacity reported here were calculated using a volumetric approach in most of the
cases. In few cases, capacities were estimated through reservoir simulation. Capacity estimate by
volumetric approach is dependent on standard parameters (bulk volume, porosity, net-to-gross, CO2
density) and a modifying term, the storage efficiency factor (SEF). This value represents the fraction
of pore volume occupied by CO2, and typically ranges from less than one per cent to a few per cent.
Storage efficiency values also reflect general geologic characteristics and boundary conditions. For
example, carbonates and open systems have a higher efficiency than clastic reservoirs and closed
systems.
The lowest storage efficiency values, applied globally as a conservative first approximation, reflect a
lack of data and characterisation (Table 1.2) for formations, storage and daughter units. This applies
to lower tiers where a unit is mapped but where the boundary conditions are poorly understood
either through a lack of data or conflicting conceptual models. More data and understanding will
allow for the assignation of sediment type and open, closed or semi-closed boundary conditions at
higher tiers in the resource assessment pyramid.
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At the higher tiers of assessment, detailed reservoir characterisation and reservoir simulation
ultimately supersede analytical approximations of efficiency. Both simulations and analytical models
are then challenged and refined by observations from operational sites.
Table 1.2: Storage efficiency factors (SEF) as percentages for deep saline aquifers at different levels of
maturity

The confidence and maturity level also reflects how bulk volume, porosity and net-to-gross were
estimated. In some regions, geological volume at the scale of formation was calculated from static
geological modelling using effective connected porosity or sedimentary facies modelling, which gives
highly level of confidence for this parameter. Other regions with low quality and quantity of data,
the formation volume was estimated through an analytical equation taking in consideration the
most representative value for reservoir thickness, porosity and net-to-gross.

1.2 Injectivity challenges
Injectivity of CO2 in a reservoir of different category (DSA, DHF and UCB) is one of the major
challenges to estimate the maximum amount of CO2 that can be injected and stored in a given time
using a given rate. The injectivity controls the injection rate, which is limited to the fracturing
pressure of the reservoir and top seal for avoiding damage in the storage complex and the possible
leakage risk of CO2 towards around Formations and surface. Injectivity can be referred to “flow rate”,
product of “permeability×height”, and flow rate divided by pressure difference. A more accurate
assessment of reservoir injectivity requires detailed reservoir simulations. The injectivity index is a
time-dependent parameter, and the total amount of CO2 that can be stored for a given period of
time is limited by build-up pressure during injection and the pressure release through time.
Two different scales of injectivity could influence the storage capacity of a sedimentary formation:
the formation injectivity, which is the global capacity of a geological formation to receive the
injected CO2; and the well injectivity, which is the capacity of a well to inject the CO2 that could be
influenced by completion equipment; nature of the reservoir rock and in place fluid; and
geochemical reactions in the near wellbore regions.
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Formation injectivity is controlled by several factors, including absolute and relative permeability,
formation thickness, fluid properties and geochemical and petrophysical characteristics (Miri et al.,
2018). Furthermore, the competition between salt precipitation, compressibility, non-Darcy, and
thermal effects should have an impact on how CO2 injectivity will evolve over time (Mijic et al.,
2014). Well injectivity is also controlled by several factors, including Formation injectivity factors, i.e.
permeability, thickness and consolidate state of the reservoir rocks, and the reactive transport at
borehole scale.
Well injectivity challenges occurred in the Sleipner project in Norway during the first year of
injection. In the Sleipner field more than 16 Mt of CO2 were injected in the Utsira Fm. through one
deviated injector well since 1996. Challenges related to injectivity were caused by sand influx, which
were remediated by a re-perforation and installation of a gravel pack in August 1997 (Hansen et al.,
2005). Since then injection has been stable, with a yearly rate of approximately 0.9 Mt/year.
The Formation injectivity in almost every promising region was estimated using an analytical
solution, where it is a function of permeability x reservoir thickness. In fact, volumetric approaches
may over- or underestimate the effective storage resource potential, as current methodology is not
able to account for the effect of site-specific dynamic factors such as injection rate, injection pattern,
timing of injection, well spacing and pressure interference between injection locations (Gorecki et
al., 2015). However, dynamic CO2 storage efficiency is time-dependent as CO2 dissolution, plume
migration and top seal permeability will help in the reservoir depressurization through time
(Cavanagh and Wildgust, 2011; Gorecki et al., 2015).
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2 Overview of storage resources in STRATEGY CCUS promising
regions
The CO2 storage resources of the eight promising regions (Figure 2-1) are principally Deep Saline
Aquifer (DSA) and some Depleted Hydrocarbon Fields in three regions: Paris Basin (FR); North of
Croatia (HR) and Galati (RO), with the North Croatia and Galati presenting a possibility to use CO2 for
Enhancing Oil Recovery (EOR). Further, in the Upper Silesia (PL), there is the possibility to store CO2
in the uneconomical coal beds (UCB) and to Enhancing coal bed methane (ECBM).

Figure 2-1: STRATEGY CCUS Promising regions

2.1 Confidence of Region’s Storage Resources – Boston Square Analysis (BSA)
The classification of Region’s CO2 storage resources is based on public and/or private data coming
essentially from seismic and wellbore data in the area. These data were acquired to other purposes
as oil & gas; geothermal energy; water extraction or mining activities leading with some gaps related
to the characterization of a CO2 storage complex, i.e: top seal behaviour and characterization,
connection with drink water aquifers, CO2 leakage, etc. The type and amount of data used and its
quality determine the level of confidence of CO2 storage resources estimates. Therefore, numbers
reported for the capacity estimation should be integrated in the CCUS plan (WP5) taking into
account their confidence.
Table 2.1 summarises the type of data used to calculate parameters to estimate storage capacity of
Region’s resources. The geometry and petrophysics of the storage complex evaluated through
seismic and wellbore (wireline logging, drilling data, etc) data, and core samples analysis, have in
general a good BSA score and high confidence in parameters for storage calculation.
Table 2.1: Review of type of data used to estimated storage capacities. The BSA was provided for most of
regions, except for DHF resources where data is confidential and propriety of the company exploring or
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had explored the DHF.
Data Geometry
Country

Formation/unit/location

Type

Number of
Capacity (Gt) BSA
assets

Petrophysics (reservoir & seal)

Seismic

Wells

Seismic

Wells

x

x

Core

Injectivity

Other

Analytic

Simulatio
n

Comment

1

France (Rhone Valley)

Upper Jurassic

DSA

4

0.085

x

x

x

2

Ebro

Iberian Chain (carbonate)

DSA

3

0.036

x

x

x

x

2

Ebro

Iberian Chain (siliciclastic)

DSA

6

0.126

x

x

x

x

2

Ebro

Ebro Basin (carbonate)

DSA

8

0.037

x

x

x

2

Ebro

Ebro Basin (siliciclastic)

DSA

4

0.1

x

x

x

x

3

Lusitania

Castelo Viegas (onshore)

DSA

4

0.26

x

x

x

x

3

Lusitania

Torres Vedras (offshore)

DSA

8

2.6

x

x

x

x

x

x

3

Lusitania

Castelo Viegas (offshore)

DSA

5

0.25

x

x

x

x

x

x

4

Croatia

Drava Depression + Legrad,Sandrovac

DHF

8

0.11

x

x

x

4

Croatia

Sava Depression

DHF

6

0.036

4

Croatia

Sava Depression

DSA

3

0.536

x

x

x

4

Croatia

Drava Depression+Osijek

DSA

2

2

x

4

Croatia

ID: 7,8,9,11,12,17

EOR

7

0.33

5

France (Paris Basin)

Trias / Dogger

DHF

22

0.11

5

France (Paris Basin)

Keuper

DSA

5

0.22

6

Poland

Debowiec Beds+Upper Jurassic

DSA

2

0.1

6

Poland

Upper Silesian Coal Basin

UCB

2

0.015

7

Romania

Focsani Trough

DHF

11

0.01

x

7

Romania

Histria Depression

DHF

4

0.032

x

7

Romania

North Dobrogea

DHF

4

0.0024

x

educated guess

7

Romania

Histria Depression

DSA

4

0.031

x

educated guess

7

Romania

8

West Macedonia

Pentalofos

DSA

1

0.17

x

x

x

8

West Macedonia

Eptachori

DSA

1

1.3

x

x

x

x

x

x

Fractured and karst

x

Fractured and karst

x
x

x

x

x

Fractured and karst

x

x

Moderate seismic area

x
x

x

Maps from Sava Depression

x
x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x
x

educated guess

x

x

EOR

methane extraction (ECBM)

educated guess

educated guess

The qualitative analysis of prospects, the BSA, is supplied for many of the assets, except for DHF in
Paris Basin (FR) and Galati (RO) where data was not available. Detail about the attribute quality and
their suitability are found in the D2.1 (Cavanagh et al., 2020)3. Figure 2-2 gives the criteria and score
for data quality to evaluate an attribute.

3

https://strategyccus.eu/sites/default/files/STRATCCUSWP21-PART2-SRAM-v1.pdf

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 837754
14

Figure 2-2: Guide ranges for principle attribute quality (after Norwegian Atlas, Halland et al., 2014)

The BSA gives the confidence level of the capacity estimation for each prospect in every region. The
Figure 2-3 illustrates examples of the BSA in STRATEGY CCUS regions, one prospect in each region is
given. Regions with points plotted at upper right side of the chart are those with good confidence in
their storage resources estimates, then estimated capacity is expected to be representative of
available volume, whereas regions with points at lower side of the chart have low confidence in their
storage resources estimates. Comparing two Tiers2 prospects the Rhone Valley in Figure 2-3a and
the Lusitanian Basin in Figure 2-3c, the Lusitania Basin presents more confidence in the attributes for
qualifying the storage complex than the Rhone Valley. Therefore, attributes and estimated capacities
of the Lusitanian Basin could be used for planning ICCUS clusters using a more optimist approach
concerning available capacities at long-term scale.
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Figure 2-3:BSA examples of DSA and DHF prospects in the STRATEGY CCUS regions. Regions with points
plotted at upper right side of the chart are those with good confidence in the storage resources
estimates.

Another import consideration to take into account in the qualitative appraisal of CO2 capacity in a
geological resource is the nature of the reservoir rock formation. Petrophysics information as
permeability and porosity of the reservoir and seal rocks can be estimated and calculated easier in
siliciclastic Formation than in carbonated Formation. The secondary porosity and permeability
caused by fracturing and karstification are usually in carbonated rocks the main pathway of fluid
flow and are difficult to be predicted. Therefore, DSA estimation for carbonate Fm. using the
volumetric formula could underestimate the storage capacity.
Table 2.2 summarises the storage capacity of STRATEGY CCUS regions, which up to 8.5 Gt of storage
capacity. The DSA represents ~ 92% of the type of resources and DHF around 8%. A potential of 0.33
Gt of CO2 could be used in North Croatia Depleting Hydrocarbon Fields and in Galati (not counted).
Table 2.2: Total of CO2 storage capacity in each promising region.

Country
France
Spain
Portugal
Croatia
Croatia
Croatia

Region
Rhone Valley
EBRO
Lusitania Basin
Noth Croatia
Noth Croatia
North Croatia

Type
DSA
DSA
DSA
DSA
DHF
EOR

This project has received funding from the European Union’s Horizon 2020
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Capacity(Gt)
0.085
0.299
3.11
2.536
0.146
0.33

Country
France
France
Poland
Poland
Romania
Romania
Greece

Region
Paris Basin
Paris Basin
Upper Silesia
Upper Silesia
Galati
Galati
West Macedonia

Type
DSA
DHF
DSA
UCB
DSA
DHF
DSA

Capacity(Gt)
0.22
0.11
0.1
0.015
0.031
0.07
1.47

2.2 Maturity of Region’s Storage Resources – Pyramid approach
Using the qualitative assessment to describe storage capacity as recommended in D2.14 (Best
Practice), within DSA and DHF assets, regions reported 60 DSA prospects with 45 described as Tiers2
and 15 as Tiers1 and 50 DHF prospects, which are by definition Tiers2 resource (Figure 2-4). Two
regions estimated storage capacity for DSA resources through reservoir simulation studies: Paris
Basin (FR) and Upper Silesia (PL). Also, For EOR calculation, North of Croatia (HR) supplied data for
15 years of CO2 injection based on simulation studies.

Figure 2-4: Tiers classification of DSA and DHF assets of the STRATEGY CCUS regions. The tiers
classification represents the total of resources for a region, i.e. the sum of DSA and DHF in this region.

4

https://strategyccus.eu/project-outputs/methods-outputs
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Three most important resources within regions are those described as T1 and represent 7.45 Gt of
available capacity for DSA. The volumetric calculation (Figure 2-5) was used to estimate the majority
of T2 (and T1) resources of STRATEGY CCUS regions. These capacities were previously estimated in
past European o National project as Geocapacities; CO2STOP; COMET; and other national research
projects such as ALGECO2; France Nord; VASCO; etc. The calculation made in these projects adopts
assumptions in order to take into account reservoir heterogeneity, CO2 and rock compressibility,
changes in temperature and pressure, etc.
The T2 resources calculated through reservoir modelling supply additional information about the
injection rate and number of wells to develop a given storage potential. Usually, simulation studies
of CO2 injection limit the injection rate to the reservoir pressure below the leak-off pressure. The
injection rate is then planned assuming the need of multiple wells and/or the production
(extraction) of formation reservoir brine (water).
Therefore, estimated capacity reported here and in D2.4 (Region’s data set, confidential deliverable)
is more conservative than in previous projects in some regions where data is insufficient, as in Rhone
Valley (FR) and West Macedonia (GR). In these regions a SEF of 2% was applied (Figure 2-5). In other
cases as in Lusitania Basin, new seismic and wellbore data allowed more optimist region’s
assumptions and new calculation were performed using a SEF of > 2%.

Figure 2-5: Analytical solution to calculate CO2 storage capacity for T2 resources. More explanation can
be found in the D2.1: Best Practices for data collection (available in the website: strategy-ccus.eu).

For comparison and illustration on the impact of the SEF parameter in the storage capacity
estimates, the Table 2.3 shows the CO2 storage capacity reported in the Region’s calculations and
the CO2 storage capacity calculated by using a SEF of 2%. The discrepancy between capacity
numbers is very important in few cases, as in the Ebro basin where a SEF of 2% underestimates
resources by 300%. Usually, resources are overestimated reaching up 100% of difference.
This project has received funding from the European Union’s Horizon 2020
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Table 2.3: DSA CO2 storage capacity estimated by regions compared with the calculated value applying the formula in Figure 2-5. The parameters of calculation are
given for each DSA prospect. Storage capacities are expressed in Mt with values in green issued from simulation studies. At the column “ Storage Capacity Applying
formula (Mt)” is reported the capacity of the resources applying efficiency factor of 2% and the formula in Figure 2-5. Numbers in bolt are those underestimating
storage capacity calculated by region.

STORAGE_UN
IT_ID

TYPE

FR1.SU.001

STORAGE_C
APACITY
APPLYING
FORMULA
(MT)

LITHOLOGY

STORAGE_CAP
ACITY
(Mt)

COMMENTS

600

siliciclastic

30

Area*h=pore volume

0.089

600

siliciclastic

10

Area*h=pore volume

26.9

0.093

600

siliciclastic

32

Area*h=pore volume

17.1

150

0.112

600

siliciclastic

69

Area*h=pore volume

88.3

134.1

0.082

550

siliciclastic

81

Area*h=pore volume

49.8

STORAGE_UNIT

Tie
rs

UNIT_AREA_EXP
ECTED

UNIT_THICK
NESS

UNIT_POROSITY_EX
PECTED

CO2_DEN
SITY

DSA

Trias

2

1.77E+10

29.2

0.119

FR1.SU.002

DSA

Trias

2

3.15E+10

75.1

FR1.SU.003

DSA

Trias

2

1.92E+10

32

FR1.SU.004

DSA

Trias

2

8.21E+10

FR1.SU.005

DSA

Trias

2

6.90E+10

fractured
limestone
fractured
limestone
fractured
limestone
fractured
limestone

20.2

FR2.SU.001

DSA

Upper Jurrasic

2

63.5

865

0.15

260

24

34.3

FR2.SU.002

DSA

Upper Jurrasic

2

58.6

800

0.15

290

22.8

32.6

FR2.SU.003

DSA

Upper Jurrasic

2

57.5

285

0.15

566

9.7

22.3

FR2.SU.004

DSA

Jurrassic - Dogger

2

32.8

153

0.15

180

0.9

2.2

GR.SU.001

DSA

Mesohellenic Trough

1

1.15E+12

2500

0.15

594

siliciclastic

1277

Area*h=rock volume

817.5

GR.SU.002

DSA

Mesohellenic Trough

1

4.00E+11

1100

0.12

603

siliciclastic

166

Area*h=rock volume

231.7

HR.SU.002

DSA

SAVA Depression

1

1,350.85

150

0.18

531.3

siliciclastic

251.6

HR.SU.003

DSA

SAVA Depression

1

779.87

250

0.16

540.5

siliciclastic

229

HR.SU.004

DSA

SAVA Depression

1

815.21

250

0.16

540.0

siliciclastic

55.1
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volumetric and
compressibility method
volumetric and
compressibility method
volumetric and
compressibility method

310.0
269.7
281.7

STORAGE_UN
IT_ID

TYPE

HR.SU.005

DSA

HR.SU.006

DSA

PL.SU.003

DSA

PL.SU.004

DSA

PT.SU.001

DSA

PT.SU.002

DSA

PT.SU.003

DSA

PT.SU.004

DSA

PT.SU.005

DSA

PT.SU.006

DSA

PT.SU.007

DSA

PT.SU.008

DSA

PT.SU.009

DSA

PT.SU.010

DSA

PT.SU.011

DSA

PT.SU.012

DSA

PT.SU.013

DSA

LITHOLOGY

COMMENTS

432.4

siliciclastic

1,939.00

volumetric and
compressibility method

0.2

379.4

siliciclastic

110.00

143.1

150

0.103

533.643

siliciclastic

46.2

48.9

451.00

80

0.17

689.832

siliciclastic

50

67.7

2

292.4

1300

0.13

738.0

siliciclastic

137

583.5

2

158.8

1234

0.13

667.0

siliciclastic

64

271.9

2

157.8

802

0.13

614.0

siliciclastic

38

161.6

2

75.82

873

0.13

639.0

siliciclastic

21

88.0

452

729.8

268

433.8

239

386.6

159

483.4

119

361.4

532

603.7

80

243.5

759

1305.6

180

343.4

STORAGE_UNIT

UNIT_AREA_EXP
ECTED

UNIT_THICK
NESS

UNIT_POROSITY_EX
PECTED

CO2_DEN
SITY

Drava Depression

1

2,428.98

1000

0.2

DSA Osijek

1

235.72

500

2

370.82

2

Upper Silesian Coal
Basin (USCB)
Jurassic Częstochowa
District (JCD)
Upper Triassic
Siliciclastics
Upper Triassic
Siliciclastics
Upper Triassic
Siliciclastics
Upper Triassic
Siliciclastics
Lower Crataceous
Siliciclastics
Lower Crataceous
Siliciclastics
Lower Crataceous
Siliciclastics
Lower Crataceous
Siliciclastics
Lower Crataceous
Siliciclastics
Lower Crataceous
Siliciclastics
Lower Crataceous
Siliciclastics
Lower Crataceous
Siliciclastics
Upper Triassic
Siliciclastics

STORAGE_C
APACITY
APPLYING
FORMULA
(MT)

STORAGE_CAP
ACITY
(Mt)

Tie
rs

1

696

327

0.3

668.0

1

509

274

0.3

648.0

1

407

349

0.3

567.0

1

640

237

0.3

664.0

1

387

303

0.3

642.0

1

541

369

0.3

630.0

1

243

365

0.3

572.0

1

1125

341

0.3

709.0

2

551

387

0.15

671.0

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 837754
20

siliciclastic and
carbonate
siliciclastic and
carbonate
siliciclastic and
carbonate
siliciclastic and
carbonate
siliciclastic and
carbonate
siliciclastic and
carbonate
siliciclastic and
carbonate
siliciclastic and
carbonate
siliciclastic

3360.7

STORAGE_UN
IT_ID

TYPE

PT.SU.014

DSA

PT.SU.015

DSA

PT.SU.016

DSA

PT.SU.017

DSA

RO.SU.016

DSA

STORAGE_UNIT

Upper Triassic
Siliciclastics
Upper Triassic
Siliciclastics
Upper Triassic
Siliciclastics
Upper Triassic
Siliciclastics
Histria Depression

STORAGE_C
APACITY
APPLYING
FORMULA
(MT)

Tie
rs

UNIT_AREA_EXP
ECTED

UNIT_THICK
NESS

UNIT_POROSITY_EX
PECTED

CO2_DEN
SITY

LITHOLOGY

STORAGE_CAP
ACITY
(Mt)

2

624

216

0.15

676.0

siliciclastic

51

218.7

2

82

245

0.15

639.0

siliciclastic

7

30.8

2

60

352

0.15

661.0

siliciclastic

8

33.5

2

23

403

0.15

679.0

siliciclastic

4

15.1

2

16

300

0.2

700

siliciclastic and
carbonate
siliciclastic and
carbonate
siliciclastic and
carbonate
siliciclastic and
carbonate

13.44
7.14

COMMENTS

10.8

RO.SU.017

DSA

Histria Depression

2

17

100

0.3

700

RO.SU.018

DSA

Histria Depression

2

16

30

0.3

700

RO.SU.023

DSA

Histria Depression

2

22

100

0.3

700

2

3.62

164

0.12

650

siliciclastic

2.52

0.7

2

3.47

164

0.12

650

siliciclastic

3.05

0.7

2

9.983

120

0.12

712

siliciclastic

4.88

1.6

2

19.40

97

0.1

320

Carbonate

1.13

1.0

5.69

2.8

6.32

8.0

SP.SU.001

DSA

SP.SU.002

DSA

SP.SU.003

DSA

SP.SU.004

DSA

SP.SU.005

DSA

SP.SU.006

DSA

SP.SU.007

DSA

SP.SU.012

DSA

SP.SU.015

DSA

Mesozoic Iberian
Chain
Mesozoic Iberian
Chain
Mesozoic Iberian
Chain
Mesozoic Iberian
Chain
Mesozoic Iberian
Chain
Mesozoic Iberian
Chain
Mesozoic Iberian
Chain
Mesozoic Iberian
Chain
Mesozoic Iberian
Chain

siliciclastic and
carbonate
siliciclastic and
carbonate

2.02
9.24

5.7
1.6
7.4

2

25.92

130

0.09

572

2

51.51

190

0.09

570

2

108.3

137

0.08

750

Carbonate

12.76

14.2

2

117.48

54

0.07

760

Carbonate

21.82

5.4

2

175.93

130

0.11

760

siliciclastic

103.43

30.6
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STORAGE_C
APACITY
APPLYING
FORMULA
(MT)

STORAGE_UNIT

Tie
rs

UNIT_AREA_EXP
ECTED

UNIT_THICK
NESS

UNIT_POROSITY_EX
PECTED

CO2_DEN
SITY

LITHOLOGY

STORAGE_CAP
ACITY
(Mt)

DSA

Mesozoic Ebro Basin

2

21.23

41

0.1

600

Carbonate

2.12

0.8

SP.SU.019

DSA

Mesozoic Ebro Basin

2

40.50

38

0.0814

675

siliciclastic

4.15

1.4

SP.SU.020

DSA

Mesozoic Ebro Basin

2

91.32

16

0.085

400

Carbonate

2.67

0.8

SP.SU.021

DSA

Mesozoic Ebro Basin

2

15.18

100

0.05

765

Carbonate

2.68

0.9

SP.SU.022

DSA

Mesozoic Ebro Basin

2

6.5

18

0.03

620

Carbonate

0.11

0.03

SP.SU.023

DSA

Mesozoic Ebro Basin

2

24.77

33

0.03

780

Carbonate

0.92

0.3

SP.SU.024

DSA

Mesozoic Ebro Basin

2

47.6

35

0.02

600

Carbonate

0.95

0.3

SP.SU.025

DSA

Mesozoic Ebro Basin

2

192.43

150

0.06

600

siliciclastic

29.01

16.6

SP.SU.026

DSA

Mesozoic Ebro Basin

2

97.18

74

0.13

590

siliciclastic

24.84

8.8

SP.SU.027

DSA

Mesozoic Ebro Basin

2

85.75

218

0.21

200

siliciclastic

41.99

12.6

SP.SU.028

DSA

Mesozoic Ebro Basin

2

35.59

144

0.12

750

Carbonate

21.03

7.4

SP.SU.029

DSA

Mesozoic Ebro Basin

2

5.66

450

0.08

725

Carbonate

6.8

2.4

STORAGE_UN
IT_ID

TYPE

SP.SU.016
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COMMENTS

2.3 Input to business model and effective costs
One of the challenges in planning the ICCUS clusters is the uncertainty of storage capacity at longterm scale. Field capacity should be enough to store 30-40 years of emissions with an injection rate
adapted to the CO2 flow rate from installations. CO2 storage resources should be classified as at least
Tiers3 (Contingent) and ideally as Tiers4 (Matched) to become bankable. All STRATEGY CCUS storage
resources are classified below Tiers3 and the level of confidence for the description of these
resources is distinct among regions.
In the task 4.5: Local business models and bankable storage (WP4), CO2 storage resources should be
planned for development in short and long term time-scale. Key parameters have an important
impact on the sensibility analysis for the evaluation of the effective costs to the development of the
CO2 injection field. Field capacity, well injection (field injection strategy), well completion and
reservoir depth are sensible parameters to estimate cost of geological storage in any type of
resource (ZEP, 2020), i.e DSA and DHF.
In terms of the field capacity, the main question is how much CO2 can be stored and for how long?
Simulations studies have showed that dynamic CO2 storage efficiency is time-dependent. For short
injection lengths (∼50 years), an open system has an efficiency similar to a closed system, and
volumetric storage resource estimates are too high (Gorecki et al., 2015). For long injection time
frames (∼2000 years), the dynamic storage resource of open systems approaches the volumetric
potential; however, it may take hundreds of wells and/or injection for hundreds of years to reach a
formation's effective CO2 storage resource potential. Additionally, operational factors such as water
extraction can increase CO2 storage resource and efficiency (Thibeau and Mucha, 2011; Gorecki et
al., 2015).
The field injection strategy includes the infrastructure and number of injection wells required for
developing large scale geological storage. Well injection is directly linked to Formation injectivity and
other aspects such as pressure maintenance using water production wells; co-injection of water and
CO2; Dissolution of CO2 in brine; Injection in the saline-only section below the oil-water contact in oil
reservoirs; and regional-scale storage containment and potential resource impacts (IEAGHG, 2010).
Well completion is the process of making a well ready for the injection after drilling operations. Cost
related to well completion are needed equipment as appropriated liners, steel screen, etc , and
needed stimulation or fracturing process to “clean up” the formation before injection operations.
Reservoir depth is other factor having an important impact on costs.
In STRATEGY CCUS regions, the maturity of the storage resources is insufficient to make a realistic
case by case sensibility analysis of Field capacity, well injection (field injection strategy) and well
completion parameters. In order to help the assessment of effective cost for developing storage
resources, a short questionnaire brings qualitative information based on educated guess knowledge
and available information in the respective region. This questionnaire is within the Storage
Resources Description in the next chapter.
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3 STRATEGY CCUS Storage Resources Description
Following sections present the geological storage resources described for each region. DSA
resources are at low maturity but offer a more detailed description. Although DHF resources are the
well-known prospects, information related to the capacity evaluation of these resources is generally
confidential, and then, their description is poor. UCBS resource is only present in Upper Silesia (PL).

3.1 Rhone Valley – France
Although Rhone Valley was chosen as the most promising region within the eight STRATEGY CCUS
regions (Figure 3-1), defined storage capacity is only conceptual with low confidence level.
Storage capacities for the Rhone Valley region were calculated in the Valorization and Storage of CO2
project (VASCO, 2012). Results are summarized in the Table 3.1 (Grataloup et al., 2012). The CLSF
and NETL (2010) methodology was used to calculate storage capacities.
VASCO carried out a screening of a vast area onshore and near offshore and identified 5 targets in
Upper Jurassic carbonate-reservoirs in “structural horst” (Grataloup et al., 2012). Three of them, the
top of reservoir is above 800 m deep and CO2 would be stored as gas phase (not super-critical).
Furthermore, these targets are located in the vicinity of protected areas (Camargue), which is a
concern for project acceptability
The main targets are Upper Jurassic reservoirs. They have high salinity, a good seal, and suitable
thickness. The most important challenge is the reservoir depth. Only one structure, Saintes-Mariesde-la-Mer, is more than 800 m deep. Critical diagenetic transformations of the Jurassic reservoirs
(hydrothermal dolomitization and hypogenic karstification related to faults) were recently identified
in this region (Gisquet et al., 2013; Lamarche et al., 2011; Audra et al., 2015) and have to be
considered in future estimations of the storage capacity.
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Figure 3-1: Location of Storage Resources in the Rhone Valley with the location of CO2 emitters

Four horst structures in the Upper Jurassic Dogger were identified:


Haut d’Albaron (P50 34 Mt): Good seal, Plaisance shales.
Shallow reservoir, mainly between 200 and 800 m depth.
Possible lateral migration through bounding faults into Miocène shaley sandstone.
CO2 would be stored as a gas phase.
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Mas-de-Madame (P50 36.6 Mt): Good seal of 250m of Plaisance shales.
Shallow reservoir, mainly between 200 and 800 m depth.
Possible lateral migration. CO2 would be stored as a gas phase.




Saintes-Maries-de-la-Mer (P50 13.9 Mt): Dogger, limestone from Callovian should be a good
seal.
Cicendèle (P50 1.3 Mt): Likely a good seal composed of 450 m of shales and sandy
carbonates.
Shallow reservoir, mainly between 450 and 800 m depth.
CO2 would be stored as a gas phase.

The geometry of the four structures was defined from geological mapping at 1:50000 scale, wellbore
data, and re-processing of 2D seismic profiles. Gravimetric anomalies maps and isopachs were used
to assess the post-Mesozoic cover, characterise faults and as certain reservoir thickness variation
(Figure 3-2).
Petrophysics: Twelve wells reached the Upper Jurassic in the area. Seven wells have water salinity
measurements (salinity > 9g/l).
Wellbore data is very limited in the region. Some values were reported from core plugs and
formation tests, but data is scarce. Further, reservoirs are karstic and fractured; therefore,
petrophysical proprieties are better represented by carbonate facies and network/density fracture
models than sparse values from core plugs. Mud loss reporting during drilling were also assessed to
establish global petrophysical properties, especially reservoir permeability.
Table 3.1: Sensibility Analysis of Storage capacity of four structures of Upper Jurassic in the onshore
Mediterranean area of Marseille, Fos/Berre. Note that for P50 calculation, a SEF of 2% was considered.
Haut d'Albaron
FR2.SU.001

Area (A)

km2

Thickness (H)

m

Vtrap/Vsquare (Vt)

Mas-de-Madame
FR2.SU.002

St-Maries-de-la-Mer
FR2.SU.003
P10

Cicendèle
FR2.SU.004

P90

P50

P10

P90

P50

P10

P90

P50

P90

P50

P10

57.15

63.5

69.85

41.02

58.6

70.32

40.25

57.5

69

22.96

32.8

39.36

700

865

1000

500

800

1300

200

285

350

100

153

300

0.7

0.8

0.9

0.7

0.8

0.9

0.4

0.5

0.6

0.4

0.5

0.6

0.1

0.15

0.2

0.1

0.15

0.2

0.1

0.15

0.2

0.1

0.15

0.2

Porosity (Phi)

/

CO2 density (Rho)

kg/m³

260

260

260

290

290

290

566

566

566

180

180

180

P90

8.58

8.58

8.58

8.58

8.58

8.58

9.9

9.9

9.9

8.58

8.58

8.58

P50

10.53

2

10.53

10.53

2

10.53

12.14

2

12.14

10.53

2

10.53

P10

11.41

11.41

11.41

11.41

11.41

11.41

13.17

13.17

13.17

11.41

11.41

11.41

P90

0.062

0.147

0.280

0.036

0.140

0.409

0.018

0.069

0.162

0.001

0.006

0.022

P50

0.077

0.034

0.340

0.044

0.037

0.502

0.022

0.014

0.199

0.002

0.001

0.027

P10

0.083

0.196

0.373

0.048

0.186

0.544

0.024

0.092

0.216

0.002

0.008

0.029

SEF, %

Capacity (Gt)

Note: Capacity = A x H x Vt x Phi x Rho x SEF
Assume Vt=Vtrap/Vsquare as the corrective factor for the volume shape
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Figure 3-2: Main geological structures of Upper Jurasic and Lower Cretaceous Rhone region. The 4 targets
are marked within a rectangle (Grataloup et al, 2012).

3.1.1 Boston Square Analysis
The main gaps associated to storage units were represented using the Boston Square Analysis (BSA)
in Figure 3-3. This is a relevant analysis to address qualitatively the confidence/ main gaps of
regional storage resources based on data quality and suitability of attributes associated to each
potential storage unit.

Figure 3-3: BSA of the Rhone Valley storage resources.

3.1.2 Qualitative Information to effective costs of storage
Wellbore data in the region is scarce and seismic available is old. Reported information in this
section is based on a very limited number of wellbore data and some information from literature.

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 837754
27

3.1.2.1

Critical Parameters

Wellbore:


In the area, do injector or production wells (reaching target Fm.) need a steel screen (gravel
pack operations) for completion?
o



No information

Mud losses or unwanted flow into the well during drilling phases?
o

Yes, mud losses were reported in some wells during the drilling phase

Reservoir:


What is the depth of the reservoir top ?
o



Reservoir deep is not enough (<800m) in 3 of 4 structures to store CO2 as
supercritical fluid

Nature of reservoir
o

Reservoir are fractured carbonate rocks. Some kartification were reported in the
literature.

o

Heterogeneity could be important as diagenesis in carbonate rocks would modify
primary porosity and permeability.

o

Reservoir thickness could be higher and a vertical well could be panned.

Seal


is the seal Fm. homogenous in the area good, e.g. thickness, lithology, lateral continuity?
o



Yes. The Plaisance shales are considered a very good seal

Is it possible to have an idea about seal permeability? Through analogous sedimentary Fm.?
Do we expect mD, µD or nD as magnitude order?


Likely nD

Lateral sealing


If an area is defined, there are faults at what scale?
o

Faults are defining the horst structures. Higher uncertainty exists about the behavior
of these faults as barrier for fluid movement.

3.1.3 References
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3.2 Ebro Basin – Spain
A total of 21 storage sites (DSA type) were identified considering existing storage formation, defined
closed structures, adequate depth of storage formation, and existing seal formation with adequate
thickness (Figure 3-4 and Figure 3-5). All of them have been analyzed based on the results of
previous studies, mainly from the ALGECO2 project (National Plan for the selection and
characterization of areas and structures favorable for the geological storage of CO2) (1). After a
closer review of these 21 potential storage sites, finally 7 have been selected for this work
considering:
- An estimated capacity greater than 50Mt,
- Good data quality (based on panel experts),
- Level of daughter units.
The estimated storage capacity from these 7 represents a total of 0.67 Gt of CO2 calculated as
effective storage capacity for deep saline aquifers (rock volume, average formation porosity,
estimated CO2 density at reservoir conditions and recommended Seff from literature). The remaining
structures add an estimated capacity of 0.15 Gt.

Figure 3-4: Storage units of Ebro Basin and location of CO2 emitters

The studied and selected units are distributed in two Mesozoic geological domains: the Iberian
Chain (3 units) and the Ebro Basin (4 units) (Table 3.2Error! Reference source not found.):
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a) Mesozoic of the Iberian Chain. There are nine daughter units, of which three have been
selected (represented by *). Sorted by estimated capacity:
 *Maestrazgo 2. Dolomitic series of the Muschelkalk III as a storage formation, sealed by
the evaporitic the Keuper clay facies. Estimated capacity: 123.47 Mt.


*Maestrazgo 3. Siliciclastic series with the Buntsandstein facies as storage formation
and sealed by the Buntsanstein clay-evaporitic facies (Röt facies). Estimated capacity:
83.38 Mt.



*Maestrazgo 1. Upper Triassic dolomitic storage formation: Imón formation, and Lower
Lías anhydrite seal formation (fm Cortes de Tajuña). Estimated capacity: 56.81 Mt.



Obón-Oliete A. (38.10Mt) and Obón-Oliete B. (25.4 Mt). Storage formation of siliciclastic
series of Buntsandstein facies and Dolomites of the Muschelkalk, and, as seal
formations, shale and evaporite unit of the Middle Muschelkalk or M2.



Ebro Delta 2. (19.34 Mt). Storage of karstified Cretaceous limestones and some Tertiary
breccia, and seal of clays and Tertiary marls.



Ebro Delta 1. (12.94 Mt). Storage for Buntsandstein sandstones, and shales from the Röt
Facies as a seal.



Salsadella A. (5.07 Mt) and Salsadella B. (4.95 Mt). The storage is the sandstones of the
Buntsandstein facies and part of the Permian. The seal is the Röt facies and the layer of
clays and anhydrites of Muschelkalk II.

b) Mesozoic of the Ebro Basin. There are twelve daughter units of which four have been
selected (represented by *).
 *Monegrillo. Fluvial siliciclastic storage formation of fine and coarse sands of
Buntsandstein facies and seal formation in Röt facies. Estimated capacity: 112.54 Mt.


*Lopin. Triassic series with siliciclastic storage formation of fluvial sands and
conglomerates of Buntsandstein facies and seal formation in clay of Röt facies and the
same age. Estimated capacity: 109.33 Mt.



*Caspe-Mayals. Lower Triassic fluvial series of sands, conglomerates, and clays
interbedded of Buntsandstein facies and Triassic seal formation in Röt or Cenozoic
facies. Estimated capacity: 105.98 Mt.



*Reus. The storage is the carbonated Upper Jurassic (Malm) which is a karstified
paleorelief, sealed by red Miocene clays (Garum facies). Estimated capacity: 82.99 Mt.



Olsón. (23.36 Mt). The proposed storage is made up of the Areniscas de Arén fm.
(Campaniense-Maastrichtiense) and a marl seal of the Garumn facies.



Benabarre. (13.46 Mt). The storage is the Isábena fm. from Lías and the seal are
anhydrites and dolomites also from Lías.
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Sariñena. (9.25 Mt). The storage formation is made up of dolomites and limestones of
the Rethic Imón fm. The seal is formed by the anhydrites and dolomites of the
Hettangian.



Sierras Marginales. (5.64 Mt). The storage is the carbonates of the calcareous Liassic,
which towards the top pass into marls, which constitute the seal of the marly Liassic
(Medium-Upper Liassic).



Isona. (5.6 Mt). The storage-consists of the Liassic carbonates and the marly Liassic is the
sealing unit.



Santa Creu-Graus. (4.8 Mt). The storage is the limestone platform of the Centenera fm.
and the seal is the Senonian Flysh formed by clays and marls.



Centenera. (2.14Mt). The storage is the Upper Senonian-Turonian calcareous-sandy,
with the Senonian marl as a seal.



Tamurcia. (0.58 Mt). The storage is the calcareous Liassic and the seal is the marly Liassic
(Medium Liassic).

Figure 3-5: Location of Storage Resources in the Ebro Basin Region with capacity > of 50 Mt/CO2 and <
50Mt/CO2.
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Table 3.2: Calculated storage capacities in ALGECO2 and reported in STRATEGY CCUS
AREA
Iberian
Chain
Ebro
Basin
Ebro
Basin
Ebro
Basin
Iberian
Chain
Ebro
Basin
Iberian
Chain
Iberian
Chain
Ebro
Basin
Iberian
Chain
Iberian
Chain
Ebro
Basin
Iberian
Chain
Ebro
Basin
Ebro
Basin
Ebro
Basin
Iberian
Chain
Iberian
Chain
Ebro
Basin
Ebro
Basin
Ebro
Basin

NAME

ID

STOR.
CAP.
(Mt)

BSA

REMARKS

POR.

PERM.

SEISMIC

Maestrazgo-2

SP.SU.012

123.47

N

Data

Log

Best guess

2D

Monegrillo

SP.SU.026

112.54

N

Data

Best
guess

Best guess

2D

Lopin

SP.SU.025

109.33

N

Data

Log

Best guess

2D

Caspe Mayals

SP.SU.027

105.98

N

Data

Log

Best guess

2D

Maestrazgo-3

SP.SU.015

83.38

N

Data

Log

Best guess

2D

Reus

SP.SU.028

82.99

N

Data

Best
guess

Best guess

2D

Maestrazgo-1

SP.SU.007

56.81

N

Data

Log

Best guess

2D

Obón-Oliete B

SP.SU.006

23.568

N

Data

Best
guess

Best guess

None

Olsón

SP.SU.019

23.36

N

Data

Log

Best guess

2D

Delta del Ebro 2

SP.SU.004

19.341

N

Data

Log

Best guess

2D

Obón-Oliete A

SP.SU.005

19.228

N

Data

Best
guess

Best guess

None

Benabarre

SP.SU.020

13.46

N

Data

Log

Best guess

2D

Delta del Ebro 1

SP.SU.003

12.94

N

Data

Log

Best guess

2D

Sariñena

SP.SU.016

9.25

N

Data / Seal

Log

Best guess

2D

Sierras Marginales

SP.SU.023

5.64

N

Data /
Faults

Log

Best guess

2D

Isona

SP.SU.024

5.6

N

Data

Log

Best guess

2D

Salsadella A

SP.SU.001

5.07

N

Data

Log

Best guess

2D

Salsadella B

SP.SU.002

4.951

N

Data

Log

Best guess

2D

Santa Creu-Graus

SP.SU.021

4.8

N

Data

Log

Best guess

2D

Centenera

SP.SU.029

2.14

N

Data /
Porosity

Log

Best guess

2D

Tamurcia

SP.SU.022

0.58

N

Data

Log

Best guess

2D

Initially, the Buntsandstein of the so-called Linking Zone (identified as SP.SU.017) was considered as
a possible storage formation and it could have a large capacity (1,054Gt). However, subsequent
studies (2) have reinterpreted the structure of the basement and the cover in this area and it has
been concluded that the favorable circumstances for the storage of CO2 do not exist. For the same
reason it has been decided to exclude the SP.SU.018 unit.
The El Maestrazgo area includes three possible storage sites called Maestrazgo-1, Maestrazgo-2 and
Maestrazgo-3, each in a storage formation. Maestrazgo 1 and 2 consist of several anticline
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terminations (initially identified as SP.SU.008, SP.SU.009, SP.SU.010, SP.SU.011, SP.SU.013 and
SP.SU.014), of which only the largest or most reliable has been considered. The rest could be
candidates for more detailed studies.

3.2.1 Iberian Chain area
In the Mesozoic series of the Iberian Chain, three areas have been identified. The correlation panel
(Figure 3-6Error! Reference source not found.) shows the Triassic Mesozoic series in the El
Maestrazgo area, in the Maestrazgo 2, Mirambell 1, Bobalar 1, Bobalar 2 and Salsadella 1 wells. The
storage formations are Buntsandstein, Muschelkalk 3 and Imón. The corresponding seals are the Röt
facies (at the top of the Buntsandstein), Muschelkak 3 and Lower Lías. The limit line for estimated
supercritical state CO2 has been drawn.
3.2.1.1

Maestrazgo 2

A capacity of 123.47 Mt has been calculated, with the dolomitic series of Muschelkalk III as a storage
formation, sealed by the Keuper evaporitic clay facies, in an anticline structural trap with three
culminations (Figure 3-7). This storage formation has continuity in the area and has been traversed
and recognized in the Mirambel-1, Maestrazgo-2, Bobalar-1 and Bobalar-2 wells, with a thickness
exceeding 100 m. Of all possible culminations, the one corresponding to the Mirambel-1 well has
been chosen as the best structure. Despite the fact that the existing culmination around the
Maestrazgo-2 well has a considerably greater area, the quality of the formation around the
Mirambel-1 well is better, especially the porosity.
The storage formation has been characterized with the gamma ray and sonic logs of the Mirambel-1
well. The gross thickness is 137m and the net thickness is 90m (70%). The seal in that borehole is
241m thick and consists of clays and anhydrite.
The porosities have been calculated based on the sonic log giving a value of 7%, of secondary
porosity due to tectonic fracturing.
The quality of the seismic profiles is good and the following surveys have been used:
 CT87 survey, sections CT87-02, 04, 05.
 CT88 survey, sections CT88-03, 10, 12, 15, 17, 20, 22, 25, 26, 27, 31, 32, 33.
 MA survey, sections MA-01, 02, 02Prol, 03, 03Prol, 05, 08, 09, 10, 16, 22.
Despite the fact that the rest of the structures present good potential, the logs at the depth of the
storage formation in the Maestrazgo-2, Bobalar-1 and Bobalar-2 wells have not provided any data
regarding salinity or fracturing.
3.2.1.2

Maestrazgo 3

The estimated capacity is 83.38 Mt. The storage is the siliciclastic series of the Buntsandstein facies
and the seal are the clays and evaporites of the same formation (Röt facies). It is a NW-SE anticline
structure, drilled by the Mirambel-1 well (Figure 3-8), where the thickness of the storage formation
is 130m (125m net, or 96%) and the seal is 36m. The geophysical interpretation has been carried out
using gamma ray, sonic and neutron logs. The porosities have been calculated based on the neutron
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and sonic diagrams, giving 10.2% on average and 12% according to the final report of the survey.
11% was used for the volumetric calculation.
The sealing unit (Röt facies) contains some sandstones, but its effectiveness can be increased by the
presence of seals at overlying layers, such as the Muschelkalk III and the Keuper facies.
In general, the quality of the seismic sections is good although the area has a high number of reverse
faults, making it a highly complex area.
The seismic grid available and used in the interpretation of the area is the same vectorized seismic
sections as in Maestrazgo 2.
The map of isobaths of the top of the Buntsandstein has been made from the map of isobaths of the
top of the Muschelkalk-I, to which the thickness (map of isopachs) existing between the Muschelkalk
I and the Buntsandstein has been added.
3.2.1.3

Maestrazgo 1

The calculated capacity is 56.81 Mt. The storage formation is the dolomites of the Imón formation,
and the seal is the lower anhydritic Liassic (Cortes de Tajuña fm.). It is a structure with several
structural culminations of anticline type, related to the Keuper top (Figure 3-9). The one located
around the Maestrazgo-2 well has been chosen as the best structure since it has larger dimensions
and better petrophysical qualities.
This structure has been characterized with information from 4 nearby wells: Maestrazgo-2,
Mirambel-1, Bobalar-1 and Bobalar-2. The storage formation has been identified in the Maestrazgo2 well, which crosses the structure, which has been used for petrophysical interpretation using logs
and where it has a thickness of 63m (net 31m). The porosities have been calculated based on the
sonic log, giving a range of 2.7 to 10.21% (average 8%), with the highest values being due to
fracturing.
The sealing unit consists of anhydrites but with high amount of dolomites, which can decrease the
effectiveness of the seal.
The seismic grid available and used in the interpretation of the area is the same vectorized seismic
sections as in Maestrazgo 2 and Maestrazgo 3.
The interpretation of the structure has been carried out using seismic profiles and the creation of
the isobaths map of the top of the formation. However, it would be necessary to have better quality
seismic for the interpretation of the structural complexity.

3.2.2 Ebro Basin Area
Four units have been defined in the Mesozoic of the Ebro Basin:
3.2.2.1

Monegrillo

Calculated capacity of 112.54 Mt. Fluvial siliciclastic storage formation of fine and coarse sands of
Buntsandstein facies and seal formation in Röt facies, in an anticline structure (Figure 3-10). The
thickness of the Buntsandstein storage series is 74 m in the Monegrillo-1 well (70% net) and the seal
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is 15 m, although the thickness of the Muschelkalk II and Keuper units would also be added (Figure
3-11).
Only spontaneous potential (SP) and resistivity logs of the type “Short Normal 16” and “Laterolog 18’
are available.
The porosity has been calculated theoretically by the Archie formula, using the salinity of the
formation water and the storage temperature, giving a porosity range of between 9 and 17%, where
the average porosity is 13%.
Although in general the structural height of the Mesozoic series is clearly defined, the internal
complexity of this structure is not sufficiently defined with the available seismic grid, nor is the
compartmentalization and possible interpreted faults of this structural height well preserved.
The seismic grid available and used in the interpretation of the area has consisted of the vectorized
seismic profiles of the seismic surveys:
 ZA-3 (2P) survey, sections 28, 29, 30.
 ZAT12 survey, sections ZAT12-15.
 91MON survey, sections 91MON-01.
 BU survey, sections BU-01, 05, 05Prol, 07, 07Prol, 08, 09.
 US survey; US-02 sections (1P and 2P).
 CA survey, CA-1Norte section.
The isobaths map of the storage formation has been made from the isobaths map of the Cenozoic
bottom, to which the thickness (isopachs map) between the Cenozoic bottom and the top of the
Buntsandstein has been added.
The seismic grid is scarce and does not have enough resolution in depth.
3.2.2.2

Lopin

The estimated capacity is 109.33 Mt. The storage formation is the siliciclastic Buntsandstein facies of
fluvial origin composed of sands and conglomerates. The seal formation is the Röt facies clay of the
same age. The structure is a NW-SE anticline (Figure 3-12).
In the Lopin-1 well, the storage formation is not completely crossed, but from nearby wells its
thickness has been estimated in 150m (70% net). The main seal is 15 m thick in the Monegrillo-1
well, but considering the overlying Muschelkalk and Keuper formations as secondary seals, the
thickness reaches 358m (Figure 3-11).
The porosity has been calculated based on the sonic log, but the only 2 meters of the formation have
been logged, giving values of 5-7%. Compared to nearby wells, it is estimated that 6% could be
representative.
Although in general the seismic has good quality and resolution, in the sector near the Iberian
margin, a low resolution is observed, probably due to the high structuring of the Mesozoic under a
reduced series of Paleogene-Neogene sedimentation.
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The seismic grid available and used in the interpretation of the area has consisted of the vectorized
seismic profiles of the seismic survey ZA, seismic sections ZA-01, 01Prol, 02, 03, 03Prol, 04, 04Prol,
04 2Prol, 05, 06N, 06S, 07, 07-VB, 08, 09, 09Prol, 10, 11, 11-N , 12, 13, 14, 15, 16, 17, 18, 19, 20N,
20S, 21, 22, 23, 24, 25, 26, 27, 34. The definition of the trap is the result of the interpretation of the
seismic sections ZA-1, ZA-2, ZA-10 and ZA-24.
The isobaths map of the storage formation has been made from the isobaths map of the Cenozoic
bottom, to which the thickness (isopachs map) existing between the Cenozoic bottom and the top of
the Buntsandstein has been added.
Towards the SE it is probable that there is another trap associated with the same anticline, but no
assessment has been made.
The scarce seismic mesh available on the structure generates great uncertainty in the geometry of
this antiform, mainly towards the flanks.
3.2.2.3

Caspe-Mayals

The estimated capacity is 105.98 Mt. The storage is the Lower Triassic series of fluvial sands,
conglomerates and intercalated clays of Buntsandstein facies and the seal formation is the Röt
facies, although towards the east it could be the Cenozoic clays. The structure is an E-W anticline
fragmented by faults, with double vergence (N and S) (Figure 3-13).
The storage unit has been identified in the Caspe-1 and Mayals-1 wells (Figure 3-14). The
geophysical interpretation has been made from the logs (Gamma Ray, Caliper, Resistivity, Density
and Neutron).
Porosities have been calculated based on sonic, density and neutron logs, giving a value of 21% in
the Mayals-1 well and 20% in the Caspe-1 well.
The gross thickness is 218m, the net being 95%. The seal is 144m in the Caspe-1 well.
The seismic grid available and used in the interpretation of the area has consisted of the vectorized
seismic profiles of the following seismic surveys:
 FM-C-6 survey, sections FM-C-6-01, 02.
 FM-C-12 survey, sections FM-C-12, 3, 4, 5, 6
 M survey, sections M-1, 2, 2PRO, 3, 4, 5, 6, 7.
 S-01 survey, sections 2, 3, 3N, 3S.
 MY survey, sections MY-03, 04.
The quality of the seismic profiles does not allow a clear definition of the structural complexity of
this antiform with the presence of multiple reverse faults on both flanks.
3.2.2.4

Reus

Calculated capacity of 82.99 Mt. The storage is the carbonated Upper Jurassic (Malm) which is a
karstified paleorelief, with a NS-eroded Mesozoic series, sealed by Miocene red clays (Garum facies),
in the Cenozoic trough of El Camp (Tarragona) (Figure 3-15) (Figure 3-16).
In the Reus-1 well the storage formation is 144m thick (66% net) and the seal is 318m thick.
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Another possible target is the Muschelkalk I with the Muschelkalk II facies as a seal, due to its good
porosity. The Buntsandstein sandstones could not be analyzed due to lack of logs. Although the infra
Jurassic has worse properties, it could be considered a multilayer storage ranging from the Jurassic
karst to the Buntsandstein, with the red Miocene facies as a seal of the whole complex (Figure 3-17).
The porosity has been calculated theoretically from the Archie formula, using the salinity of the
formation water and resistivity values, resulting in 15% porosity in the Jurassic storage.
The seismic grid available and used in the interpretation of the area has consisted of the vectorized
seismic profiles of the seismic survey RV, sections RV-2, 2BIS, 3, 4, 5, 6, 7, 9, 10, 11, 12, 13, 21, 22,
23, 24, 25.
The petrophysical interpretation of the storage unit has not been complete due to the lack of
adequate logs in the Reus-1 well. This is due, in part, to the impossibility of taking reliable
measurements in a karstified environment, with important cavities that affect the reading of the
probes.

Figure 3-6. El Maestrazgo area. Correlation between Maestrazgo 2, Mirambel 1, Bobalar 1, Bobalar 2 and
Salsadella 1 wells. The storage formations are Buntsandstein, Muschelkalk 3 and Imón. The limit line for
estimated supercritical state CO2 has been drawn.
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Figure 3-7. Maestrago 2

Figure 3-8. Maestrazgo 3
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Figure 3-9. Maestrazgo 1

Figure 3-10. Monegrillo
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Figure 3-11. Well correlations for Monegrillo and Lopín units

Figure 3-12. Lopín
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Figure 3-13. Caspe-Mayals

Figure 3-14: Correlation profile between Lopín-1, Ebro-1, Caspe-1 and Mayals-1 wells, used in the
interpretation of the Caspe-Mayals unit.
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Figure 3-15. Reus

Figure 3-16. Reus

Figure 3-17. Stratigraphic section of Reus
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3.2.3 Gap Analysis
The information used for the definition of the structures and the estimation of the capacities comes
from the hydrocarbon surveys carried out in Spain between the 60s and 80s and is mainly 2D seismic
and core-logging. Within the mentioned ALGECO2 project, the data was transformed into digital
format to make the seismic and petrophysical interpretation and was integrated with previous
geological and hydrogeological studies for CO2, gas and radioactive waste storage. However, for a
good interpretation of the seismic information and a correct characterization of the petrophysical
information from the logs, it would be advisable to vectorize the data for use in computer programs.
Since the previous studies focused on the search for hydrocarbons, there is a shortage of seismic
information in some cases. The interpreted profiles are stack versions, they should be migrated to
increase their quality.
The logging of the wells is often incomplete, so the estimation of petrophysical parameters such as
porosity or salinity should be revised.
There are no permeability data. Previous estimates have been included.
There are no injectivity data.
There are no compresibillity data.
In general, the geological structures are complex and a detailed structural and stratigraphic study
would be necessary to establish the continuity of outcropping structures in depth. Also a detailed
stratigraphic and sedimentological characterization to identify heterogeneities.

3.2.4 Feedback
Previous work carried out at IGME has allowed us to have a lot of valuable information to fill in the
tables of the STRATEGY-CCUS project. The information is well organized and available for public use.
However, problems have been found derived from the quality of some data, since they were
acquired in surveys carried out in the 60s to 80s of the 20th century. More recent data is still
classified as confidential by the exploration companies and has not been available.
In general, although the data obtained in the exploration wells have been used, there is uncertainty
in some parameters such as the porosity of the formations and especially in the permeability, since
there is a lack of information on tests to determine it. The data for this parameter are estimates and
always in a range of values between 1 and 2 orders of magnitude, something that cannot be
reflected in the tables.

3.2.5 Qualitative information to effective costs of storage
The estimated capacities shown below have been obtained following the recalculation with the
method CO2-SCREEN proposed by NETL (National Energy Technology Laboratory) (3) and they are
the same as in Table 2.3.
3.2.5.1

Deep Saline Aquifer – Iberian Chain Maestrazgo – 138 Mt

In the Mesozoic series of the Iberian Chain, three areas have been identified.
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Reservoir Maestrazgo 2 – 21.82 Mt


Caprock


Muschelkalk Facies (M3)
o Dolomitic series:
o ~1500 m deep; 54 m thick
o secondaire porosity and permeability
o Fractured
Keuper evaporitic clay facies in an anticline structural trap :
o 241 m thick

Reservoir Maestrazgo 3 – 103 Mt
 Buntsandstein Facies (T1)
o Siliciclastic series: sandstone
o fluvial
o ~2285 m deep; 130 m-thick
Caprock:



Ahidritic facies of Lower Liassic
o Röt facies; presence of secondary seals (Muschelkalk III and the Keuper
facies)
o clays; 920 m-thick

Reservoir Maestrazgo 1 – 12.76Mt
 Imón Fm. (T3)
o Upper Triassic dolomitic
o ~ 1413 m-deep; 137 m-thick
o Fractured
Caprock:

3.2.5.1.1



Lower Lías: anhydrite
o high amount of dolomites, which can decrease the effectiveness of the seal
o 290 m-thick

Critical Parameters

Below are listed some questions helping to assess a theoretical and qualitative injectivity for Ebro
Basin region
Wellbore


In the area, do know if injector or production wells (reaching target Fm.) need a steel screen
(gravel pack operations) for completion?
There are no injection or production wells in the area



Mud losses or unwanted flow into the well during drilling phases?
Maestrazgo-2: complete losses in the first 650m (Cretacic-Malm-Dogger). Then losses up to
1400m depth.
Mirambell-1: complete losses from 478.6 to 1288.2m. Partial losses up to 1730m (UpperMiddle Muschelkalk)
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Reservoir


Nature of sandstones

o

Consolidate, unconsolidated?
Consolidated
o higher horizontal and vertical heterogeneity?
 Permeability higher in horizontal direction?
Unknown.
 homogenous sandstones?
Yes, but thin red clay layers to the top.



thickness of reservoir
o

enough thickness to plan a vertical well?
Yes

Seal


Seal homogeneity/heterogeneity
Maestrazgo 1. The sealing unit consists of anhydrites but with high amount of dolomites.
Horizontally homogeneous.
Maestrazgo 2. Homogeneous seal.
Maestrazgo 3. Röt facies clay with some sandstones. Small thickness but other possible
overlying seals (Muschelkalk II and Keuper facies), so vertically and horizontally
heterogeneous.



Is it possible to have an idea about seal permeability? Through analogous sedimentary Fm.?
Do we expect mD, µD or nD as magnitude order?
Seal permeability about 10-3 to 10-2 mD in all cases.

Lateral sealing


Are there major faults, and at which scale?
Structural traps limited by inverse faults, several km long.



Could stratigraphic seal be considered?
No.

3.2.5.2

Deep Saline Aquifer – Ebro Basin - 117 Mt

Four units have been defined in the Mesozoic of the Ebro Basin:
Reservoir Monegrillo – 24.84 Mt
 Buntsandstein facies
o Fluvial siliciclastic; fine and coarse sands
o ~1075 m-deep; 74 m-thick
o theoretical porosity (Archie equation)
Caprock
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Röt facies, in an anticline structure
o clay
o 126 m-thick

Reservoir Lopin – 29 Mt
 Buntsandstein facies
o Fluvial siliciclastic; fine and coarse sands
o ~992 m-deep; 150 m-thick
o No wells on structure. Data taken from the nearest
Caprock


Röt facies, in an anticline structure
o clay
o 358 m-thick

Reservoir Caspe-Mayals – 42 Mt
 Lower Triassic: Cañizar Fm, Hoz de Gallo Fm (Buntsandstein Facies)
o fluvial sands, conglomerates and intercalated clays
o ~659 m-deep; 218m-thick
Caprock


Röt facies, in an anticline structure
o clay; towards the east it could be the Cenozoic clays
o 144 m-thick

Reservoir Reus – 21 Mt
 Upper Jurassic (Malm): carbonated facies
o karstified paleorelief
o ~1400 m-deep; 144m-thick
o theoretical porosity (Archie equation)
o Buntsandstein sandstones could not be analyzed due to lack of logs
o a multilayer storage ranging from the Jurassic karst to the Buntsandstein
Caprock


3.2.5.2.1

Miocene red clays
o Garum facies
o 318 m-thick
Critical Parameters

Below are listed some questions helping to assess a theoretical and qualitative injectivity for Ebro
Basin region
Wellbore


In the area, do know if injector or production wells (reaching target Fm.) need a steel screen
(gravel pack operations) for completion?
There are no injection or production wells in the area



Mud losses or unwanted flow into the well during drilling phases?
Reus-1. Total loss between 1452 and 1500m.
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Reservoir


Nature of sandstones
o
o



Consolidate, unconsolidated?
Buntsandstein consolidated.
higher horizontal and vertical heterogeneity?
 Permeability higher in horizontal direction?
Unknown.
 homogenous sandstones?
Buntsandstein with interlayered clays.
Reus Jurassic carbonates with changes of facies.

thickness of reservoir
Monegrillo. Buntsandstein 74m.
Lopín. Buntsandstein 150m.
Caspe-Mayals. Buntsandstein 218m.
Reus. Upper Jurassic (Malm) 144m.
o enough thickness to plan a vertical well?
Yes.

Seal


Seal homogeneity/heterogeneity
Lopín, Caspe-Mayals, Monegrillo. Röt facies. Horizontal heterogeneity.
Reus. Garum facies. Horizontal heterogeneity



Is it possible to have an idea about seal permeability? Through analogous sedimentary Fm.?
Do we expect mD, µD or nD as magnitude order?
Permeability about 10-6 to 10-3 mD in all cases.

Lateral sealing


Are there major faults, and at which scale?
Monegrillo and Caspe-Mayals. Structural traps limited and traversed by inverse faults,
several km long.
Reus. Structural trap limited by normal faults, several km long.



Could stratigraphic seal be considered?
No.
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3.3 Lusitanian Basin – Portugal
The Lusitanian Basin (LB), in the area encompassed by the STRATEGY CCUS region, has a potential
for storage of 3.12 Gt (P50) of carbon, in deep saline aquifers, mostly offshore -2.86 Gt- and a small
part onshore – 0.260 Gt- (Figure 3-18), in two Mesozoic formations.

Figure 3-18: Location of the potential reservoirs for CO2 storage in the Lusitanian basin. Grey areas
offshore represent locations where storage units from Torres Vedras Group overlay storage units from
the Silves Group (e.g. storage unit ID 05 and 13). Dashed lines show approximate location of sections in
Figure 3-20 and Figure 3-21. The storage capacity values at the bottom right were estimated applying a
storage efficiency factor of 2%. The updated storage capacity values are listed in Table 3.3.

LB is segmented by syn-sedimentary major faults that controlled the sedimentation and is divided in
3 sectors (Figure 3-19), being the Central and Northern Sectors the ones with more suitable
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geological characteristics for CO2 storage. The Mesozoic sediments overlain a faulted basement with
horsts and grabens that control the depth and thickness of the formations (Figure 3-20 and Figure
3-21). In addition, halokinesis of Lower Jurassic evaporitic sediments accentuated the
heterogeneities in the distribution of the formation’s depth and thickness.

Figure 3-19: Simplified Geological Map of the Lusitanian Basin. Main reservoirs are in the Northern Sector
both onshore and offshore (NF – Nazaré Fault, PTF – Porto-Tomar Fault, LTV – Lower Tejo Valley Fault, AF
– Arruda Fault, TVM – Torres Vedras Montejunto Fault).

The identified potential reservoirs are: (i) the Upper Triassic Silves Group, deposited in an
alluvial/fluvial environment and; (ii) the Early Cretaceous Torres Vedras Group deposited in
fluvial/deltaic environments (Figure 3-22). The reservoir formations occur both onshore and
offshore, being more extensive offshore (Figure 3-18), although the Torres Vedras Group only occurs
in conditions to constitute potential reservoirs in the offshore setting. Some of the onshore storage
units are located in populated areas, which can constitute a weakness for their use as social
acceptance of CO2 storage is yet to be addressed. Furthermore, the LB is a moderately seismic active
area, with some relevant neotectonic features well-known onshore.
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Figure 3-20: Seismic section depicting the general structure of the Mesozoic Lusitanian Basin (adapted
from Rasmussen et al., 1998). See Figure 3-18 for location of seismic section.

Figure 3-21: Structure of the onshore sector Lusitanian basin (adapted from Mohave, 1995), illustrating
the potential reservoir (Silves Group) and primary seal (Dagorda Fm.). See Figure 3-18 for location of
seismic section.

Different strata boundaries and nomenclatures of the lithostratigraphical units of Silves Group have
been proposed (e.g. Palain 1976). A techno-sedimentary model for the evolution of the Silves Group,
based on the outcropping formations in the northern-central sectors of LB, was recently proposed
(Soares et al. 2012), resulting in the re-definition of this Upper Triassic group into four geological
formations (from base to top): Conraria, Penela, Castelo Viegas and Pereiros. These siliciclastic units
of the Silves Group form a band of approximately 3 to 4 km width according to the studies of an
outcropping area carried out by Soares et al. (2012). In general, Conraria to Pereiros Fms. are
positive megasequences that evolve from inland red beds to alluvial sandstones and lutites, and
lagoonal dolomites (Figure 3-23). This new geological interpretation is useful to better identify
potential daughter units within Silves Group, particularly in the well-known onshore setting.
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Figure 3-22: Stratigraphic framework of the Lusitanian Basin (adapted from DGEG 2020).

The deeper Conraria Fm. is characterized by alluvial systems (alluvial fans), more conglomeratic and
amalgamated (amalgamated alluvial deposits) at the infill of the basal incisions, and guided by
intermittent flows of braiding channels of low sinuosity and high degree of braiding. The lower part
of this formation consists in bodies of coarser sandstones, followed by the emplacement of sandypelitic lithofacies (sometimes laminated, indicating the occurrence of very low energy flows), which
are topped by paleosoils with carbonated horizons or reddish-brown argillaceous layers. The
thickness of this formation can reach an average of 100 m in some areas (mostly in the northerncentral sector of LB), decreasing fast southwards and sometimes it is not even recorded.
Contrasting to Conraria Fm., a much larger depositional area associated to Penela Fm. is suggested
and mainly consisting in a succession of reddish-brown sandy-conglomerates (expected average
thickness of 100-120 m). The top of this formation is a pedogenised succession of brownish-red,
sandy-pelitic overbank deposits, with nodules or irregular thin horizons of carbonated and dolomitic
facies.
The base of the Castelo Viegas Fm. is bounded by a low angle unconformity with regional expression
and, in several outcrop exposures, this unconformity truncates the upper part of the Penela Fm.
Fluvial channels showing a variable and complex infill and geometries characterize this third
megasequence of the Silves Group, indicating fluvial flows from a braided system, but changing in
the upper half of this formation to meandriform styles of variable sinuosity. In the onshore setting of
LB, the mean thickness of this formation decreases from east to southwards, ranging from 80-130 m.
The commonest facies are very coarse to coarse, immature, arkosic sandstones, sometimes with
layers of arkosic microconglomerates interbedded with immature petromictic conglomerates, and
reveling recurrent influx episodes originated from close source areas of the Variscan basement.
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Figure 3-23: Stratigraphic log of Silves Group in the onshore of LB: lithostratigraphy, sequence
stratigraphy and main sedimentary features (adapted from Soares et al. 2012). D1, D2a, D2b, D3a, D3b
and D3c represent main unconformities bounding the geological formations of Conraria, Penela, Castelo
Viegas and Pereiros Formations.

The Pereiros Fm. is the last formation belonging to the Silves Group and behaves as the geological
transition between Upper Triassic and Hettangian (Lower Jurassic). This unit records sedimentary
processes of evaporitic plain environments with water-column oscillations, and consequent variation
of the influx of sediments. The bulk of this formation consists of interbedded marly sands (dolomitic
and/or calcareous) and laminated pelitic beds with black or brownish colors, cubic salt marks and
very rare blades of gypsum. It also yields frequent sandy-pelitic layers with low-angle crossstratification, sometimes showing evidence of oscillatory flow movements. The average thickness of
this formation ranges between 40-60 m and its top is bounded by a disconformity.
Penela Fm. and Castelo Viegas Fm. are therefore the most suitable formations that can be
designated as Daughter Units within the bulk of siliciclastics of the Silves Group, with thicknesses
ranging between 200 and 400 meters. These formations are mainly composed of coarse-grained
siliciclastic sediments, with porosities (based on petroleum exploration wells sonic logs) ranging
between 15% and 25%. The siliciclastic sediments are capped by a thick succession of low porosity
evaporitic sediments – Dagorda Fm., of Hettangian age - ranging from 200 m to 1000 m thick, which
constitute the primary seal of the Silves Group (although the upper part of Pereiros Fm. also
presents some evaporitic records due to the Upper Triassic-Hettangian transition). These potential
reservoirs show conditions for CO2 storage in four units onshore, and five units offshore (Figure
3-24b and Figure 3-25).
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Figure 3-24: Structural maps (in depth) illustrating the top of offshore reservoirs for the selected areas for
CO2 geological storage and the location of petroleum exploration wells: (a) potential reservoirs within
Torres Vedras Group and (b) potential reservoirs within Silves Group.

Regarding the younger potential reservoirs, in the offshore setting, the lithostratigraphy of
Cretaceous began with the deposition of the Torres Vedras sediments that lies above of the
unconformably of the Lourinhã Fm. (Wilson et al. 1989). The Torres Vedras Group consists of an
alternation of fluvial siliciclastic and carbonate lithologies (Alves et al. 2002; Wilson et al. 1989) that
was deposited as a south-west prograding wedge (Rasmussen et al. 1998). Its deposition ends
probably because of a major transgression of eustatic nature, which reached a maximum in the
Cenomanian - Turonian (Rasmussen et al. 1998; Witt 1977). This led to the deposition of the shallow
marine limestone and shales of Cacém Fm. and the fluvio-deltaic siliciclastic of the Almargem Fm.
(Alves et al. 2002; Rasmussen et al. 1998).
The Torres Vedras Group is a thick unit (up to 500 m) of siliciclastic sediments with porosities ranging
between 15% and 40% (based on the petroleum exploration wells sonic logs). Eight offshore storage
units were identified offshore (Figure 3-24a). This reservoir is capped by the Cacém formation, 50 m
to 100 m thick, with low porosities that constitute the seal of the reservoir. The lower member
consists in argillaceous and dolomitic limestones, mudstones/wackstones, grading to marls and
argillaceous calcareous dolomites to dolomitic limestones. The upper member of the Cacém Fm. is
composed mainly of limestones, packstones/grainstones. (Witt 1977). Although the Cacém Fm. does
not present excellent characteristics compared to the Dagorda Fm. (e.g. lower thickness), it is
relevant to mention that in the onshore setting, and where normally the Torres Vedras Group is an
important aquifer (e.g. aquifers of Ourém, Pousos-Caranguejeira, Alpedriz), it acts as a confined
aquifer, often with artesianism. In fact, this confinement results from facies variations in the vertical
sequence of the Torres Vedras Group itself, which contributes to the safety of the storage complex.
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Data on both potential reservoir types (i.e. Torres Vedras and Silves groups) and the storage units
are synthesized in Table 3.3 and Table 3.4.
Despite the volume of the Silves Group at the Central Sector of the LB, most of the reservoir is
deeper than the optimal depth for carbon storage (Figure 3-25), leading to a significant reduction of
its capacity. Moreover, the Central and Northern sectors of the LB were uplifted and eroded in the
Late Jurassic (Alves et al., 2002), and consequently the Torres Vedras Group is either eroded or too
shallow to guarantee supercritical conditions for CO2 storage in the onshore geological setting.

Figure 3-25: Structural maps (in depth) illustrating the potential reservoirs within Silves Group: (a)
location of selected areas for CO2 geological storage and (b) location of petroleum exploration wells
within 3D seismic survey partially covering both Alcobaça and S. Mamede storage sites
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Table 3.3: Storage formations and units in the Lusitanian basin
Storage
Formation
Silves Group

Storage Unit
S. Mamede
Alcobaça
S. Pedro de Moel
Alvorninha

Torres Vedras
Group

Q3-TV1
Q3-TV2
Q4-TV1
Q3-TV4
Q3-TV5
Q3-TV3
Q6-TV1
Q6-TV2

Silves Group

Q4-S1
Q3-S1
Q3-S2
Q6-S1
Q6-S2

Storage_
unit ID
PT.SU.00
1
PT.SU.00
2
PT.SU.00
3
PT.SU.00
4
PT.SU.00
5
PT.SU.00
6
PT.SU.00
7
PT.SU.00
8
PT.SU.00
9
PT.SU.01
0
PT.SU.01
1
PT.SU.01
2
PT.SU.01
3
PT.SU.01
4
PT.SU.01
5
PT.SU.01
6
PT.SU.01
7

Primary Seal
Hettangian
Dagorda Fm.
Evaporites

Capacity
(Mt)
137

Onshore
/Offshore
Onshore

64
38
21

Late
Cretaceous
Cacém Fm.
.

452

Offshore

268
239
159
119
532
80
759

Hettangian
Dagorda Fm.
Evaporites

180
51
7
8
4
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Mains gaps

Available Data

Injectivity,
faults
Injectivity,
faults
Injectivity,
faults
Injectivity,
faults
Seal quality

2D seismic, Drill cores,
Borehole logs
2D and 3D Seismic, Drill
cores, Borehole logs
2D seismic data, Drill cores,
Borehole logs
2D seismic

Seal quality
Seal quality

2D seismic, Drill cores,
Borehole logs
2D seismic

Seal quality

2D and 3D Seismic, Drill
cores, Borehole logs
2D seismic, Drill cores,
Borehole logs
2D seismic

Seal quality

2D seismic

Seal quality

2D seismic data, Drill cores,
Borehole logs
2D seismic data, Drill cores,
Borehole logs
2D seismic, Drill cores,
Borehole logs
2D seismic, Drill cores,
Borehole logs
2D seismic, Drill cores,
Borehole logs
2D seismic, Drill cores,
Borehole logs
2D seismic, Drill cores,
Borehole logs

Seal quality

Seal quality
Injectivity
Injectivity
Injectivity
Injectivity
Injectivity

Porosity (%)
source
15‐25, from
sonic well logs

15‐40, from
sonic well logs

15‐25, from
sonic well logs

Permeability
source
Extrapolated
from
shallower
groundwater
wells

BSA (Y/N)
Y
(COMET and
CCS_PT
included a
ranking
qualification,
not much
different from
the criteria for
the BSA)

Table 3.4: Reservoir properties and CO2 storage capacities defined by P90-P50-P10 scenarios for all the storage units in the Lusitanian basin

Area

Thickness

Porosity

Net-togross

S. Mamede

Alcobaça

S. Pedro de Moel

Alvorninha

Q3-TV1

Q3-TV2

Q4-TV1

Q3-TV4

Q3-TV5

Q3-TV3

Q6-TV1

Q6-TV2

Q4-S1

Q3-S1

Q3-S2

Q6-S1

Q6-S2
10

P90

266

133

131

49

670

483

381

614

361

614

217

1099

525

597

56

33

P50

292

159

158

76

696

509

407

640

387

541

243

1125

551

624

82

60

23

P10

318

184

182

101

721

534

432

665

412

665

268

1150

576

649

108

85

36

P90

1172

1106

674

745

199

146

221

109

170

105

236

213

255

85

115

223

272

P50

1300

1234

802

873

327

274

349

237

303

369

365

341

387

216

245

352

403

P10

1429

1362

930

1001

455

402

477

362

427

363

491

470

512

344

371

476

531

P90

0.09

0.07

0.06

0.06

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.09

0.08

0.09

0.09

0.08

P50

0.13

0.13

0.13

0.13

0.30

0.30

0.30

0.30

0.30

0.30

0.30

0.30

0.15

0.15

0.15

0.15

0.15

P10

0.21

0.19

0.19

0.19

0.43

0.42

0,42

0,43

0,42

0,42

0.42

0.43

0.21

0.21

0.21

0.21

0.21

P90

0.12

0.12

0.12

0.06

0.53

0.53

0,53

0,53

0,22

0,87

0.22

0.49

0.43

0.12

0.12

0.12

0.12

P50

0.25

0.25

0.25

0.25

0.66

0.66

0.66

0.35

0.35

0.94

0.35

0.62

0.56

0.25

0.25

0.25

0.25

P10

0.38

0.38

0.38

0.19

0.79

0.79

0.78

0.79

0.48

1.00

0.48

0.74

0.69

0.38

0.37

0.38

0.38

P90

0.007

0.007

0.007

0.007

0.0075

0.0075

0.0075

0.0075

0.0075

0.0075

0.0075

0.0075

0.0075

0.0075

0.0075

0.0075

0.0075

Seff

P50

0.015

0.015

0.015

0.015

0.015

0.015

0,015

0,015

0,015

0,015

0,015

0,015

0,015

0,015

0,015

0,015

0,015

P10

0.028

0.028

0.028

0.028

0.030

0.030

0.030

0.030

0.030

0.030

0.030

0.030

0.030

0.030

0.030

0.030

0.030

CO2
Density

P50

738

667

614

639

668

648

567

664

642

630

572

709

671

676

639

661

679

TOTAL (Gt)

5

3

1

61

30

32

30

11

45

8

103

25

3

0,3

0,4

0,1

0.4

Storage
Capacity

P90

17

P50

137

64

38

21

452

268

239

159

119

532

80

759

180

51

7

8

4

3.1

(Mt)

P10

759

341

213

68

2216

1395

1163

1600

685

1937

455

3660

869

363

61

64

31

15.9

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 837754
58

3.3.1 Storage Capacity Estimates
The LB was subdivided into several sub-areas (Figure 3-18), based on the location of major faults and
on the physiography of the basin. In a GIS environment, considering hydrostatic pressure conditions
and the regional geothermal gradient and salinity values estimated from the exploration well data,
the areas with supercritical CO2 would be at conditions were defined, while considering a maximum
reservoir depth of 2500m (i.e., the assessment does not consider the potential reservoirs deeper
than 2500 m as those were thought to be uneconomical). For those areas, the storage capacity was
estimated applying the volumetric equation:
MCO2 = AHSeff NGCO2
Where:
MCO2 – regional specific storage capacity
A – area of aquifer (defined as the area with SCCO2)
H – average thickness of aquifer (from well data or from the 2D seismic horizons)

 ‐ aquifer porosity (estimated from geophysical logs in petroleum exploration wells)
Seff – storage efficiency factor
NG – Net‐to‐gross ratio of aquifer (estimated from geophysical logs in petroleum exploration wells)

CO2 – CO2 density (at middle reservoir thickness).
As an initial approach to estimate the storage capacity, a uniform storage efficiency factor (Seff) of
2% was adopted for all storage units. However, this parameter is the main source of uncertainty,
since it depends on site specifications and therefore it needs to be determined through numerical
simulations (Cavanagh et al., 2020). In order to integrate the uncertainty associated to the storage
efficiency factor, the estimation of storage capacity was conducted varying the Seff according to the
notation proposed in USDOE (2014), which takes into account the maturity level of storage
resources. Storage efficiency factors of Seff = 0.75% (P90), Seff = 1.5 (P50) and Seff = 3% (P10) were
assigned to the potential storage units of maturity level Tier 1 (offshore areas) while for the storage
units classified as Tier 2 (onshore areas), storage efficiency factors of Seff = 0.7% (P90), Seff = 1.5%
(P50) and Seff = 2.8% (P10) were used in the estimations.
Regarding the petrophysical parameters composing the equation of storage capacity, a stochastic
modelling approach was applied, with normal distributions being generated, based on the expected
values (P50) and user-defined standard deviations, to feed Monte Carlos simulations. This approach
allowed to extract the values of extreme scenarios (i.e. P90 and P10) of these parameters and
consequently to incorporate their uncertainty. The storage capacity estimates for all storage units is
presented in Table 3.3.

3.3.2 Gap Analysis
The main gaps related to previous assessments are the lack of information on the hydraulic
parameters of the reservoirs, with permeability being extrapolated from information about the
same reservoirs when they act as groundwater resources at shallower depths. This brings
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uncertainty about the injectivity, especially on the units of the Silves Group, which is known to be
very heterogeneous and only locally acting as a productive aquifer when at shallower depths.
Confidence is higher for the units in the Torres Vedras Group as these are known to be very
productive aquifers when at shallower depths. In addition, information about the hydraulic
behaviour of the faults that bound the storage units is also lacking.
Confidence on the quality of the seal for the Silves Group is very high, but there is uncertainty about
the Cacém Formation as a primary seal for the Torres Vedras Group. Secondary seals, in Cenozoic
sediments overlaying the Cacém Formation have not yet been analysed, but it is likely that
secondary seal may exist in the Tertiary clays and siltstones.
A sensitivity analysis was also conducted based on the stochastic modelling for a better
understanding of the variation of reservoir parameters, assessing the uncertainty and the impact of
reservoir parameters in the estimation of storage capacity. As an example, Figure 3-26 to Figure 3-28
illustrate the results of sensitivity analysis of onshore storage unit Alcobaça for scenarios P10, P50
and P90, respectively. The same approach was also applied for all storage units, both onshore and
offshore. Instead of computing a single value for storage capacity, a probability distribution function
is generated (from 100 Monte Carlo simulations) for P’s scenarios and the mean value from each
distribution corresponds to the final estimate of storage capacity (Figures 3.26a, 3.27a and 3.28a).
Excluding the storage efficiency factor, which has the highest impact on the final estimations of
storage capacity, the reservoir parameters of net-to-gross (Figure 3.26b) and porosity (Figures 3.27b
and 3.28b) are the parameters with the higher influence on the calculation of storage capacity of
Alcobaça storage unit and for which forthcoming studies should focus on to reduce uncertainty.
It is important to highlight that 3D seismic data has become recently available (onshore and
offshore) and its interpretation is ongoing. This will allow a more accurate calculation of the
reservoir’s capacity, to develop a model of the fracture network and to have a clearer image of the
quality of the seal.

Figure 3-26: Sensitivity analysis of parameters to determine the CO2 storage capacity (P10) of onshore
potential storage unit Alcobaça: (a) resulting distribution of CO2 storage capacity and (b) tornado plot of
input parameters.
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Figure 3-27: Sensitivity analysis of parameters to determine the CO2 storage capacity (P50) of onshore
potential storage unit Alcobaça: (a) resulting distribution of CO2 storage capacity and (b) tornado plot of
input parameters.

Figure 3-28: Sensitivity analysis of parameters to determine the CO2 storage capacity (P90) of onshore
potential storage unit Alcobaça: (a) resulting distribution of CO2 storage capacity and (b) tornado plot of
input parameters.

3.3.3 Boston Square Analysis
The main gaps associated to each storage unit were represented using the Boston Square Analysis
(BSA). This is a relevant analysis to address qualitatively the confidence/ main gaps of regional
storage resources based on data quality and suitability of attributes associated to each potential
storage unit. Figure 3-24 illustrates the onshore storage units associated to reservoirs of Silves
Group, highlighting that reservoir injectivity is the main critical parameter as mentioned in the
previous section. The same critical parameter was also identified for the same reservoirs of onshore
setting (Figure 3-31 and Figure 3-32). Contrasting to the injectivity (and the capacity in some storage
units), the confidence about the primary seal of Silves Group reservoirs is high and therefore the
maximum classification was assigned as illustrated by BSA.
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Figure 3-29: BSA of Onshore Storage Units (Silves Group).

Figure 3-30: BSA of Offshore Storage Units (Q3 Torres Vedras Group).

In general, the reservoirs of Torres Vedras Group have good classifications with respect to expected
injectivity and storage capacity, as well as the parameter of monitoring, since they are all located in
the offshore setting and future monitoring (e.g. based on seismic data) would not be an obstacle. On
the other hand, the main gap of these reservoirs is related to the cap-rock, as mentioned in the
previous section, and therefore a lower BSA classification for this parameter was assigned.
As a final note, the Fractures parameter may be critical for both reservoir types (Silves and Torres
Vedras Groups), in general with low BSA classifications for all storage units, not only because of the
presence of several faults but mainly due to uncertainty about their hydraulic behaviour, since no
information is available to reduce the uncertainty/ gap of this parameter.
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Figure 3-31: BSA of Offshore Storage Units (Q3 Silves Group) at top, and Q4 for Torres Vedras-TV Group
and Silves-S Group at bottom.

Figure 3-32: BSA of Offshore Storage Units Q6 Torres Vedras-TV Group at top and Silves-S Group at
bottom.

3.3.4 Qualitative information to effective costs of storage
Three stratigraphic Formations with 17 storage units located onshore and offshore.
3.3.4.1

Deep Saline Aquifer – Silves Group (onshore & offshore) – 0.51 Gt

Reservoir


the Upper Triassic Silves Group, deposited in an alluvial/fluvial environment:
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o

coarse-grained siliciclastic sediments, with porosities (based on sonic logs)
ranging between 15% and 25%

Caprock

3.3.4.2

Dagorda Fm., of Hettangian age thick succession of low porosity evaporitic sediments
o ranging from 200 m to 1000 m thick.
Deep Saline Aquifer – Torres Vedras Group (offshore) – 2.61 Gt

Reservoir

Caprock:

Cretaceous formations
o lower Cretaceous fluvio-deltaic deposits



3.3.4.3

Cacém Formation, minimum thickness of 100 m, with low porosities
o lower
member
of
argillaceous
and
dolomitic
limestones,
mudstones/wackstones, grading to marls and argillaceous calcareous
dolomites to dolomitic limestones
o upper member of the Cacém Fm. is composed mainly of limestones,
packstones/grainstones
Intercalation levels of clay sediments within the Torres Vedras Group itself due to
the variation of facies in the vertical sequence

Critical Parameters

Below are listed some questions helping to assess a theoretical and qualitative injectivity for DSA
3.3.4.3.1 Silves Group
Wellbore


In the area, do you know if injector or production wells (reaching target Fm.) need a steel
screen (gravel pack operations) for completion?

According to the drilling report of a recent exploration well (Alcobaça-1 (Alc-1)) drilled onshore in
2012 and located within Alcobaça storage unit:
(i)

at the initial depth (2653 m) of the target formation (Silves Group), a hole size of 8-1/2"
was used during drilling operations with a casing of 7", 26#, L-80.
(ii)
Between 2930 m and the maximum borehole depth (3240 m), within Silves Group, a
hole size of 6-1/8" with a casing of 7", 23#, N-80 was used for the completion operation.
For other two wells drilled onshore and intercepting Silves Group, Alj-2 (1998) and SM-1 (1958) both
located within São Mamede storage unit:
(i)
for completion operations, it was used respectively, a casing of 9-5/8" (hole size of 81/2"), between 2483-3616 m, and a casing of 8-5/8" between about 3200-3392 m.
Similarly, a casing of 9-5/8"was also used to drill the well Carapau-1 (Ca-1) (1974) in the offshore
(Q4-S1 storage unit) between 1556-2480 m.


Mud losses or unwanted flow into the well during drilling phases?

During drilling phases of well Alc-1 (2012), mud losses were recorded at different depths within the
Silves Group:
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 Depth: 2874 m – losses while drilling through multiple sands sections. Losses varied from
0.5m3/h to 7m3/h;
 Depth: 2934 m – losses increased during drilling to 12 m3/h with a flow rate of 1200 l/m;
 Depth: 2935 m (October 4th) – Losses slowed from 3m³ to 1.2m³/h with a flow rate of 1200
l/m;
 Depth: 2935 m (October 8th) – Mud circulation (flow rate) at 1200 l/m (320 gpm) with losses
of about 2m3/h.
In addition, suspect zones of mud losses were also recorded from well Aljubarrota-2 (Alj-2) in some
intervals: 3169-3179m; 3190-3215m; 3229-3240m; 3256-3267m; 3325-3435m. However, no
information about the amounts lost and flow rate was provided in the well report.
Due to the lack of data to estimate the permeability, at the required depths (i.e. offshore Silves
Group), previous studies led to the need of using and analyzing geological information (from
lithological columns and pumping tests) relative to groundwater wells located onshore. The
permeability estimated in the onshore reservoir formation (i.e. Silves Group), using ten samples,
ranges between 67 and 783 mD for the average well-screen depths of 44-275 m. The average of
permeability is 358 mD, and 60% of the results are above 300 mD. The data was extrapolated to
correlate the same formation from shallow onshore setting to deeper onshore and offshore Upper
Triassic formations. Since the estimations are from shallower wells, the estimated permeability
values should be understood as the maximum expected values at Silves Group depths considering
the likely decrease in porosity and permeability imposed by increasing lithostatic pressure.
Reservoir


Nature of sandstones
o
o
o

Are reservoir rocks Consolidate or unconsolidated?
Is the heterogeneity important horizontally?
Is the heterogeneity important vertically?

The reservoirs of Silves Group consist of sandy deposits, with coarse intercalations, representing the
installation of braided channels in a wide flood plain, evolving to pelitic and dolomitic facies towards
the top. Overlaying these siliciclastic layers, the uppermost formation of Silves Group (Pereiros
Formation) is mainly composed by centimetric layers of limestones and dolomites. Thus, Penela and
Castelo Viegas formations are the most interesting within the Silves Group for CO2 geological
storage. Samples of both formations collected at outcrops revealed that Castelo Viegas Formation is
generally very compact, with a clayey and iron-rich cement; on the contrary, the Penela Formation
always present less cemented coarser grained sediments, behaving like a sandy soil in the outcrops.
Drilling report of well Alc-1 (2012) located in the potential storage unit Alcobaça, show that the
storage unit (Silves Group) was drilled from 2653 m to 3240 m (TD). Detailed lithologic analysis
identifies vertical heterogeneity in this geological formation, which was divided in three lithologic
intervals:
 The first interval, from 2653 m to 2763 m, is characterized by siltstone and claystone with
minor amounts of anhydrite, limestone, salt and arkosic sandstone. The siltstone is red to
occasionally brownish red, hard and slightly calcareous with trace anhydrite. The claystone is
also red to brownish red, very soft a washable with traces of anhydrite, occasionally grading
to siltstone. The anhydrite is white, chalky, soft and washable. The limestone is tan,
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microcrystalline, hard and blocky. The salt, drilled from 2719.5 m to 2727 m, is milky white
to tan, vitreous, sub-euhedral, hard and blocky.
 The second interval, from 2763 m to 2932 m (TD), is characterized by claystone and siltstone
with occasional arkosic sandstone stringers very similar to the described for the overlying
interval. The siltstone becomes more prominent toward the base of the section.
 The third interval, from 2932 m to 3240 m (TD), is characterized by siltstone, sandstone and
minor amounts of claystone and dolomitic limestone. Compared to the top of the section,
the sandstones are better developed in this interval, some moderate- to coarse-grained, and
would make good reservoirs.
The most promising section for a reservoir would be the second (lower part) and third classified
intervals, corresponding, respectively to the Daughter Units of Castelo Viegas and Penela
formations. The first classified sections (and the upper part of the second) are generally very similar
regarding the lithologic composition and would fairly correspond to Pereiros Formation, being the
transition from the evaporites of the sealing rock (i.e. Dagorda Formation) and the siliciclastic layers
of target reservoirs (i.e. Castelo Viegas Formation). Thus, the reservoirs are expected to be
consolidated detrital rocks. The older section of Silves Group (i.e. Conraria Formation) was not
intercepted by this well due to the drilling depths, requiring deeper penetration through the Triassic
layers. Nonetheless, two onshore wells, Alj-2 and São Mamede-1 (SM-1), intercepted this formation
from depths of about 3395 m and 3325 m, respectively. Generally, the main lithologic description of
the storage unit (Silves Group) is corroborated by these two wells (Alj-2 and SM-1), drilled several
meters deeper and distancing almost 7 km and 23 km (in a straight line) respectively from the more
recent Alc-1 well. In these wells, potential reservoir units has a more sandy character and lesser
degree of cementation and compactness when compared to the upper log intervals (and
consequently can be considered as having more favorable reservoir properties such as porosity and
permeability to inject CO2). In the offshore, although the same Daughter Units are expected to be
found within Silves Group, there is a higher degree of uncertainty and further studies must be
conducted (e.g. geophysical and geological interpretation of 3D seismic data and well-logs) in order
to increase the confidence and maturity level of these storage units. For this reason, a more
conservative approach was adopted classifying them in the lower maturity level of Tier 1.


thickness of reservoir

o enough (NET) thickness to plan a vertical well?
Considering the Daughter Units of Castelo Viegas and Penela Formations (about 300 m of total
thickness), and the sections with higher percentage of sandstone (i.e. the net-pay zones), the
reservoir thickness is about 140 m in the drilled well Alc-1, about 140 m in well Alj-2 and about 125
m in well SM-1. Therefore, the drilling of vertical wells through reservoir rocks would be feasible and
recommended.
Seal


is the Fm. homogenous in the area, e.g. thickness, lithology, lateral continuity?

The primary seal (Dagorda Fm.), was drilled from 1730 m to 2653 m (well Alc-1). Although the seal
reveals vertical heterogeneity, its lithologic composition (description below) shares the similar
properties required for a desired cap-rock and the overall thickness is about 900 m at this well
location. The occurrence of anhydrite, dolomite, siltstone, limestone, marl and calcareous claystone
inter-layered with halite (salt) characterize this geological formation. Although the mud loggers did
not log any salt and very little anhydrite above 2100 m, the open-hole logs indicate the section has a
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considerable amount of it. 50 to 80% of the cuttings recovered in this interval were insoluble. The
loggers started seeing salt on the shakers after drilling had reached 2138 m; the drilling mud had
reached salt saturation at this point (190,000 ppm chlorides) and the salt was no longer dissolving.
Although the thickness of Dagorda Fm. may vary significantly spatially (confirmed with an older well
close to this area, with thickness of about 300 m), this seal presents a high lateral continuity, having
been intercepted over the years by several petroleum exploration deep wells located both on the
onshore and offshore of the Lusitanian Basin. In addition, and through the stratigraphic correlation
that has been established between wells, this geological formation from the Early Jurassic was also
identified in some drilled wells of adjacent sedimentary basins (e.g. Porto Basin), thus verifying its
good lateral continuity.
 Is it possible to have an idea about seal permeability? Through analogous sedimentary Fm.?
Do you expect µD or nD as magnitude order?
The permeability values of the seal (i.e. Dagorda Fm.) are expected to be very low due to the
lithologic composition of this formation, mainly composed by evaporites (with dolomitic
intercalations), presenting therefore the characteristics of an excellent seal. Due to possible existing
vertical/ lateral lithological variations into the formation, the permeability values may vary along the
seal, although the expected values would be at magnitude order of µD and in the sections of more
abundant salt nD.


Are major faults present?
o

What is the total displacement of these faults? meters/ten of meters/ hundred of
meters?

There are several faults identified in potential reservoirs (Silves Group) both onshore and offshore.
Previous studies of 2D seismic profiles, focusing on the tectonic deformation of the basin, show the
existence of an extensive network of faults affecting the Silves Group. However, most of those faults
do not propagate upwards possibly due to the plastic rheology of sedimentary layers within the seal
formation (Dagorda Fm.). A major fault that must be regarded with caution is the regional Nazaré
fault, existing along the onshore potential areas, crossing the seal. Thus, the possible percolation of
CO2 along this fault must not be neglected. Nonetheless, further interpretation studies through the
new 3D seismic survey must be conducted to better understand the behaviour/ continuity of the
fault within this geological formation, mainly to quantify its displacement. Due to the polyphasic
nature of the Nazaré fault, being active during rifting and during tectonic inversion, this assessment
is not straightforward.
Lateral sealing/ spillpoint


If an area is defined, are there faults and at what scale?

The recurrent presence of faults within the potential reservoir areas might be considered as critical
spill points. As mentioned in the previous point, the vast majority of these faults do not seem to
propagate upwards across the entire seal formation and the salt generally seals the faults that
propagate from the Silves Group lithologies into the Dagorda formation. Nonetheless, these faults
may be responsible for large displacements that potentially compartmentalise the reservoir and
eventually cause independent hydraulic behaviour within each compartment of the reservoir. Since
hydraulic tests have not been conducted previously at these depths, it is difficult to conclude at this
stage, the lateral sealing of these faults.


Could stratigraphic seal be considered?
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Due to the vertical heterogeneity of reservoir (Silves Group) identified by a recent well (and lateral
variation observed at the outcrops), a stratigraphic lateral sealing might be an important hypothesis
to be considered. From literature studies of these formations in Lusitanian Basin, it is referred to
spatially varying facies distribution between the potential reservoir (Silves Group) and cap-rock
(Dagorda Fm.) formations. The possibility of different sealing/trapping mechanisms should be
considered and subsequently identified to better understand the reservoir and cap-rock boundaries
and the potential leakage and migration pathways of CO2. This is a crucial aspect that must be
further investigated through the interpretation of 3D seismic data to either confirm or discard this
hypothesis.
3.3.4.3.2 Torres Vedras Group
Wellbore


In the area, do know if injector or production wells (reaching target Fm.) need a steel screen
(gravel pack operations) for completion?

According to the log information from three different petroleum exploration wells, the target
storage formation (Torres Vedras Group) was intercepted at different depths, and similar drilling
instruments were used during completion operations. The following examples can be pointed out:
‐ Offshore:
 Well 14C-1A (1975) located within Q3-TV5 storage unit and very close to the boundary of
PT.SU.008: a hole size of 12-1/4" (908 m) was used during drilling operations with a casing of
9-5/8" shoe (casing) at 900.5 m;
 Well 13E-1 (1977) located within Q3-TV5 storage unit, and very close to the boundaries of
Q3-TV2, Q3-TV3 and Q3-TV4: a hole size of 12-1/4" (509 m) was used during drilling
operations with a casing of 13-3/8" shoe (casing) at 502.5 m, corresponding to the upper
zone of Torres Vedras Group; a hole size of 12-1/4" (1386 m) was used during drilling
operations with a casing of 9-5/8" at 1376.5 m, corresponding to the depths where most of
target formation is intercepted;
 Well Dourada-1C (Do-1C) (1974) located within storage unit Q3-TV2, and very close to the
boundaries of Q3-TV1 and Q4-TV1: a hole size of 12-1/4" (396 m) was used during drilling
operations with a casing of 20".
‐ Onshore:
 Well São Pedro de Muel -2 (SPM-2) (1963) located within S. Pedro de Moel storage unit and
very close to the boundaries of Q6-TV1 and Q6-TV2: a hole size of 12-1/4" (311 m) was used
during drilling operations with a casing of 13-3/8";
Other wells intercepted the Lower Cretaceous siliciclastics of the Torres Vedras Group, such as
Moreia-1 (Mo-1) (1974), within Q3-TV3, Fa-1 (1976), within Q6-TV1 and very close to the boundaries
of Q3-TV5 and Q6-TV2, and 16A-1 (1975), within Q6-TV2. However, no well-logs or reports are
available to complement this information.


Mud losses or unwanted flow into the well during drilling phases?

During drilling phases, mud losses were recorded at different depths from two offshore wells within
Torres Vedras Group:
 Well 14C-1A: partial mud losses occurred between 466-896 m with a total amount loss of
182m3 (the top of Torres Vedras Group is at 802 m);
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 Well 13E-1: mud losses occurred between 415-509 m with a total amount loss of 150-25
bbls/h (i.e. about 24-4 m3/h). Torres Vedras Group is intercepted from 340 m to about 800
m (the deeper boundary of this geological formation is not accurately defined from this welllog).
Due to the lack of data to estimate the permeability, at the required depths (i.e. offshore Torres
Vedras Group), previous studies were used including lithostratigraphic analysis and pumping tests of
groundwater wells located onshore. The permeability of the onshore Torres Vedras Group, using 69
samples, ranges between 129 and 19570 mD for the average well-screen depths of 32.5-243.5 m.
The average permeability is 2235 mD and 94% of the results are above 300 mD. The data was
extrapolated to the same formation from shallow onshore setting to deeper onshore and offshore
settings. The estimates are from shallower wells and therefore the permeability values should be
understood as the maximum expected values considering the likely decrease in porosity and
permeability imposed by increasing lithostatic pressure with depth. The degree of confidence in the
permeability estimates for the Torres Vedras Group is higher than the estimates for the Silves
Group, due to shallower depth of the target reservoir within the storage units.
Reservoir


Nature of sandstones

o Are reservoir rocks Consolidate or unconsolidated?
o Is the heterogeneity important horizontally?
o Is the heterogeneity important vertically?
According to previous geological studies from literature, the Lower Cretaceous formations, including
Torres Vedras Group and several lateral equivalent formations are mainly composed of fine to
coarse sands and conglomerates. The vertical heterogeneity of the reservoir is important with the
levels of fluvial siliciclastic sediments alternating with the carbonate and pelitic lithologies. It is
important to note that the Cretaceous sediments are not represented throughout the entire
Lusitanian Basin. In fact, some onshore sub-basins of the Central sector, lack part of the Lower
Cretaceous and the entire Upper Cretaceous, removed during the Cretaceous - Cenozoic tectonic
inversion episodes. Thus, the lateral heterogeneity of reservoir (lithological and thickness) is
important to be characterised during further seismic interpretation studies of 3D seismic data that
will probably reveal the existence of downlaps and sub-parallel terminations of internal seismic
reflectors within this sedimentary package of Torres Vedras Group. At the basal portion of the
reservoir, estimated porosity values are less than 12%, contrasting with a more pronounced porous
medium towards the reservoir top with porosity values ranging between 15-30%. At the target
depths, the sandstone intervals of reservoir rocks are expected to be consolidated siliciclastic rocks
due to the compaction of the overburden strata.
All potential storage units located in the offshore setting were defined as Tier 1, since the storage
formation for possible reservoirs is already identified (Torres Vedras Group). Despite the vertical and
lateral heterogeneity observed throughout this formation (e.g., sand/shale/carbonate
intercalations), there are no records of the existence of precise geological subdivisions within this
formation. Consequently, there may or may not be assigned different Daughter Units to allow for
the evolution in the maturity level of these storage units from Tier 1 to Tier 2. The existence of
prospects within these Lower Cretaceous siliciclastics may be associated to Torres Vedras Formation
itself, i.e. the possibility of Torres Vedras Group be simultaneously designated as Formation and
Daughter Units (depending on stratigraphic traps present across this formation) must be considered.
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However, further detailed characterisation must be conducted to verify the existence of Daughter
Units and also the effectiveness of respective seals (as discussed below in Seal section).
 thickness of reservoir
o enough (NET) thickness to plan a vertical well?
According to the information from log analysis of three wells located offshore (Do-1C, 13E-1 and
14C-1A) and one onshore (SPM-2), the total thickness of the Torres Vedras Group varies laterally,
mainly from north to south. Considering the offshore setting, the reservoir thickness from the
northernmost well (Do-1C), may reach more than 350 m (~360 m), contrasting with the other two
wells located in the south with reported thicknesses between 200 and 300 m for the sandy intervals.
The well drilled at the central area (13E-1) intercepted the reservoir between 355-750 m, presenting
a thickness of about 395 m. In the northernmost and southernmost wells, Do-1C and 14C-1A, the
Torres Vedras Group was intercepted between 878-1240 m and 800-1165 m, respectively,
presenting at the latter well an effective thickness of sands of about 200 m. The reservoir thickness
identified from the onshore well (SPM-2) is about 300 m, being intercepted between 370-670 m.
Thus, a vertical well would be recommended to intercept this reservoir, which presents enough
thickness. Although the three offshore wells are outside the area where 3D seismic data was
acquired (Figure 3.24), they are all close to the limits of the seismic block, which still needs to be
analysed, in order to determine the thickness of the reservoir, and assess its lateral variation.
Moreover, there are some wells within the offshore 3D seismic block that may also contribute to a
more accurate estimation of thickness, but the respective data are still expected to be received for
further analysis.
Seal


is the Fm. homogenous in the area, e.g. thickness, lithology, lateral continuity?

The sealing formation of Torres Vedras reservoir is the Cacém Fm. Due to the heterogeneous
lithological constitution of this geological formation, mainly characterised by the interbedded shale,
marls and marly limestones from Cenomanian age. There is also the strong possibility that, within
the Torres Vedras Group, there several low permeability layers that may behave as aquitards to the
siliciclastic layers in the lower part of the formation. This is implied from the well-known confined
behavior of the lower sequence of Torres Vedras Group where they act as aquifers onshore,
frequently with free-flowing wells and confinement provided by clay layers in the Torres Vedras
Group itself. Although the available well-log information about the caprock is quite scarce, it was
possible to identify from several exploration wells that this geological formation was intercepted.
Moreover, the Cacém Fm. was also identified at some wells located in the adjacent Porto Basin,
attesting for the lateral continuity of this caprock. The available logs from three exploration wells
within Lusitanian Basin (offshore) were also used to evaluate the thickness of the caprock estimated
at about 100 m. From north to south, the northernmost well (Ca-1) intercepted the caprock (Cacém
Fm.) at depths between 671-761 m (thickness of about 90 m), the central well (13E-1) intercepted
the formation between 246-356 m (~110 m) and the southernmost well (14C-1A) between 693-802
m (~ 110 m).
Beyond the clayey levels within Cacém Formation, there is also the possibility of existence of
secondary seals on the overlying Cenozoic cover. However, it is important to mention at this early
stage the high uncertainty degree associated to the sealing rock(s) for the potential reservoirs of
Torres Vedras Group. The quality of Cacém Formation, the sealing efficiency of intercalation levels
within Torres Vedras Group and the possibility of existing Cenozoic secondary seals are the main
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uncertainties in the definition of the effective seal preventing the existence of possible CO2
migration pathways, and definitely establish the Torres Vedras Group as main reservoir target. More
detailed characterisation studies must be conducted, integrating all the prior geological knowledge
available and the data from wells and 2D and 3D seismic surveys.


Is it possible to have an idea about seal permeability? Through analogous sedimentary Fm.?
Do you expect µD or nD as magnitude order?

The Cacém Fm. presents a carbonated and/ or dolomitic sequence characterised by oolitic
limestones with low porosity values (less than 6%) and non-permeable. The formation was sub-aerial
exposed to erosion during the Turonian, sometimes generating karstification. The existing karsts at
the top of this formation are often filled with fine-grained sediments composed by silt and clay.
Although these will reduce the permeability of those formations, the existence of karstified layers
contributes to the uncertainty of the Cacém Fm. as a seal, and therefore it is important to study the
existence of secondary layers in the Cenozoic cover. Despite the lithologic description of Cacém Fm.
may be favourable as a sealing rock, there is no information about permeability values at these
depths for this formation, but the expected value would be in a magnitude order of µD. Due to the
high uncertainty of the permeable properties of this sealing rock, together with its reduced
thickness, future studies should be conducted with great attention for a better evaluation of this
formation in order to be able to classify it as an effective sealing rock to prevent possible CO2
pathways from the potential Torres Vedras Group reservoir.


Are major faults present?
o

What is the total displacement of these faults? meters/ten of meters/ hundred of
meters?

According to previous geological studies and interpretation of 2D seismic lines across the area of
interest, no major faults would be expected, however there are several minor faults affecting this
Lower Cretaceous formation (i.e. Torres Vedras Group.). It is worthwhile mentioning that some of
these minor faults intercept both reservoir and seal formations. Although the interpretation of 3D
seismic data will be conducted, the expected displacement of these faults would be small (i.e.
displacement of meters).
Lateral sealing/ spillpoint


If an area is defined, are there faults and at what scale?

As mentioned in the previous point, there are some minor normal faults in this area (intercepting
both reservoir and seal) and therefore caution must be taken when interpreting this potential area
with more detail. Although the displacement is expected to be small, it is not possible at this early
stage (and with scarce information) to accurately estimate the spatial extension of these faults or
even if they are laterally sealing. The further interpretation of 3D seismic data would greatly help to
tackle some of these issues, mainly to identify more precisely the spatial extension of these faults
and the magnitude of respective displacements, and possibly, to predict some hypothetical
structural spill points.


Could stratigraphic seal be considered?

Since the reservoir has variable thicknesses, presenting a greater thickness in the northernmost
locations of Lusitanian Basin and smaller towards south, there may exist laterally larger extensions
of intercalations of sandy lithologies with those of clays/limestones. If so, a possible existence of
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stratigraphic seals along the area of interest may be considered. Once again, the seismic
interpretation of the 3D block may be decisive for the identification of this type of geological
structures and their relevance as possible spill points.
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3.4 North of Croatia – Croatia
North Croatia region encompasses Sava and Drava depressions which represent SW rim of
Pannonian basin system (PBS). The depressions are characterized by rather thick succession of
Neogene sediments whose deposition resulted from Mid-Miocene rifting and subsequent thermal
subsidence in PBS (Lučić et al., 2001; Saftić et al., 2003; Pavelić & Kovačić, 2018). These both
depressions include 19 assets with 14 DHF and 5 DSA. Further, EOR operations could be performed
in 7 DHF (Figure 3-33).

Figure 3-33: Location of Storage Units in the North of Croatia and CO2 emitters

3.4.1 Stratigraphic relations
The lithostratigraphic units with generalized lithologic composition and log-markers are shown on
Figure 3-34 (modified after Novak Zelenika et al., 2015; Malvić & Cvetković, 2013). The Basement is
represented by magmatic-metamorphic complex of Palaeozoic to Mesozoic age. In Drava depression
Mesozoic carbonates and carbonate breccias can be found (between Tg and Pt markers).
Lower to Middle Miocene sediments are of heterogenous composition, characterized by syn-rift
sedimentation of coarse grained clastics (breccias and conglomerates), which is followed by
deposition of medium to fine grained clastics, as well as carbonates, with appearance of riftingrelated effusives (Figure 3-35, Lučić et al., 2001, Saftić et al., 2003; Pavelić & Kovačić, 2018).
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Most of the thick post-rift sequence is made of Upper Miocene marls and sandstones starting with
turbiditic pro-delta, and then delta slope to delta plain environments that gradually developed in the
Lake Pannon. Pliocene and Quaternary sediments are deposited in terrestrial environment; they are
comprised of medium and fine grained clastics with sporadic appearances of coal beds. The
youngest Quaternary deposits are conglomerates and sands of the Sava and Drava valleys.

Figure 3-34: Lithostratigraphic units and schematic lithological composition of subsurface in Sava and
Drava depressions (after Novak Zelenika et al., 2015; Malvić & Cvetković, 2013)

3.4.2 Structural settings
As previously stated, Sava and Drava depressions were formed during the Neogene–Quaternary
tectonic evolution of the SW part of PBS. Cross-section through Depressions shows inherited preNeogene paleorelief resulting from Late Cretaceous-Paleogene compression/transpression (Figure
3-36).
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Figure 3-35: Structural units of the SW part of PBS (Lučić et al., 2001)

Figure 3-36: Cross section through the Sava depression, Bjelovar Sag and SW part of Drava depression
(Lučić et al., 2001)

In the southern parts of Sava depression and Bjelovar subdepression, normal mostly listric faults can
be seen, that have accommodated extension, i.e. opening and deepening of the depressions during
Early to Middle Miocene. Some of the faults reflect compressional phase that took place in
Sarmatian as well as the recent Pliocene-Quaternary basin inversion (they have been reactivated
with reverse character).

3.4.3 Storage units
All DSA and most of the HC reservoirs are situated in Upper Miocene sandstones – Ivanić Grad Fm,
Kloštar Ivanić Fm and Vinkovci Fm (Figure 3-34). Largest gas reservoirs are of heterogenous
composition – comprising weathered basement rocks, Mesozoic carbonates and carbonate breccias
and Lower to Middle Miocene coarse clastics and carbonates (Figure 3-34).
Regarding the level of defined storage units, all of almost depleted hydrocarbon fields are of tier 2
by definition.
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3.4.3.1

Depleted hydrocarbon fields/EOR candidates

Many depleted hydrocarbon fields are almost depleted, and storage capacities are revised several
times (EU GeoCapacity, 2009; Vulin, 2010; CO2Stop, 2012). The main issue with data related to
hydrocarbon fields is confidentiality – that means, some analyses were conducted and final results
are reported by keeping the input data secret.

Figure 3-37: Cross section through the Ivanić oilfield (Jüttner & Kavedžija, 2004)

Figure 3-38: Cross section through the typical oilfield in Northern Croatia (Filipović, 1996)

3.4.3.2

Deep saline aquifers

Deep saline aquifers are all tier 1, but there is difference between reliability of characterization of
three DSAs in Sava depression compared with two DSAs in Drava depression. Namely, three deep
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saline aquifers in Sava depression – DSA Iva, DSA Okoli and DSA Poljana – represent daughter units
of previously defined (CO2 Stop) DSA Sava. DSA Poljana was defined based on data from more than
120 deep wells (Kolenković et al., 2013; Podbojec, 2013). The lateral continuity of regional cap-rock
Graber marl/Kloštar Ivanić marl was confirmed by log analysis of deep wells in western part of Sava
depression (thickness ranging from 18 m in the central part of the depression to more than 250 m in
the northern part of the investigated area). Porosity was estimated by averaging the results of welllog analyses of 21 deep wells situated in the western part of DSA Poljana. Permeability was
estimated by rule-of-thumb, based on scarce data (results of laboratory tests). DSA Okoli and DSA
Iva were delineated and their effective thicknesses estimated based on the regional map of effective
thickness of Okoli and Iva Sandstones (after Vrbanac, 1996). Their average porosities were estimated
using oversimplified approach of porosity change with depth (after Jelić, 1984).
The DSAs Drava and Osijek situated in the Drava depression were delineated based on regional maps
of thickness of Upper Miocene Sandstones and regional cross-sections showing the depth of
sandstone layers and thickness of cap-rocks (Šimon, 1980). The petrophysical properties of DSA
Drava were estimated based on scarce data after Šimon (1980) and regional estimates found in Velić
(2007) and for DSA Osijek the same values were used. The lateral continuity of cap-rocks was
assumed based on regional cross-sections, but not confirmed by well log interpretation.
3.4.3.3

CO2-EOR candidates

There are more EOR candidates than depleted hydrocarbon fields suitable for storage. Table 3.5
provides only data for CO2-EOR candidates that are also good candidates for storage. CO2-EOR
projects will provide larger storage volumes and quicker development of an injection project due to
economical parameters.
Table 3.5: CO2 screening according to Taber (1997)
data
quality
11
18
20
20
11
15
18

Kloštar
Ivanić
Žutica
Stružec
Lipovljani
Benicanci
Sandrovac

ρo

μo

CN %

So

h eff

h

k

Tr

1
1
3
3
1
1
3

0
3
3
3
0
3
3

0
3
3
3
0
0
1

3
2
2
2
1
2
2

2
2
2
2
2
2
2

2
2
2
2
2
2
2

0
2
2
2
2
2
2

3
3
3
3
3
3
3

It should be noted that CO2-EOR screening campaign is already ongoing in republic of Croatia, and
that INA oil company has more data needed for screening, and that more candidates are already
listed and published (Goričnik, 2001; Smontara and Bilić-Subašić, 2014).
After the screening (based on oil density, viscosity, oil composition, saturation, effective thickness,
permeability, depth and temperature), we started the analysis to better evaluate CO2-EOR potential.
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It is performed by numerical simulation parameter sensitivity analysis (by use of conceptual models
that have the volumetric, rock and pVT properties of observed oil reservoirs) to assess details about
most suitable CO2-EOR process (e.g. WAG ratios, produced water and oil, gravity drainage, CO2
retention during the injection, final CO2 capacity etc.).
Based on the available data, possibility of CO2 utilization as a part of CO2-EOR was examined in
several steps:
-

Extended available data (i.e. more detailed, compared to those for depleted hydrocarbon
fields) required for CO2-EOR evaluation was collected

-

CO2-EOR screening has been performed, based on Taber et al. (1997) criteria and validated
based on Smontara and Bilić-Subašić (2014) for Croatian oil fields.

-

Conceptual numerical models for seven Croatian oil fields were developed. That means,
detailed static model was not included, together with detailed data per wellbore, because of
data confidentiality.

Production data and final pressure on a reservoir level were matched with simulation results in
conceptual compositional Eclipse model. We used some published additional data for oil field where
EOR projects are already ongoing (Ivanic and Zutica) and for those two fields their production data
was also matched. The production (decline and waterflood) to year of 2025 was simulated for all
fields, as recommended at internal Strategy CCUS meeting.
CO2-EOR injection predictions for the period from 2025 to 2040 were modeled for all selected
reservoirs. However, the moment when EOR project starts is very important and the additional
recovery and CO2 utilization factor are not optimized, because all CO2-EOR is simulated from the
same year (2025). In other words, the most favorable moment for the start of the EOR project was
not individually selected, but this approach makes further analysis easier and uniform.
Detailed PVT CO2-EOR study for Ivanic and Zutica was available (Vulin et al., 2018) and based on
those studies PVT conditions of the model are defined, while for other fields estimated minimum
miscibility pressure conditions were used. Predictions were modelled in such a way that the pressure
in the reservoir is a maximum of 20% higher than the initial pressure of the reservoir, so it was not
possible to achieve miscible conditions in all cases.
Several scenarios were simulated, but only one case per field has been selected for entry in the
project EOR spreadsheet template. The cases with the largest CO2 Required to Produce Oil Volume
and net utilisation were selected as “representative”. The values for other cases are shown in the
appendix of this document. The values for other cases are shown in the appendix of this document.

3.4.4 BSA analysis
Data for BSA analysis has been changed since last data submission, as more detailed analyses were
performed and some errors were corrected: estimates were performed as P90, P50, P10
probabilities, however, it should be warned that technical note about BSA scoring (Expected
Capacity Outcomes) considers uncertainty estimate, while BSA scoring MS Excel table considers
storage capacity volumes, and uncertainty is not included. Then, BSA analysis of data quality includes
the same criteria for aquifers (which will be in most cases tier 1) and for depleted hydrocarbon
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fields. At hydrocarbon fields the amount of data collected through decades of research and
production is enormously higher (and therefore the data quality as well). It should be warned that
data quality is not logical: (3) No previous drilling in reservoir, safe plugging of wells, (2) Wells
penetrating seal, no leakage documented, (1) Possible leaking wells, need for evaluation.
As we are following above logic – the highest data quality might be related to (2), however, we
entered for all cases that value (all sites are drilled, and no leakage is documented), despite the fact
that data quality is much higher for hydrocarbon reservoirs than for aquifers. Data quality criteria
appears for wells two times (“wells suitability” and “wells data quality”).
BSA data quality for DSA is estimated according to quality of data about seal, pore pressure, net
thickness, permeability, etc. That means storage capacity and BSA rank for data quality are different.

3.4.5 Sutiability of site for growth as a storage hub
As the part of BSA analysis, availability of CO2 sources was considered. Analysis consisted of CO2
emissions above 100 kt/year, trend of emission increase/decrease, and distance to possible storage
sites and the time as these sites will be available for injection as well (making CO2-EOR candidates
first available, Table 3.6).

Petrokemija
NašiceCement
Power Plant Borovje
Oil Refinery Sisak
GPP Molve
Power Plant Sisak
Power Plant Trešnjevka
Power Plant Osijek
Vetropack Straža
Biomass Plant Uni Viridas

extended list

Petrokemija Kutina
fertilizer
NašiceCement
cement
HEP - Thermal and Electric Power Plant Zagreb
CHP
INA - Sisak Refinery
refinery
INA - Molve gas processing facilities
GPP
HEP - Thermal and Electric Power Plant Sisak
CHP
HEP - Cogeneration Thermal Power Plant Zagreb
CHP
HEP - Thermal and Electric Power Plant Osijek
CHP
Vetropack Straža
glass
Biomass Plant Uni Viridas
CBP

0.75025
0.64509
0.55060
0.31207
0.29524
0.28385
0.20961
0.10998
0.10588
0.10217
3.36473

-1
1
1
-1
1
1
-1
1
0
1

-1
1
1
1
-1
1
-1
0
0
1

DS Smith paper industry
INTERCAL (lime production)
INA - NiP, Ivanić Grad
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0.05153
0.36147

0
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Table 3.6: CO2 emission sources suitable for CO2 capture, and transport.

152
19
242
204
131
204
242
54
321
97

47
188
41
33
75
33
41
248
120
202

0.13
0.91
0.07
0.06
0.08
0.05
0.04
0.11
0.02
0.06

0.11
0.02
0.10
0.09
0.04
0.08
0.06
0.01
0.01
0.01

21
115
206
65
199

258
93
5
200
100
sum

0.25
0.04
0.02
0.07
0.02
1.93

0.01
0.01
0.25
0.01
0.01
0.81

It should be noted that the largest CO2 sources (power plant, oil and gas refinery and cement
industry) belong to another region, about 200 km from some storage sites considered in the Strategy
CCUS project (TE Plomin, Rijeka oil refinery and Holcim cement in Koromačno). The high-pressure
gas pipeline from these sites exists too.

3.4.6 Summary of collected storage data
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3.4.6.1

DSA

Corrected data at this stage of research for DSA are given in table 3. The most of data are related to
hydrocarbon exploration during 70-ies and 80-ies (dry wells drilled through or into aquifers), and
from that time 2D seismic data is available. 3D seismic data also exists, and related to DSA, the most
interesting covered areas are near hydrocarbon fields: Molve (1997, 1998), Novi Gradac (2008),
Grubišno Polje (1998), Međimurje (2006), Sava Zapad (1998).
Table 3.7: Storage capacity for DSA
STORAGE_U
NIT

BSA
(Y/N)

Issue

Klostar Ivanic Fm

STORAGE
CAPACITY
Gt
0.252

Y

permeability and seal efficiency

DSA Drava

Ivanic Grad Fm
Ivanic Grad Fm
Sava Group

0.229
0.055
1.939

Y
Y
Y

DSA Osijek

Vinkovacka Fm

0.110

Y

porosity, permeability, seal efficiency
porosity, permeability, seal efficiency
porosity, permeability, seal efficiency, water
salinity
porosity, permeability, seal efficiency, water
salinity

3.4.6.2

FORMATION

DHF

The table for depleted hydrocarbon fields (Table 4), as already mentioned should be extended for
inclusion of more CO2-EOR candidates. Despite for some fields detailed data might not be available,
there are published screening results. It should be noted that storage capacities are reported as
capacities for depleted oil fields (oil recovery around 30 to 45%) and they would be much higher
after CO2-EOR due to higher oil recovery (55 to 65% in total).
Table 3.8: Storage capacity for depleted hydrocarbon fields
STORAGE UNIT
Klostar
Ivanic
Zutica
Okoli
Struzec
Lipovljani
Gola Duboka
Molve
Kalinovac
Stari Gradac
Benicanci
Boksic
Legrad

STORAGE CAPACITY
Gt
0.003
0.005
0.010
0.007
0.002
0.003
0.006
0.043
0.032
0.004
0.009
0.014
0.004

FIELD AVAILABILITY
Year
2027
2032
2032
2023
2040
2023
2030
2027
2035
2035
2035
2021
2021

EOR
EOR
EOR
DGF
EOR
EOR
DGF
DGF
DGF
DGF
EOR
DGF
DGF

BSA
(Y/N)
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Sandrovac

0.003

2037

EOR

Y
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Type

3.4.7 Qualitative information to effective costs of storage
3.4.7.1

Deep Hydrocarbon Fields/ EOR

14 storage units in Upper Miocene sandstones – Ivanić Grad Fm, Kloštar Ivanić Fm and Vinkovci Fm.
Largest gas reservoirs are of heterogenous composition – comprising weathered basement rocks,
Mesozoic carbonates and carbonate breccias and Lower to Middle Miocene coarse clastics and
carbonates
EOR in 7 oil fields: Klostar (07); Ivanic (08); Zutica (09); Struzec (11); Benicanci (17); Sandrovac (20)
Choice the date of EOR, starting in 2025 until 2040. The most favorable moment for the start of the
EOR project was not individually selected, but this approach makes further analysis easier and
uniform.
3.4.7.2

Deep Saline Aquifers – Sava Depression

Ivanic Fm.: Iva (4); Okoli (3);
Klostar Fm.: Poljana (2)
Reservoir


Lower to Middle Miocene sandstones:
o syn-rift sedimentation of coarse grained clastics (breccias and conglomerates),
which is followed by deposition of medium to fine grained clastics, as well as
carbonates, with appearance of rifting-related effusives;
o Heterogeneous sediments
o Deep: 1400m (Poljana) - 2050m (Iva & Okoli)
o Thickness: 150m (Poljana) – 250m (Iva & Okoli)

Caprock:

3.4.7.3

Graberje Marl
o Thickness: 103m; between 20 m and 276 m

Deep Saline Aquifers – Drava Depression

Klostar Ivanic/Ivanic Grad Fm - Vinkovci Fm.: Drava (5);
Vinkovci Fm.: Osijek (6);
Reservoir


Lower to Middle Miocene sandstones:
o syn-rift sedimentation of coarse grained clastics (breccias and conglomerates),
which is followed by deposition of medium to fine grained clastics, as well as
carbonates, with appearance of rifting-related effusives;
o Heterogeneous sediments
o Deep: 900m(5) and 1000m (6)
o Thickness: 1000m (5) and 500m (6)

Caprock:

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 837754
81



3.4.7.4

Graber marl/Kloštar Ivanić marl
o Characterization problematic due to lack of uniform lithostratigraphic units
within the whole area encompassed by DSA Drava. Cabuna Marl is primary seal
in the western part of Drava depression and Borovo Marl in the eastern part.
Seal thickness is roughly estimated based on data from 3 wells.
Critical Parameters

Wellbore


In the area, do know if injector or production wells (reaching target Fm.) need a steel screen
(gravel pack operations) for completion?



Mud losses or unwanted flow into the well during drilling phases? Only in the deep gas
reservoirs overpressured zones were encountered. There was gas eruption registered during
the drilling of one or more wells on Molve field. Generally, the pore pressure has hydrostatic
gradient.



Nature of sandstones
o
o

Seal

Consolidate, unconsolidated? Mostly consolidated, with heterogeneous
cementation present.
higher horizontal and vertical heterogeneity? Sandstones are highly heterogenous
regarding the sorting and cementation, both vertically and horizontally, which
results in emphasized heterogeneity of petrophysical properties.



is the caprock homogenous in the area, e.g. thickness, lithology, lateral continuity? Caprock
is composed mostly of marlstones with variable thickness, the thickness being the lowest in
the areas where the sandstone bodies are thickest (turbidite and delta sandstones) in the
central part of the Sava and Drava depressions



Is it possible to have an idea about seal permeability? Through analogous sedimentary Fm.?
Do we expect mD, µD or nD as magnitude order? The data on petrophysical properties of
said marlstones are missing. But within the region, the marlstones interlayered with
sandstones have permeability in order of µD.

Lateral sealing


If an area is defined, there are faults at what scale? The question is not clear. It is very
ungrateful to generalize the density of faults.



Could stratigraphic seal be considered? Stratigraphic trapping is generally considered to be
of low importance. Majority of the traps are structural, rarely combined.
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3.5 Paris Basin – France
The Paris Basin is the largest onshore French sedimentary basin (Figure 3-39 and Figure 3-40). It has
been identified as a major basin to store CO2 in DSA and present several options for storage in DHF
(Figure 3-41). Since the 90’s, the CO2 storage capacity in saline aquifers was estimated through a
succession of European projects: first evaluation was performed during the Joule project in 1996; a
second evaluation was performed during the GESTCOproject in 2003, which was updated during the
EU Geocapacity in 2009. The estimations of the saline aquifer CO2 storage capacity ranged from 800
Mt up to 27 Gt of CO2 (a factor of 30 between lowest and highest estimations).

Figure 3-39: Geological Map of Paris Basin. A-B represents the cross-section of Figure 3-40

Figure 3-40: Geological Cross-section of Paris Basin at the location of A-B ligne in the Figure 3-39
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Figure 3-41: Storage units in Paris Basin (Ile de France around and Centre Val de Loire Region) STRATEGY
CCUS region. Keuper Nord and Keuper Sud squares represent the investigated area for reservoir
simulation studies.
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3.5.1 DSA resources in Paris Basin STRATEGY region (Ile de France around and Centre Val
de Loire Region)
Two sedimentary Fm. present known and good reservoir level in the selected area of Paris Basin, the
Dogger Fm. of the Middle Jurassic and the Keuper of the Trias (Figure 3-42).
The Dogger Fm. was studied in GESTCO and Geocapacity projects and classified as Tiers1 resources
with a capacity of 4320 Mt (SEF=6%) and 1440 Mt (SEF=2%). In these projects, the storage efficiency
was 6% and 2% (conservative approach) and the density of CO2, 0.48. The difference between the
amounts estimated for the identified traps and the aquifer at large scale are huge, demonstrating
the need for large structures in front of the CO2 productions of the integrated plants. The volumetric
estimation was based on a rough processing of digital depth and thickness maps. The trapped
volume is estimated 0.2%, assuming that the largest traps were filled with hydrocarbons and that
most of the hydrocarbon structures have now been found.
Concerning the model of the Dogger formation made in France Nord project (2013), simulation
studies were carried out using TOUGH2. Simulations carried out for the P50 scenario allowed
injecting 200 Mt of CO2 in less than 30 years. The matrix porosity and permeability were computed
from available log data (sonic, GR NPHI and RHOB on 160 wells), but, due to a complex diagenesis
history, a dual porosity/permeability system occurs in the Dogger of the Paris Basin with presence of
pathways of very high permeability. The knowledge of the Dogger did not allow any predictive
localization of these drains and then, a definition of Tiers 2 area. The location of injector wells was
not described in detail. Thus, the Dogger Fm. was not in the assets of storage resources of Paris
Basin STRATEGY CCUS region, although its important potential for storage already identified at Basin
scale.
In order to define identified Tiers2 resources, The Keuper formation (Figure 3-42) was selected using
the following criteria (Bader et al., 2014):
- Geographical extension and petrophysical properties for storing large volumes of CO2
- Deeper than 1000 meters
- Aquifer has to be undrinkable and unsuitable for agricultural use (salinity > 10 g/l)
- No conflict with other (potential) activity (Geothermal Energy)
- Acceptable overpressure at the end of injection is 1.5 x Initial Pressure
Keuper fm. includes Donnemarie, Chaunoy and Boissy sedimentary members.
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Figure 3-42: Schematic stratigraphic section of the Paris Basin with the most important formation
reservoirs.

3.5.1.1

Defining Tiers 1- Regional Model – Basin scale

The initial screening for the selection of most suitable site for CO2 storage was made using three
geomodels comprising an East – West cumulative extension of 550 km and a North-South extension
of 400 km. The methodology and workflow for the site selection followed:









A first selection of a common structural scheme (selection of major faults) in the
whole Paris Basin;
volumletric modeling of reservoirs from available data (well logs, depth and
thickness maps..) at basin scale;
petrophysical filling at basin scale:
o from properties maps (porosity, permeability) when available (Buntsandstein,
Keuper);
selection of suitable injection sites considering the geological storage criteria (depth,
salinity) and the properties of reservoir formation (thickness, porosity, permeability);
definition of the boundary conditions of aquifers (stocked, outfalls) to compute the
initial pressure and model the pressure variations during the injection period and
after;
refinement of the model in the suitable injection sites by a review of all available
wells in order to simulate the injection of 200 Mt of CO2 with vertical injectors
perforated on the total height of the reservoir, 7 inches diameter and an
overpressure authorized in the wells of maximum of 50% of the initial pressure;
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Two sites in the Keuper aquifer, one site in the North of Paris and another in the southeast of the
basin, were then selected to deep studies of reservoir simulation (Figure 3-41).
3.5.1.2

Definition of Tiers2 - Site Modeling

A more detailed modeling of these 2 sites resulted in more accurate assessments of the storage
capacity by: refining geological and dynamic modeling, especially in the injection areas, testing
several scenarii for commissioning of CO2 injectors, investigating the behavior of the CO2 with time.
The objective is to optimize the number of injection wells to reach 200Mt of injected CO2 in the
reservoir over 40 years.
Results presented here were reported from the France Nord project. Data and information were
supplied by the France Nord partners. These data were reprocessed in 2010-2012, is scarce in some
area and quite old. Further, the dissolution of CO2 was calculated through an analytical solution as
the numerical simulator was not able to solve thermo-dynamic laws to describe the behavior of the
CO2 though time.
3.5.1.2.1

Keuper Sud

Injection in the site “Keuper Sud” concerns the totality of the Triassic formations in the area. From
base to top, it can be described as follows:

Donnemarie formation : sandstones to conglomeratic sandstones with some silty
layers

Grès intermédiaires formation: shales and sandstones

Chailly-Chaunoy formation: interbedded sandstones and shales.

Chalain formation: continental deposits consisting of a shaly environment with some
unconnected channels (sandstones).

The top of the Trias consisting of the Rhetian marine deposits considered in the
model as the caprock.
Properties of regional model (K, Phi, net thickness, salinity, T, P...) are used as input data; the
structural schema has been completed with secondary faults pattern and complementary well data
were added for a better definition of surfaces and petrophysical properties. Finally, the grid
definition is 1000m x 1000m with 28 stratigraphic layers (to be compared with the regional model
3000m x 3000m x 8 layers
Two different petrophysical models were built from core, logs and production test:





the first one includes porosity, from logs measurements, and permeability calculated using a
Phi/K relationship
the second one includes a petrophysical facies modeling, based on a study done by Engie.
Then, permeability and porosity were modeled for each facies, in order to have a more
representative geographical distribution of the properties.
Kv/Kh is 0.1
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Reduction of the net thickness estimation for all layers. Very heterogeneous reservoir (fluvial
deposits –horizontally and vertically unconnected channels).
Note that modeling water production did not improve significantly the capacity due to the
challenging connectivity of the sandstones.
The total of CO2 injected in the petrophysical model without facies was 140 Mt (P50) during 40 years
using 15 vertical injector wells (Figure 3-43).

Figure 3-43: Total of injected CO2 after 40 years of injection, using 15 wells for model without facies.
Three cas: min (P90), average (P50) and max (P10), which correspond to different porosity/permeability
relationships (France Nord final report).

The CO2 saturation at the end of simulation and 1000 years after injection stopped is shown in
Figure 3-44. The solubility of CO2 was not taken into account during the reservoir simulation. An
analytical solution was applied after reservoir simulation runs.
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Figure 3-44: CO2 saturation at the end of injection at the top and CO2 saturation 1000 years after
injection stopped at the bottom, for the P50 scenario (cas median) without facies. The CO2 dissolution is
taken into account (France Nord final report).

Simulations using the second petrophysical model with facies distribution and same reservoir an
fluid parameter, total injected CO2 up to 54 Mt for 40 years of injection through 15 vertical wells
(P50 or cas median).

Figure 3-45: Total of injected CO2 after 40 years of injection, using 15 wells in the model with facies
distribution. Three cas: min (P90), average (P50) and max (P10), which correspond to different
porosity/permeability relationships.
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3.5.1.2.2

Keuper Nord

The geological model of “Keuper Nord” was updated in the same way as “Keuper Sud”; the grid was
fine-tuned (from 3000 m in the regional model to 300 m) and wells and logs analysis provided new
petrophysical infill in the site area. As for the model “Keuper Sud”, this work induced a significant
reduction of the global Net to Gross ratio with a new estimation of the net-to-gross to 0.3. Two
scenarios were considered for the petrophysical modelling; one is optimist with a net-to-gross of 0.6
and another with a net-to-gross of 0.3. The net-to-gross correlates with the distribution of porosity
and permeabitity.
The evaluation of the storage capacity is 40 Mt with 20 wells. The dissolution of CO2 was not taken
into account. The CO2 gas saturation at the end of injection and at different time-scale after injection
stopped is shown in Figure 3-46.
The “Keuper Nord” zone is a priori of less interest than the “Keuper Sud” because:





Chalain formation is almost absent,
Chalain formation is almost absent,
Donnemarie sandstones are also almost absent,
The only layer of interest in the zone is the Chailly-Chaunoy formation which shows good
permeability (>100mD)

Figure 3-46: CO2 gas saturation in the Keuper Nord model using a net-to-gross of 0.3.
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3.5.2 DHF resources in Paris Basin STRATEGY region (Ile de France around and Centre Val
de Loire Region)
Information on this section was extracted from GeoCapacity Report (20
Hydrocarbon exploration in France started before the II World War. The hydrocarbons are produced
by the two main sedimentary basins: the Paris basin and the Aquitaine basin. The French oil
production peaked in 1989. Few EOR projects were carried out. The most commented example was
the Coulommes field case in 1984, where 2600 t of CO2 were injected with a noted result.
Soixante-quatre gisements pétroliers et gaziers sont aujourd’hui en exploitation. Leur superficie
totale représente environ 4 000 km2, principalement dans le Bassin aquitain et dans le Bassin
parisien. La plupart de ces gisements ont été mis en production depuis 1980. La production est de
0,8 million de tonnes de pétrole et de 0,16 milliard de m3 de gaz en 2015 (Ministère Ecologie, 2020).
The CO2 storage capacity in French oil and gas fields was assessed as part of the GESTCO project. In
GeoCapacity, this assessment has been updated with 69 fields which were added to previously
GESTCO database.
The CO2 storage capacity was assessed by using a thermodynamical model based on the following
steps:
1.Miscibility Test
2.Oil recovery and CO2 storage calculation under miscible conditions
3.CO2 storage without oil production.

The sequence of events considered is first the oil recovery, followed by the CO2 storage stage
without oil production. The choice of this sequence is considered as the easiest and operationally
most logical in case of a CO2 storage operation in an oil reservoir. The total estimated CO2 storage
capacity for the French hydrocarbon fields in the Paris Basin STRATEGY region amounts to 111 Mt
(Figure 3-41).
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3.6 Upper Silesia - Poland
Within the framework a study of possible locations for CO2 storage reservoirs in the Upper Silesian
Coal Basin (USCB) the geological structures for potential CO2 storage (Table 3.9) and hydrogeological
parameters has been analysed. The most adequate conditions are present in deep saline aquifers
(DSA) in the Miocene deposits of the Dębowiec Beds. The most promising area is located to the west
of Bielsko-Biała between Cieszyn and Czechowice-Dziedzice (Figure 3-47). Capacity for CO2 storage in
DSA in this region is estimated 40-60 Mt (0,04-0,06 Gt). The capacity can be increased by about 70%
over the entire range of the Dębowiec layers, but the remaining area is poorly recognized by
boreholes - an increase in potential storage capacity is possible after obtaining promising reservoir
parameters in additional wells. The calculated static, effective CO2 storage capacity for Dębowiec
beds within the area has been estimated at 40-60 Mt, while EUGeoCapacity methodology gives,
assuming the storage efficiency factor of 2%, approximately 14.1 Mt of volumetric capacity and 77.9
Mt of dissolving capacity (total 92.1 Mt).
Because a considerable part of the area is covered by the Nature 2000 protection and landscape
parks (Figure 3-47), some problems may arise for the CO2 storage plans.
Additionally, the region has identified two uneconomic coal beds (UCB) areas that may be suitable
for injecting CO2. Favorable conditions for location of CO2 are present primarily in the centralsouthern part of the USCB (1 and 2 in Figure 3-47). In this area coal seams of the Upper Silesian
Sandstone Series and Mudstone Series, which are located far from active mines at depths exceeding
1250-1300 m, hold most promise for CO2 storage. Preliminary assessment of CO2 storage capacity
was performed in the Pawłowice-Mizerów case study area and Studzienice-Międzyrzecze case study
area. Aggregate storage capacity for those two UCB areas is estimated at about 15 Mt (0,015 Gt).
This relatively small storage capacity along with methane extraction (ECBM) can be exploited by the
local industry.
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Figure 3-47: Location of the most promising regions for CO2 storage in the USCB in Poland. Location of
the selected site in coal beds: (1) Studzienice-Międzyrzecze site, (2) Pawłowice-Mizerów site.
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Table 3.9: Identified areas for potential CO2 storage in the USCB in Poland.
STORAGE
TYPE
Deep Saline
Aquifer
Uneconomic
Coal Bed

Identified
areas T2
(prospective)
CieszynSkoczówCzechowice

Identified areas
T1 (theoretical)

PawłowiceMizerów

Uneconomic
Coal Bed

StudzieniceMiędzyrzecze

Capacity
(Gt)

BSA
(Y/N)

known issues
(e.g. Data, Seal, Injectivity)

0,044

Y

0,008

Y

0,007

Y

none seismic data, Nature 2000
protection, integrity of abandoned
wells, Poro-Perm data from core or
log
none seismic data, low injectivity due
to limited permeability, Poro-Perm
data from core or log
none seismic data, low injectivity due
to limited permeability, Poro-Perm
data from core or log

3.6.1 Deep saline aquifers
In the area of the Upper Silesian Coal Basin (USCB) the Dębowiec beds (lower Miocene sandstones)
were chosen as prospective formation, characterized by better reservoir properties than the
Carboniferous formations.
Selected Skoczów-Czechowice site with a good seal is located outside the active areas of coal mines,
as well as outside the areas of currently planned mines. Possible conflicts of interest relating to the
use of that potential storage site area affect its fragments covered by NATURA 2000 areas, urban
areas or small hydrocarbon fields occurring within it. They affect not a very large part of the area of
Skoczów-Czechowice site and this has been taken into account for the selection of the location of
the injection wells in the case study. Regarding the storage capacity of the site, unfortunately it is
sufficient only for the needs of a single medium size emittant - for example, a small power block or a
small CHP plant.
The coverage of the study area with wells penetrating Miocene and its basement is relatively dense,
but only for a few wells cores were preserved. Virtually in all deep boreholes well logging data are
available, but only for the few the interpretation of lithology and petrophysical parameters was
conducted, because the area was explored rather in order to assess hard coal resources in the Upper
Carboniferous than, for example, to determine the properties of the Miocene caprock. Results of
petrophysical and petrological analyses of core samples were available in the most of the wells.
In the vertical profile of the Dębowiec layers gradation is observed, from the thickest in the bottom
part (boulders, coarse-grained conglomerates) to fine in the roof (fine-grained sandstones) – Figure
3-48. The thickness of the Dębowiec Beds is variable and is usually in the range from 50 to 200-250
m (Figure 3-49). In the case of the sandstone and conglomerate formations of Dębowiec beds the
average effective porosity is only slightly higher than 10% (the minimum for geological storage) and
average permeability of about 40 mD; similar properties are characteristic for Zamarskie beds (of a
small thickness) occurring locally underneath.
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Figure 3-48: Profiles of Dębowiec Beds and Miocene strata basement

Although the object appears to be safe as a potential CO2 storage site, its use would require
additional detailed geological and geophysical field works (new wells, seismic) and evaluation of
storage risks to Morcinek, Bzie and possibly Pniówek collieries. Also it would be important to explore
the wellbore integrity status for all abandoned wells within the range of stored CO2, as well as the
impact of storage on a nearby geothermal aquifer in the area of Jaworze.
After the assessment of coarse and medium grained clastic rock complexes appearing in the
geological profile of the Upper Silesian Coal Basin it follows that the complex of Dębowiec beds is
characterized by the most favorable parameters for CO2 storage. Considering the geological
(reservoir thickness and depth of its occurrence) and hydrogeological parameters, as well as the
current status of geological and hydrogeological exploration and the location of coal mines, it can be
concluded that the area stretching from Cieszyn and Skoczów till Czechowice-Dziedzice is of the
biggest potential (further studies and possible location of storage facilities would be possible in the
southern and eastern parts of the area, on the slopes of the site that is not, however, an anticline,
but rather a trough). This area of occurrence of the aquifer of Dębowiec beds has been subjected to
a detailed analysis on the possibilities of safe CO2 storage. The calculated static, effective CO2
storage capacity for Dębowiec beds within the area has been estimated at 40-60 Mt. Hence the
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storage site can only suffice for the needs of a medium sized CO2 emitting from the region of Upper
Silesia, and is not suitable for the storage of emissions from power plants.
In the area of USCB as a principal reservoir, formation of sandstone Dębowiec beds of the Miocene
(possibly Zamarskie beds and the top part of the Upper Carboniferous) was determined, occurring in
the southern part of the area in question. These sandstones are characterized by the average
reservoir properties and a rather low storage capacity (static/effective - a few tens of million tons).
There are rather no conflicts of interest with exploitation of hydrocarbons, a problem may be the
exclusion of some parts of the region (as a location of injection installations) because of the
presence of NATURA 2000 and other protected areas.

Figure 3-49: Thickness of Dębowiec Beds in the Cieszyn-Skoczów-Czechowice area

The obtained results of the numerical simulations (Petrel and Eclipse software) made it possible to
analyze the changes in parameters characteristic for the geological process of CO2 storage, i.e.,
pressures at the bottom of injection wells, maximum pressure in the rock mass, pressure gradient
with depth and excess pressure in the roof layers of the structure caused by CO2 injection in relation
to the primary pressure in the rock mass.
The optimal variant of the simulation regarding safe CO2 storage in the rock mass, i.e., excluding the
possibility of unsealing overburden rocks and uncontrolled leakage of injected carbon dioxide, is a
variant with a total amount of injected CO2 of approximately 8.54 million Mg during 25 years of
injection (Urych, Smoliński, 2019). The critical limit of the effective sequestration capacity is the
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excess pressure on the structure’s roof, which in this simulation variant constituted approximately
20% of the original pressure on the structure’s roof.
The total amount of injected CO2 assumed in the analyzed simulation variant involves a relatively
small volume of the structure around the injection well. To explore the potential for CO2 storage in
the entire area of the Dębowiec formation, it would be necessary to simulate CO2 injection with
simultaneous use of more injector wells. It seems that the results of numerical simulations using a
larger number of injection wells can be similar to the block method estimated for the static storage
capacity of CO2 in saline aquifers of the Dębowiec formation amounting to approximately 44 million
Mg CO2.
Moreover, simulations of injection of carbon dioxide into the reservoir within the Lower Miocene
sediments (Dębowieckie and locally Zamarski beds) have been conducted with TOUGH2 software
using one or four wells, assuming respectively 0.45 and 0.25 million tons of CO2 per well, in the
period of 25 years. Such (assumptions for) scenarios of CO2 injection resulted from the reservoir
properties of the aquifer, as well as guaranteed the reservoir pressure increase at the top of the
aquifer will not exceed more than a dozen percent, which excludes any threat to the integrity of the
storage complex. In total, the injection of 25 million tons of CO2 was achieved, which is an equivalent
of emissions of a medium size energy installation.

3.6.2 Unmineable coal beds (UCB) and Enhanced coal bed methane (ECBM)
The results of the previous work carried out within the regional studies suggest that the potential
CO2 storage areas are in the central and southern part of the Upper Silesian Coal Basin (USCB). These
are the following two sites, generally located north of the Skoczów-Czechowice site in saline aquifers
(Figure 3-47):



Pawłowice-Mizerów site in central part of the USCB, east of “Pniówek” coal mine,
Studzienice-Międzyrzecze site in central part of the USCB.

The area including these two sites seems to be the most promising for the use of CO2- ECBM
technology. Since the variability of lateral distribution of methane content in coal beds at specific
depth intervals is relatively small and the methane content values comparable for all three sites, the
Pawłowice-Mizerów site has been selected for further analysis in the case study, due to the fact the
methane content in coal beds is the best explored by wells there. The industrial application of CO2ECBM technology may include injection of up to 200 thousand tons of CO2 into a horizontal well (for
a few years - the lifetime of the ECBM project) in order to obtain the production of several dozen
million m3 of methane.
In the regional studies the area of the potential storage site in coal beds Pawłowice-Mizerów, with
the possibility of enhanced coalbed methane recovery, was chosen, wherein as the reservoirs 405
and 510 seams were selected, with a thickness of several meters each, occurring at a depth of 1-2
km (Figure 3-50). The study area is relatively densely covered by wells exploring Carboniferous.
According to the archive data the permeability of coals in this region of USCB is about 1 mD, and
porosity - 3%. On the other hand, new measurements of permeability for selected coal seams gave
permeability of 2-3 mD (horizontal and vertical). The content of methane in coal seams is 2,5-10
m3/ton of pure coal, an average of about 5 m3/t (CBM field of sufficient or good parameters), and
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the coals are characterized by a high content of vitrinite (70-90%). Presumably brine occurring within
the clastic rocks of the Upper Silesian Sandstone series and the Mudstone series, where the coal
seams in question occur, is the fossil water. A static (geological) model of the productive
Carboniferous, based on information from 34 wells, including coal seams and barren rocks (clastic)
has been constructed. The upper seam (405) is covered with an impermeable claystone-mudstone
complex. The constructed static model was the basis for simulation studies (ECLIPSE software), for
selected locations of wells within blocks of the best reservoir properties. A variant of the pilot
injection (like the RECOPOL project, Jura et al., 2007) into the vertical wells - injection of several
hundreds of tons of CO2 for 1 year, the total methane production of about 50 thousand m3, was
adopted, as well as the industrial injection (on a small scale, for a period of 1-5 years), using
horizontal wells, at the Mizerów location. In the latter case, injection of 35 - 203 thousand tons of
CO2, gave the total production of 36 - 62 million m3 of methane, which is about 500 m3 of methane
per 1 ton of CO2 injected, which gives prospects for a cost-effective use of CO2-ECBM in the future.

Figure 3-50: Geological cross-section of the Pawłowice-Mizerów area

Regarding the injection of CO2 into un-mineable coal beds to enhance the recovery of coal bed
methane, the analysis has been restricted to the Upper Silesian Coal Basin (USCB), and more
precisely - its central-southern part. The analysis was used to identify two small areas in the centralsouthern part of the Upper Silesian Coal Basin where the use of CO2- ECBM technology is clearly
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possible in a realistic timeframe. Other coal basins in Poland (Lower Silesian Coal Basin, Lublin Coal
Basin) seem to be inappropriate for CO2 storage due to safety issues or the status of exploration of
CBM resources. Due to the geological structure of the USCB, distance from active coal mines and the
lack of urban areas - in terms of possible conflicts of interest and the safety of storage – for further
studies the central and south area was chosen; where two sites were determined and subjected to a
detailed analysis in terms of geology, the net coalbed thickness, the basic chemical-technological
parameters of coal and methane content. Of these two sites Pawłowice-Mizerów is the best
explored by deep wells. The storage potential for coal beds in the Upper Silesian Coal Basin can be
estimated at 20-100 million tons range. The first value refers to the possible exploration permits
within the USCB - two sites in the central-southern part of the Upper Silesian Coal Basin, with a
storage capacity of 7-8 million tons of CO2 each, where these values relate to the storage in only two
relatively thick coal seams (each of thickness of several meters) located in the entire prospective
area. Preliminary estimate of CO2 storage capacity was made for the site Pawłowice-Mizerów, for
which a detailed structural-parametric static model of coal seams of the Upper Silesian Sandstone
series was developed. The calculated (static, effective) storage capacity for the seams in question
was estimated at 8.3 Mt. Such amount of storage capacity, in connection with the methane
production, can be used by smaller local industrial plants. Scenarios of CO2 injection with coal
methane recovery have been performed, of which the most promising took the injection of 200
thousand tons of CO2, using a horizontal well, to obtain the production of about 60 million m3 of
methane. This does not mean that the dynamic capacity of the storage site of the case study –
Pawłowice-Mizerów is 200 thousand tons, but that to exploit the potential of coal beds drilling of
several dozen of (horizontal) injection holes would be needed there.
With regard to scale of future ECBM projects, it should be anticipated in the development stage that
the injection rates per well will be restricted due to limited permeability. Based on the result of the
RECOPOL field experiment, it is expected that the maximum injection rate in vertical wells in low
permeability coal seams (< 2mD) will be ~ 100 tonnes per day (depending on well completion,
cumulative coal thickness, etc.), or about 30 000 tonnes per well per year. To reach injection
volumes similar to those anticipated for CO2 storage projects in depleted gas fields or aquifers (>1Mt
per well per year), many verticals wells will be required, which has to be taken into account in the
spatial planning of the operation. Technological solutions (e.g. horizontal/multi-lateral wells) may
increase injection rates in ECBM projects. Additionally ECBM seems to be most feasible when it can
be applied in an area with existing, thus commercial, CBM production. In this case, major
investments in wells and infrastructure have already been made.
ECBM would then be applied as a secondary production phase after regular CBM passes its peak gas
production. This has three other major advantages:




the coal reservoir is already dewatered before CO2 injection,
it is depressurized,
and the quality of the gas is not affected by potential mixing with injected CO2 during the
primary production phase.

The disadvantage of this approach is the long time it can take, possibly several years after the start
of CBM production, before CO2 injection starts. A tertiary phase in operations can be envisaged
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during which CBM production ceases while CO2 is still being injected, making this a pure storage
operation in this phase.

3.6.3 Boston Square Analysis

Figure 3-51: BSA Uneconomical Coal Bed Studzienice-Międzyrzecze (PL.SU.001) & Pawłowice-Mizerów
(PL.SU.002)

Figure 3-52: BSA Deep Saline Aquifer: Cieszyn-Skoczów-Czechowice (PL.SU.003)
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Figure 3-53: BSA Deep Saline Aquifer Częstochowa region (PL.SU.004)

3.6.4 Qualitative information to effective costs of storage
3.6.4.1

Deep Saline Aquifer

The most adequate conditions are present in deep saline aquifers (DSA) in the Miocene deposits of
the Dębowiec Beds. The most promising area is located to the west of Bielsko-Biała between Cieszyn
and Czechowice-Dziedzice
Reservoir


the Dębowiec beds (lower Miocene sandstones):
o gradation is observed, from the thickest in the bottom part (boulders, coarsegrained conglomerates) to fine in the roof (fine-grained sandstones)

Caprock:


the Neogene, Skawina formation
o mudstones and claystones with intercalations of sandstones
o good sealing marly formation of mudstones and claystones without faults; wells
penetrating seal
o the Carpathian Overthrust

Simulation studies: https://www.mdpi.com/1996-1073/12/16/3093/htm
Reservoir


Jurassic Częstochowa District (JCD)
o lower Jurassic shallow marine deposits
o limestones & marl upper Jurassic & Cretaceous age
o Storage efficacity Fm. : 1%
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Caprock:


3.6.4.2

conglomerate of mudstones middle & upper Jurassic age mudstones, clays &
claystones and marls
o good sealing marly formation of mudstones and claystones

Uneconomic coal beds (UCB)

Preliminary assessment of CO2 storage capacity was performed in the Pawłowice-Mizerów case
study area and Studzienice-Międzyrzecze case study area. Aggregate storage capacity for those two
UCB areas is estimated at about 15 Mt (0,015 Gt).


simulation with one horizontal well 9 Mt CO2, more wells. 44 Mt (analytical)



wells for coal seams.

3.6.4.3

Critical Parameters

Below are listed some questions helping to assess a theoretical and qualitative injectivity for Upper
Silesia region
Wellbore


In the area, do know if injector or production wells (reaching target Fm.) need a steel screen
(gravel pack operations) for completion? We don’t know if any wells need a steel screen for
completion in this area (probably not). That kind of system of expandable sand screens were
used in horizontal wells in underground gas storage developed in depleted gas field in the
east‐southern part of Poland.



Mud losses or unwanted flow into the well during drilling phases? Mud losses and unwanted
flow into the wells were observed.

Reservoir


What is the depth of the reservoir top? The top of reservoir is mostly at depths of 850‐1300
m
o



Nature of sandstones
o
o



Can an area be delimited to keep the reservoir top at constant deep? The depth of
the reservoir top is highly varied so it’s difficult to delimited a large area with a
constant depth of the top of the reservoir

Consolidate, unconsolidated? Weakly consolidated sandstones
higher horizontal and vertical heterogeneity? Vertical heterogeneity of sandstones is
higher than horizontal.

thickness of reservoir
o

enough thickness to plan a vertical well? Average thickness of 150 m (50‐250 m)
seems to be enough to plan a vertical well.
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For a given thickness, what is the effective thickness, e.g. Net to Gross of the Reservoir
column? Average NTG from 0.6 to 0.9 can be considered as an indication of the part of the
reservoir rock with the most suitable parameters for CO2 storage.

Seal


Considering same seal Fm (Dębowiec Fm.) for both reservoirs; is the Fm. homogenous in the
area, e.g. thickness, lithology, lateral continuity?

The Skawina Formation of the Miocene (Baden) represents the overburden and seal of the Dębowiec
layers. The Skawina Formation is built by the marly mudstones and claystones. Minor sandstone
layers occurring within this series seem to have a lenticular structure (turning into fine‐clastic
sediments) and should rather not affect the overall impermeability of the series. The Skawina
Formation cover the entire area of the region with a layer of variable thickness, reaching 900‐950 m,
and generally within the range of 300‐850 m (please see the map of the seal thickness below).


Is it possible to have an idea about seal permeability? Through analogous sedimentary Fm.?
Do we expect mD, µD or nD as magnitude order? We can expect permeability of seal <0,1
mD (<100 µD) so we can assume µD as magnitude order.

Lateral sealing


If an area is defined, there are faults at what scale?

Based on the current results of geological studies of the analyzed area, no faults were found in the
reservoir (Dębowiec Fm.) or in the seal Fm. (Skawina Formation), the lateral sealing is good
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3.7 West Macedonia – Greece
During the STRATEGY CCUS works, the potential for CO2 storage in the Mesohellenic Trough has
been investigated through desk studies of available data resource and information from past
research. The Mesohellenic Trough (Figure 3-54) contains Pentalofos Formation with Tsarnos and
Kalloni daughter units and Eptachori Formation with its own daughter unit respectively. The
Pentalofos Formation has a porosity range from 10% to 24% with an estimated CO2 storage capacity
of 1.27 Gt, whereas the Eptachori Formation has a porosity from 7% to 18% and estimated CO2
storage capacity of 0.16 Gt. The storage capacity results have been calculated based on the USDOE
methodology and the Formations heterogeneity. Further research is needed to properly characterise
the CO2 storage capacity of the Mesohellenic Trough. Efforts are currently in progress to gain access
in existing seismic and borehole data from the Hellenic Petroleum S.A. the Greek government.

Figure 3-54: Location of the Mesohellenic Trough in the Western Macedonia with nearby CO2 emission
sources and transport options.

3.7.1 Geological setting
The Mesohellenic Trough (MHT) is a piggyback basin of 150 km length and 30 km width. It is partly
located in Northern Greece and partly in Albania and was developed from Middle Eocene to Upper
Miocene. The Grevena area, part of the MHT, is suitable for CO2 storage and comprised by five
molassic-type formations (Error! Reference source not found.-2) presented from top to down
below:
1. Ondria Formation (Early-Middle Miocene epoch), partly eroded, consists of sandstones and
marls and when is present can reach a thickness of about 350 m [1].

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No. 837754
107

2. Tsotyli Formation (Lower-Middle Miocene epoch) with a thickness of about 1500 m to 2000
m [2,3]. The Tsotyli Formation consists of ophiolite-derived conglomerates and it has been
characterised as an effective cap rock [4]. In the southern part of the basin, the Tsotyli
Formation overlies unconformably the Pentalofos Formation.
3. Pentalofos Formation (Upper Oligocene-Lower Miocene epoch) consists of conglomerates,
followed by turbiditic sandstones and shales with a highest 4000 m thickness in the centre
and an average 2500 m thickness [1-3].
4. Eptachori Formation (Uppermost Eocene - Lower Oligocene epoch) consists of
conglomerates and sandstones that are overlain by marine turbiditic shales. Structurally,
they have a thickness of about 1100 m [3] and dipping 60°-70° to the east [5].
5. Krania Formation (Middle-Upper Eocene epoch) is characterised by various facies including
coarse breccias, olistolithic blocks, turbiditic siltstones and fine-grained sandstones [5]. The
formation has an estimated thickness of 1500 m [1-3].

Figure 3-55: Geological Map and stratigraphic column after Ferriere et al., 2004, of the proposed CO2
Storage basins in Grevena area depicting Pentalofos and Eptachori formations, scale 1:1.000.000.
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Figure 3-56 presents four cross sections of the geological map presented in Figure 3-55 depicting the
tectonic structure and thicknesses of the formations described previously.

Figure 3-56 Cross-sections of the Mesohellenic Trough. Lithological formations: Kr: Krania Turbidites, Ep: Eptachori,
Ta: Taliaros, Pf: Pentalofos, Ts: Tsotyli. Main faulted-flexures: Fk: Krania, Fe; Eptachori, Ft: Theopetra-Theotokos
(Ferriere et al., 2004), scale 1:500.000.

3.7.2 Models
3.7.2.1

Tier 1

The CO2 storage capacity was estimated by using the United States Department of Energy – National
Energy Technology Laboratory (US-DOE-NETL) methodology which is based on data availability [6-8].
This method applies to a region when subsurface geologic data are sparse and limited. The volume
of CO2 storage is estimated by using average values for geologic properties such as total formation
area, gross thickness, and total porosity. Equation 1 describes the estimation of CO2 storage
potential.
GCO2 = A × hg × ftot × ρres × Esaline

(1)

Where GCO2 is the CO2 storage potential of a prospect field as a mass (kg), A the total area of
prospect reservoir (km2), hg the gross reservoir thickness (m), ftot the average total porosity (%), ρres
the CO2 density at reservoir storage conditions (kg/m3) and Esaline the storage efficiency factor (%).
The Equation 1 applies for the Eptachori and the Pentalofos formation as follows:
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Eptachori Formation:
GCO2 = A × hg × ftot × ρres × Esaline = 400.27 km2 × 1100 m × 0.12 × 603 kg/m3 × 0.01 = 3.18·1011 kg = 0.32
Gt
Applying a 50% discount factor, due to the formation heterogeneity, and multiplying it by the GCO2
value the final capacity result is 0.16 Gt.
Pentalofo Formation:
GCO2 = A × hg × ftot × ρres × Esaline = 1146.95 km2 × 2500 m × 0.15 × 594 kg/m3 × 0.01 = 2.55·1012 kg =
2.55 Gt
Similarly, applying a 50% discount, the final capacity result for the Pentalofos Formation is 1.27 Gt.
Table 3.10 presents details on the generic simulation. Sandstones in Eptachori have 12%
average porosity, whereas Pentalofos formation has 15% respectively.
Porosity and permeability are determined by provenance, transport and depositional
environment. The pore-system evolution is strongly influenced by lithologic attributes [9].
The lower member of the Pentalofos Formation reached early maturation in Lower Miocene
whereas Eptachori Formation deposits reached late maturation [10]. On page 12 of
Kontopoulos et al. (1999), the diagram shows that the estimated burial depth for Eptachori
Formation is 5 km and 3.5 km for Pentalofos Formation respectively.
Subsequently for the above depths and using the relationships presented in Ehrenberg and
Nadeau (2005), on pages 4 and 5, the corresponding porosity is approximately 12% and 15%
porosity respectively [11].
The CO2 density values were calculated based on pressure and temperature of the
Formations using the Peace software and taking into account the remarks of the bilateral
meetings.
The total area of prospect reservoir (km2) was calculated by Koukouzas et. al, 2019 [12]. With
respect to the Formations heterogeneity, a discount factor is applied since it cannot be
assumed that 100% of the pore volume could be filled with CO2. Thus, the total amount of
capacity is multiplied by 50% and gives the final capacity values.
Table 3.10: Basic information for the proposed CO2 storage areas in the Mesohellenic Trough
Storage
Units

Area
(km2)

Capacity
(Gt)

Eptachori
Formation

400.27

0.16

Average
Porosity
(%)
12

Pentalofos
Formation

1146.95

1.27

15

Boston
Square
Analysis

Cap Rock

Seismic
Data

Area of model

Y

Tsotyli
Formation

Kontopoulos
et al., 1999*

Mesohellenic
Trough
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3.7.2.2

Tier 2

Greece is expected to reach zero emissions by 2030 under the current policies and measures in
place. Capture facilities could be developed right next to the Power Plant Stations. The Ptolemaida V
Power Station, which is under construction, will be CO2 capture ready, with a 30-year expected
lifetime and emitter size 4.5 Mt/yr based on official reports [13]. The distance to the potential CO2
storage sites (Pentalofo, Eptachori) is approximately 125 km.
Potential design routes for the capture, transport and storage of CO2 from power plants are being
considered. CO2 transport is based on lorries, pipelines, shipping or a combination of them. Pipelines
are the dominant mode of transporting CO2 as they can deliver a constant and steady supply of CO2
without the need for temporary storage along a transmission route. Transadriatic pipeline is an
878km-long pipeline under-construction to transport natural gas from the Caspian region to Europe
through Greece, Albania, and Italy. The initial capacity of the pipeline will be 10 billion cubic meters
(bcm) a year, which can be expanded to 20bcm/y in the future. CO2 could be transported via the
Transadriatic pipeline inside and outside of Greece.
Ship transport may be feasible when there is a need for transport over long distances or overseas.
The ports of Alexandroupolis and Thessaloniki have oil and gas terminals with the potential for
future CO2 terminals. The distance to the port of Thessaloniki from the Power Plants complex is 140
km, whereas to the port of Alexandroupolis is 450 km respectively.
The Pentalofos Formation storage unit is subdivided into two daughter units, Tsarnos and
Kalloni. The daughter units consist of turbidite sandstone, shale and conglomerate in the
main basin [3,14]. Its estimated porosity is 15%. The base of the Tsarnos member at 2544 m
is the deepest point CO2 can be stored. The Eptachori formation is consisting also the
daughter unit, dominated by thick conglomerates and sandstones and its estimated porosity
is 12%.
3.7.2.3

Gap Analysis

The planning for the development of CCS technologies is increasing in Greece significantly; however,
there are still major gaps in knowledge of the cost of capture, transport and storage processes. The
results of the CO2 storage capacity should be considered preliminary results due to limited data
availability. One more gap exist with respect to the lack of access to seismic data produced by
Hellenic Petroleum SA. Further research needs to be taken to effectively characterise: (a) Tsotylli
Formation as a cap rock (b) Pentalofo and Eptachori Formations as CO2 storage reservoirs.
3.7.2.4

Feedback

The Project has provided the opportunity to disseminate information to the latest CO2 technology
for storage and capture into contact the public and the industrial sector in the West Macedonia
region. The data entry in the spreadsheets could not cover all requirements as the industry, due to
confidentiality reasons, was not able to share information at this stage. There is constant
communication to overcome these obstacles. Based on discussions with regional stakeholders,
taking into account and the energy transition policy phase, there is a genuine interest of CCS
technologies as a way of job growth and maintenance.
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3.7.2.5

Action

Escalate our efforts to gain full or partial access to seismic and boreholes data from geophysical and
ground investigation conducted in the past from Hellenic Petroleum S.A. and Greek government in
the Mesohellenic Trough.

3.7.3 Boston Square Analysis
The CSLF pyramid (Figure 3-57 at right side) and the Boston Square Analysis (Figure 3-57 at
left side) include the theoretical capacity outcomes, the assessment for data quality and
suitability for attributes.

Figure 3-57: Boston Square Analysis of West Macedonia storage resource: 1.89 Gt (theoretical)

3.7.4 Qualitative information to effective costs of storage
The Mesohellenic Trough (MHT) is a piggyback basin of 200 km length and 30-40 km width from
Middle Eocene to Upper Miocene by five molassic-type formations.
Reservoir




Pentalofos (Tsarnos &Kalloni): Upper Oligocene-Lower Miocene, Deltaic conglomerates,
alluvial scree, sandstones, clays; a highest 4000 m thickness in the centre and an average
2500 m thickness.
o this is the large ones
o Storage Efficiency Factor: 1%
Eptachori: Uppermost Eocene - Lower Oligocene; conglomerates and sandstones that
are overlain by marine turbiditic shales
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o

Storage Efficiency Factor: 1%

Caprock:


Tsotyli Fm. (lowerMiddle Miocene) 1500-2000 m
o ophiolite-derived conglomerates

The reservoir rocks are not drilled. Hellenic Hydrocarbon Resources and Management
(HHRM) can only provide some insights from the seismic (e.g. geometry).
3.7.4.1

Critical Parameters

Below are listed some questions helping to assess a theoretical and qualitative injectivity for West
Macedonia region
None well data is available for the reservoir units, but it was givens some information from seismic
interpretation. The problem is the depth conversion, as it needs a lot of data to calibrate the model.
Wellbore


In the area, do know if injector or production wells (reaching target Fm.) need a steel screen
(gravel pack operations) for completion?



Mud losses or unwanted flow into the well during drilling phases?

Reservoir


What is the depth of the reservoir top?
o



Nature of sandstones
o
o



Consolidate, unconsolidated?
higher horizontal and vertical heterogeneity?

thickness of reservoir
o



Can an area be delimited to keep the reservoir top at constant depth?

enough thickness to plan a vertical well?

For a given thickness, what is the effective thickness, e.g. Net to Gross of the Reservoir
column?

Note AJC: The applied thickness is not the total thickness of the formation, but the available
thickness for storage, so 1 km depth ceiling for supercritical storage and 3 km depth floor for well
cost. Also, the thickness needs to be net over this range not gross, subtracting non-reservoir
intervals. For heterogeneous rocks, the net is typically less than 50% of the section.
Seal


Considering same seal Fm (Tsotyli) for both reservoirs; is the Fm. homogenous in the area,
e.g. thickness, lithology, lateral continuity?
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Is it possible to have an idea about seal permeability? Through analogous sedimentary Fm.?
Do we expect mD, µD or nD as magnitude order?

Lateral sealing


If an area is defined, there are faults at what scale?
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3.8 Galati Romania
The total capacity of Galati area (Figure 3-58) has not been previously estimated, with only five
prospective capacity estimates available for this area, derived from the EUGeoCapacity and CO2StoP
projects and a national research project.

Figure 3-58: Location of Storage Units in Galati Region

The area includes (a) onshore storage from the Focsani Trough, southern Carpathian Basin and
North Dobrogea Promontory (Figure 3-59), and (b) offshore storage from the Histria Depression,
Black Sea Basin (Figure 3-60)
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Figure 3-59: Overview of the Eastern Carpathian bend area and its foreland with the main crustal units,
nappe structures, faults and basins. The Galati area is delineated by a red rectangle. (slightly modified
after Hauser et al., 2007).

Figure 3-60: Location of Histria Depression. Black Sea tectonic map (Dudu et al., 2017)
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Storage prospects include mainly hydrocarbon fields, depleted or producing, onshore and offshore.
The oil fields have a large potential for application of CO2 EOR. Deep saline aquifers could not be
delimited onshore as very little data are available, but a few potential aquifers have been primarily
assessed offshore in Histria Depression, western Black Sea.
Regarding storage capacity, there are two prior estimates from EUGeoCapacity and CO2 StoP for
onshore oil fields: Tepu (5 Mt) and Ghergheasa (50 Mt) within. Offshore, three capacity estimates
have been made for deep saline aquifers, Iris, Lotus, Tomis (6.6 + 4.8 + 5.3 = 17 Mt), as part of a
national research project.

3.8.1 Storage Options
The storage units identified for Galati are presented in Table 3.11 and illustrated in Figure 3-58. All
porosity and permeability data have been taken from Paraschiv (1975), a PhD thesis on the Histria
Depression, Black Sea, or from information provided by oil and gas specialists. No core information is
publicly available.
Table 3.11: Storage options for Galati area
Name

ID

JugureanuOdaieni

RO.SU.015

Oprisenesti

RO.SU.011

Ghergheasa

RO.SU.001

Bordei
Verde Est

RO.SU.012

Plopu

RO.SU.010

Liscoteanca

RO.SU.013

Lebada Est
Lebada
Vest
Iris
Lotus
Tomis
Filiu

RO.SU.019

Tepu

RO.SU.009

RO.SU.020
RO.SU.023
RO.SU.018
RO.SU.017
RO.SU.014

Geological Storage
Unit
Focsani Trough South Carpathian
Basin
Focsani Trough South Carpathian
Basin
Focsani Trough South Carpathian
Basin
Focsani Trough South Carpathian
Basin
Focsani Trough South Carpathian
Basin
Focsani Trough South Carpathian
Basin
Histria Depression
Histria Depression
Histria Depression
Histria Depression
Histria Depression
Focsani Trough South Carpathian
Basin
North Dobrogea
Promontory - South

Hydrocarbons

Storage Type

Oil

Capacity
(Mt)

Issues

BSA

DHF

Data

Y

Oil

DHF

Data

Y

Gas

DHF

Data

Y

Oil

DHF

Data

Y

Oil

DHF

Data

Y

Oil

DHF

Data

Y

Oil
Oil

DHF
DHF

Data
Data

Y
Y

6.6
4.8
5.3

Oil

DSA
DSA
DSA
DHF

Data

Y
Y
Y
N

Oil

DHF

5.0

Data

N

50
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Balta Alba

RO.SU.004

Rosioru

RO.SU.005

Bobocu

RO.SU.003

Boldu

RO.SU.002

Matca

RO.SU.008

Grivita
Nord

RO.SU.007

Cudalbi

RO.SU.006

Sinoe
Pescarus

RO.SU.021
RO.SU.022

Carpathian Basin
Focsani Trough South Carpathian
Basin
Focsani Trough South Carpathian
Basin
Focsani Trough South Carpathian
Basin
Focsani Trough South Carpathian
Basin
North Dobrogea
Promontory - South
Carpathian Basin
North Dobrogea
Promontory - South
Carpathian Basin
North Dobrogea
Promontory
Histria Depression
Histria Depression

Gas

DHF

Data

N

Gas

DHF

Data

N

Gas

DHF

Data

N

Gas

DHF

Data

N

Gas

DHF

Data

N

Oil

DHF

Data

N

Gas

DHF

Data

N

Oil
Oil

DHF
DHF

Data
Data

N
N

Onshore, within Focsani Trough geological basin, eleven hydrocarbon storage possibilities have been
identified: six oil fields (Filiu, Jugureanu-Odăieni, Oprișenești, Bordei Verde Est, Plopu and
Lișcoteanca), and five producing gas fields (Balta Albă, Ghergheasa, Roșioru, Bobocu and Boldu).


Filiu and Jugureanu-Odăieni oil fields have the productive/storage formation in Sarmatian. The
oil is contained in sandy limestone layers with sandy intercalations at approximately 1300 - 1350
m depth.



For Oprișenești, Bordei Verde Est, Plopu and Lișcoteanca oil fields, the productive/ storage
formation is Meotian located at depths of 1370 - 1620 m. Meotian comprises seven productive
complexes and is composed from an alternation of fine sands, oolithic sandstones, fine limy
sandstones and marls.



The gas fields correspond to elliptical anticlines with the productive formation in Pontian, at
depths of 1892 - 2345 m. The Pontian formation comprises seventeen sandy horizons saturated
with gases and marly intercalations. The traps are mainly structural.

Within North Dobrogea Promontory, four storage options have been identified: two oil fields (Tepu
and Grivita Nord) and two gas fields (Matca and Cudalbi). The hydrocarbon fields are located on the
same structural alignment. The productive formation is the Sarmatian, at depths of 1494 - 2269 m.
The traps are structural.
Offshore, the Histria Depression, located in the western part of the Black Sea Basin, presents good
possibilities for CO2 storage and utilization (CO2 EOR). In the northern part, we have identified four
oil fields (Sinoe, Lebada Vest, Lebada Est and Pescarus). The oil is contained mainly in Lower
Cretaceous (Albian) which comprises mainly clastic rocks with a wide dimensional variety and small
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thin intercalations of carbonates. Another oil-bearing formation is Upper Cretaceous (Cenomanian)
comprising non-stratified sandstones and limestones (Lebada Vest) and marls, fine sandstones and
frequent intercalations of medium sandstones and conglomerates (Lebada Est, Pescarus). The seal
formations are represented by shale sequences from Lower and Upper Cretaceous and by Oligocene
formation.
Apart from the oil fields, three deep saline aquifer structures have been identified: Iris, Lotus Tomis.
The only potential CO2 geological storage reservoir that can be correlated on the three structures is
the Albian reservoir represented by grey sandstones with limestone cement on the depth interval
2700 - 2844 m in Tomis, quartz sandstones with limestone cement developed on the interval 1821 1835 m in Lotus and quartz sandstones with limestone cement on the interval 2600 – 2615 m in Iris.

3.8.2 EOR - DHF
For the assessment of CO2-EOR possibilities, several structures have been selected, based on the
status of production (enhanced oil recovery implementation or at least intent), oil recovery factor
and data availability (Table 3.12)
Table 3.12: EOR possibilities in Galati area
Name

Type

Size
(km2)

Plopu
Oprisenesti
Bordei Verde Est
Liscoteanca
Jugureanu Odaieni
Lebada Est
Lebada Vest

EOR
EOR
EOR
EOR
EOR

2.93
10.7
11.25
8.09
28.29

EOR
EOR

5.32
6.9

Recove
ry
factor
43
43
38
45
33

Discov
ery
(year)
1967
1964
1968
1971
1962

Expected
life (years)
10
10
10
10
10

Distance
to cluster
(km)
40
39
43
50
38

1980
1984

Name of the
cluster
Galati-Braila
Galati-Braila
Galati-Braila
Galati-Braila
Galati-Braila

Size of the
cluster
(Mt)
4.246535
4.246535
4.246535
4.246535
4.246535

10
10

116
120

Tulcea
Tulcea

0.270311
0.270311

3.8.3 Qualitative information to effective costs of storage
3.8.3.1

Deep Hydrocarbon Fields/ EOR

All porosity and permeability data have been taken from Paraschiv (1975), a book describing all the
onshore hydrocarbon fields in Romania and from articles and PhD thesis on the Histria Depression,
Black Sea. The area includes (a) onshore storage from the Focsani Trough, southern Carpathian Basin
and North Dobrogea Promontory (Figure 1), and (b) offshore storage from the Histria Depression,
Black Sea Basin.
a) Onshore: 15 DHF – Miocene Sandstones
 8 oil reservoirs: 0.1 Gt
o Sarmatian Fm. (2 Abandoned fields) and Meotian Fm. (producing)
o EOR possibility: 5 prospects
 7 Gas Reservoir (producing): 1.5 Gt
o Pontian Fm. and Sarmatian Fm.
b) Offshore: 4 DHF – Cretaceous
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3.8.3.2

Oil/Gas Reservoir: 0.1Gt
Albian Fm.: quartz sandstones with limestone cement
Producing fields;
2 EOR possibilities: Lebada Unit (Upper Cretaceous)
o non-stratified sandstones and limestones (Lebada Vest) and marls, fine
sandstones and frequent intercalations of medium sandstones and
conglomerates

Deep Saline Aquifers – Offshore

Reservoir




Albian Fm:
o 3 structures: Iris (23); Lotus (18); Tomis (17)
o clastic rocks with thin intercalations of carbonates
o Deep: 1821m (Tomis); 2700m (Lotus); 2600m (Iris)
o Thickness: 30m (Tomis); 250m (Lotus); 100m (Iris)
Eocene FmȘ
o Venus (16)
o detritical facies at the bottom, carbonates on the upper part

Caprock:


3.8.3.3

Upper Cretaceous: shale
o Thickness: 100m

Critical Parameters

Wellbore


In the area, do know if injector or production wells (reaching target Fm.) need a steel screen
(gravel pack operations) for completion?
o



Mud losses or unwanted flow into the well during drilling phases?
o



Do not know.
We do not have the well reports. These are confidential.

Nature of sandstones
o
o

Consolidate, unconsolidated?
 consolidated
higher horizontal and vertical heterogeneity?
 Not sure

Seal


is the caprock homogenous in the area, e.g. thickness, lithology, lateral continuity?
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o



For Histria Depression, we know that the Oligocene formation is a very good seal,
continuous and homogenous. For the onshore part, the caprock should be further
assessed in terms of lateral continuity.

Is it possible to have an idea about seal permeability? Through analogous sedimentary Fm.?
Do we expect mD, µD or nD as magnitude order?
o

We do not have information about seal permeability.

Lateral sealing


If an area is defined, there are faults at what scale?
o



Faults are present. Not sure.

Could stratigraphic seal be considered?
o

Yes. The hydrocarbon traps (especially for onshore structures) for example are a
combination of structural and stratigraphic.
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4 Conclusion
Storage resources of STRATEGY CCUS regions represent different geological setting onshore and
offshore. The level of confidence for the CO2 storage capacity estimation is linked to available data
where:





DSA prospects are in general well described using public data and references, although their
low level of maturity
DHF prospects are classified as Tiers2, although BSA is not available for some areas or is
missing information. Data for DHF are usually confidential.
UCB prospects are present only in Upper Silesia (PL), are well studied and described,
classified as Tiers2 with the possibility to Enhanced coal bed methane (ECBM)
The SEF reflects the level of confidence of storage resources. This coefficient has great
impact on storage resources estimate. A conservative approach using a SEF of 2% was
applied in regions with low confidence on storage resources classification.

Tier 1
Offshore units in Lusitanian Basin (PT) and West Macedonia (GR) are classified as Tiers 1. Units of
Lusitanian Basin have more confidence in the storage description than West Macedonia. None well
was drilled in West Macedonia.
Although total capacity of these resources is high, this estimation should be considered as long-term
capacity. To reach the storage potential of these resources, many wells might be needed, or the
extraction of brine, or more time for development is required due the necessity of using a reduced
injection rate.
Tiers 2
Units classified as Tiers2 have different level of confidence, as reflected in their BSA analysis. Tiers 2
estimations are more reliable than Tiers1, however great uncertainties exist in these numbers. Note
that:






Capacities in carbonated rocks (Rhone Valley, Ebro Basin and Galati) could be
underestimated. Diagenesis could affect these rocks and create secondary porosity and
permeability. In fractured and karstified systems the available volume for CO2 storage could
be higher than estimates.
Paris Basin and Upper Silesia are the only estimations for DSA based on reservoir modelling.
Capacity of these prospects took into account the reservoir pressuring and the numbers of
wells for development of the resources.
EOR operation were considered in some DHF of the North of Croatia region. These fields are
currently in their final phase of hydrocarbon exploitation.

Qualitative information for effective costs
Some regions have provided useful information from reservoir, caprock and drilled wellbore in their
regions.
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Mud losses reported could indicate the presence of inherent natural fractures in the
formation; or high permeability sandstones;
unconsolidated rocks need more complex well completion, which could drastically increase
the cost of wells;
very low permeability of caprock (nD of magnitude, i.e < 10-9 mD) could pressurise the
reservoir quickly. The build-up pressure during injection could be important with the
necessity to extract water, reduce injection rate, or add other wells in the field;
high heterogeneous reservoir Fm. might present a reduced net-thickness which will impact
the interval of casing perforation for the injection operation.
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