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Summary
This report D 6.3.1302 "A first estimation of storage potential for selected aquifer cases (D25)" was in
the beginning named “Estimation of improved capacity and quantification of capacity and sealing
properties (D25)”.
The aim with this report is to present updated estimates on storage potential for some selected
aquifers in the Nordic countries. The storage aquifers are selected on specified criteria as defined in
the memo by Bergmo (Bergmo 2014).
From Norway modelling and simulation of the Gassum Formation in the Skagerrak area and the Garn
Formation at the Trøndelag Platform, offshore Mid‐Norway has been carried out.
From Denmark the geological model building of the Vedsted structure in northeast Denmark and the
Hanstholm structure, offshore Denmark is reported.
From Sweden the Faludden sandstone located in the south‐east Baltic Sea is described, together with
the Arnager Greensand located offshore Skåne in Sweden and finally the Höganäs‐Rya sequence, also
deposited in the same area, close to Danish border.
Preliminary capacity estimates are carried out for all the selected sites, but modelling has only been
performed for the two Norwegian sites.
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1. Introduction
This report D 6.3.1302 "A first estimation of storage potential for selected aquifer cases (D25)" was
originally named “Estimation of improved capacity and quantification of capacity and sealing properties
(D25)”.
The aim with this report is to present updated estimates on the storage potential for some selected aquifers
in the Nordic countries. The storage aquifers are selected on specified criteria as defined in the memo by
Bergmo (Bergmo 2014) and the ranking carried out in report D 6.2.1301 (Screening and ranking of aquifer
formations, storage units and traps).

2. Overview of the first selected sites in Norway, Sweden and Denmark
Here is an overview of possible storage candidates for Norway, Denmark and Sweden.
2.1 Norway
Several units are potentially well suited for CO2 storage in the North Sea (Halland 2012), Norwegian Sea
(Bøe et al. 2005, Lundin et al. 2005, Halland et al. 2013a) and in the Barents Sea (Halland et al. 2013b).
During the last years SINTEF PR has been carrying out reservoir modelling in several areas:
 For the Gassum Formation, in the Norwegian and partly also Danish part of Skagerrak (Bergmo et
al. 2013, Bergmo et al. in press).
 The Johansen Formation, east of Troll, is a potential storage site that has been investigated by
several (e.g. Eigestad et al. 2009).
 Utsira Formation (e.g. Zweigel et al. 2004)
 For the Garn Formation at the Trøndelag Platform, offshore Mid-Norway SINTEF PR has carried
out migration modelling using SEMI (Rinna et al. 2013, Grøver et al. 2013).
Another possible site could be the
 Skade and Utsira Fm together, this is mapped by NPD as a very promising storage formation (Table
2-1). However, at present we do not have access to this data in the Nordic project.
It was agreed, based on data availability, scanning of sites and ranking to start with simulations of the
Gassum Formation, Skagerrrak area and the Trøndelag Platform area, offshore Mid-Norway. The results
are presented in the Chapter 3 and 4, respectively.
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Table 2-1

Overview of possible aquifers in Norwegian Part of the North Sea. From NPD
Storage Atlas.

Evaluated Aquifers

Avg
depth Bulk volume
3

m

Pore
volume

Open/
Avg K Closed

Storage
eff
Density

mD

%

3

m

Storage
capacity

3

m

Utsira Formation and
Skade

1000

2.49E+12

5.26E+11 >1000 Half Open

Bryne/Sandnes
Formations

1700

5.04E+12

4.41E+11

Sognefjord Delta East 1750
Statfjord Formation
East
2400

5.54E+11

Gassum Formation

t/Rm

Gtons

4

0.75

15.77

150 Half Open

4.5

0.69

13.6

1.08E+11

300 Half Open

5.5

0.69

4.09

1.13E+12

1.21E+11

200 Half Open

4.5

0.66

3.59

1700

6.53E+11

7.61E+10

450 Half Open

5.5

0.68

2.85

Farsund Basin
Johansen and Cook
Fm.

2000

8.55E+11

8.21E+10

150 Half Open

4

0.7

2.3

1700

N/A

9.14E+10

300 Faults

3

0.65

1.78

Fiskebank Formation
Stord Basin, Jurassic
model
Hugin East

1600

1.00E+11

2.50E+10

1000 Half Open

5.5

0.7

0.96

1450
1700

2.70E+11
1.93E+10

1.62E+10
2.42E+09

5-20 Half Open
500 Half Open

0.8
5.5

0.71
0.7

0.1
0.09

2.2 Sweden
In Sweden eight potential storage units and one trap have been identified (Mortensen 2014, Anthonsen et
al. 2013, Erlström et al. 2011, Erlström & Sivhed 2012). According to a ranking procedure in the frame of
NORDICCS (Bergmo 2014) the three most promising sites were selected and are represented as follows
(Table 2-1):




The Faludden sandstone in the south-east Baltic Sea
The Arnager Greensand Formation in the south-west Scania
The Höganäs-Rya sequence (equiv. Gassum Fm.) in the south-west Scania
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Table 2-2

Overview of potential storage sites in Sweden, ranked according to NORDICCS
(Bergmo 2014)
Storage unit (u)

Reservoir properties

Seal properties

Safety/

or trap (t)

Seismic
surveys
Well data

Groundwater

Seismicity

Lithology

Multiple seals

Lateral extend

Fault intensity

Thickness

Thickness/

Net sand
Pore pressure

Score

Heterogeneity

in Mt

Total

Permeability
(gas)
Porosity

Storage
capacity

Depth

Name

risk

Maturity
/data
coverage

Faludden (u)

745

40

3

2

3

3

2

2

3

3

3

3

2

3

3

3

2

Arnager
Greensand (u)

521

39

3

3

3

3

3

2

3

2

3

2

2

3

2

3

2

Höganäs-Rya (u)

543

39

3

3

3

3

3

2

3

2

3

3

2

3

2

3

1

L.Cretaceous
sands, unit A (u)

330

39

3

3

3

3

3

2

3

2

3

3

2

3

2

3

1

Dalders structure
(t)

22

38

3

2

2

3

2

2

3

3

3

3

2

3

3

3

1

När (u)

426

37

3

2

2

3

3

2

3

3

1

3

2

3

3

3

1

Bunter Sandstone
(u)

165

37

3

2

2

3

3

2

3

2

3

3

2

3

2

3

1

Viklau (u)

553

36

3

1

2

3

3

2

3

3

1

3

2

3

3

3

1

L.Cretaceous
sands, unit B (u)

115

36

3

3

3

3

3

3

3

2

3

3

2

2

1

3

1

2.3 Denmark
As summed up in NORDICCS report D 6.2.1201, several CO2 screening and exploration programs have
evaluated the Danish CO2 storage potential, since 1993. Table 2-3 summarises the storage capacity
calculated in the respective exploration programmes through the years.
Table 2-3

Overview of all Danish storage sites evaluated in exploration programs.

Storage sites

Project

Bunter Sandstone Formation

Joule II

Capacity
2900 Mt

Remarks
Storage efficiency factor 6%
Storage in traps

Tønder Formation

Joule II

977 Mt

Storage efficiency factor 6%
Storage in traps

Gassum Formatiom

Joule II

1195 Mt

Storage efficiency factor 6%
Storage in traps

Haldager Formation

Joule II

325 Mt

Storage efficiency factor 6%
Storage in traps

Frederikshavn Formation

Joule II

199 Mt

Storage efficiency factor 6%
Storage in traps
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Gassum Structure

GESTCO

242 Mt

Storage efficiency factor 40%

Hanstholm Structure

GESTCO

2752 Mt

Storage efficiency factor 40%

Havnsø Structure

Dynamis

Max. 3107 Mt

Skagerrak
Project

Min.

GESTCO
CO2STORE

Horsens Structure

250 Mt
923 Mt

Min. 1028 Mt

GESTCO

490 Mt

Storage efficiency factor 40%
Reservoir information from
Stenlille natural gas storage.
Storage efficiency factor 40%
The structure has later been
reinterpreted as three minor
structures.

Pårup Structure

GESTCO

90 Mt

Storage efficiency factor 40%

Rødby Structure

GESTCO

151 Mt

Storage efficiency factor 40%

Stenlille Structure

GESTCO

62 Mt

Storage efficiency factor 40%
Presently natural gas storage.

Thisted Structure

GESTCO

11187 Mt

Storage efficiency factor 40%

Tønder Structure

GESTCO

93 Mt

Storage efficiency factor 40%

Vedsted Structure

GESTCO

161 Mt

Storage efficiency factor 40%

Vedsted
Demoproject

100 Mt

Initial reservoir modelling result.

Voldum Structure

GESTCO

288 Mt

Storage efficiency factor 40%

Røsnæs Structure

CO2STORE

227 Mt

Storage efficiency factor 40%

Skagerrak Area 2

Skagerrak

250 Mt

Gently dipping open aquifer

SNS 1,2,3

Screening
2013

Capacity not yet calculated

WBS 1,2 3, 4, 5, 6, 7, 8 and 9

Screening
2013

Capacity not yet calculated

Oil & Gas fields

Joule II

590 Mt

Data from 16 fields

GESTCO

628 Mt

Data from 11 fields

GeoCapacity

810 Mt

Data from 17 fields

No public data.

Min.
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3. Simulations for the Gassum Formation, Skagerrak area
The Upper Triassic Gassum Formation is deposited in the whole Skagerrak-Kattegat area (Figure 3-1).
Three reservoir models have been built and the results from the simulations will be presented and discussed.
The work presented here for this formation is carried out built on data and earlier work from a Climit
programme (Project number 194492), sponsored by Gassnova and industry. It has been updated and
published in Bergmo et al. (2011), in addition as Nordiccs deliverable D 6.3.1203.

Figure 3-1 Overview map for the top Gassum Formation surface in the Skagerrak area. The
modelled areas are marked as Model 1, Model 2 and the southern Hanstholm area.
Colour scale in meters.
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Figure 3-2

Lithostratigraphic column from the Norwegian-Danish Basin (Nielsen 2003).

3.1 Background
The Skagerrak-Kattegat area between Denmark, Sweden and Norway has no previous record of oil
exploration or other activities which could have resulted in extensive mapping of the sub-surface. The data
coverage is therefore scarce compared to regions in the North Sea and the density of data is decreasing as
one moves eastward in Skagerrak. An initial screening of possible CO2 storage sites in the region has been
performed based on published work, new interpretations of seismic lines and interpretation of available well
logs.
The screening has revealed large open/semi-closed dipping aquifers in the Upper Triassic Gassum (Fawad et
al. 2011), which is evaluated for CO2 storage. This work presents reservoir simulations of CO2 injection into
10
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the Gassum in the area north and north-east of the Fjerritslev Trough. In addition a model of the
Hanstholm structure, offshore Denmark has been constructed on which initial simulations have been
performed for estimating storage capacity.
The Gassum Formation is overlain by thick marine mudstones of the Fjerritslev Formation, which is
characterized by large lateral continuity, forming a highly competent cap rock unit probably making the
Gassum Formation one of the most promising reservoirs for CO2 storage in the study area. Here we only
present results from simulations of CO2 injection into the Gassum Formation and it is assumed that the
Fjerritslev Formation is sealing.
3.2 Model set up
Three locations in the Skagerrak region have been investigated for CO2 injection in this study (Figure 3-1).
Two open dipping aquifer models in the Gassum Formation (Model 1, Model 2) with homogenous net
thickness were made. In addition a model of the Hanstholm structure just south of Model 1 has been
constructed on which initial simulations were performed for estimating storage capacity.
Location of Model 1 and Model 2 was decided based on the concept of storing CO2 in an open dipping trap.
The injection points should therefore be located down flank of a gentle dipping formation. The main short
term mechanism for trapping CO2 is assumed to be capillary trapping of CO2 as residual phase. In addition,
the long migration distance of the injected CO2 will enhance the dissolution of CO2 into the formation
water. The Hanstholm structure is assumed to be a closed structure and was chosen for its size. The main
short term trapping mechanism is assumed to be capillary trapping by the assumed sealing cap rock.
Reservoir properties are based on petrophysical logs from 12 Danish wells (including 6 offshore wells). No
wells penetrate the model areas and average properties of the wells have been used. No thickness maps of
formations were available when the reservoir models were built and a constant effective thickness was
assumed. The model thicknesses are equal to the average net thickness in the well logs (not weighted) giving
50 meter thickness for Gassum Formation. Average effective porosity from the well logs is 23 %, but a
linear correlation to depth was applied based on average porosity and depth points in the wells. The range of
porosity in the two models is between 21 % and 29 %. Permeability was correlated to porosity by a
relationship developed by GEUS for this study based on their regional database. Permeability varies between
200 and 650 mD. Average net permeability from wells is 210 mD.
The open dipping trap models (Model 1 and Model 2) cover a large depth range and hence one can expect a
relatively large variation in temperature and salinity of the formation water. A salinity gradient of 75.6 ppm
NaCl per meter and a temperature gradient of 31 °C/m were assumed based on regional models and well
data. In order to model the effect of this on density and viscosity of the formation water and solubility of
the injected CO2, 6 pVT regions (having constant temperature and salinity) were generated for Model 1 and
Model 2.
Viscosity and density of the formation water was calculated for each region based on Spivey et al. (2004) and
Kestin et al. (1978). The solubility of CO2 in brine is calculated from a correlation by Spycher et al. 2005.
The density of CO2 is based on an equation of state for CO2 developed by Span and Wagner (1996). The
viscosity of CO2 was calculated from a correlation by Fenghour et al. (1998).
Due to the relatively large grid block sizes linear relative permeability curves for brine and CO2 phases were
used. Residual CO2 was set to 20 % and residual brine was set to 7 %. Measurement on cores from the
Utsira Sand at the Sleipner CO2 injection site (unconsolidated sand stone) indicates residual CO2 saturation
of 25% (Akervoll et al. 2008). Assuming 20 % might be on the low side (i.e. will underestimate trapped CO2)
but no measurements were available for the Gassum sandstone.
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Initial hydrostatic conditions were assumed, with open/semi-closed boundaries up-dip towards north
(Model 1) and northwest (Model 2). The open boundaries to the north were modelled by production wells
producing at constant pressure giving amount of CO2 migrating out of the model as produced CO2.
3.3 Results
In all three models, a total of 250 million tonnes of CO2 is injected down-flank using three horizontal
injection wells over a period of 25 years. Total simulated time is 4000 years.
3.3.1 Model 1 and Model 2
Injection took place by 3 horizontal injection wells perforated in the bottom layer with distance between the
injection wells of 8 – 10 km. The wells have perforation intervals of 800-1000 meters. Injection depth was
approximately 2410 m (Model 1) and 1708 m (Model 2). The well injection rate was 3.33 Mt/year =
4.88·106 Sm3/day/well giving a total of 10 Mt/year.
The results of the simulations on the open dipping traps are shown in Figure 3-3 and Figure 3-4 as
distribution of CO2 saturation. For Model 1, CO2 reaches the northern border after 400 years, and after
4000 years 7.5 % has escaped. The rest is capillary trapped (~74.5%) or dissolved (~18%). Figure 3-3 shows
CO2 saturation in Model 1 after 25 years (stop of injection), after 400 years and after 4000 years when the
first CO2 has reached the open boundary to the North. The open boundary is modelled with constant
hydrostatic pressure. Figure 3-4 shows the plume development for Model 2 first after 25 years, secondly
after 4000 years. We see that the plume has not spread much, and has not reach the boundaries to the
model.

Figure 3-3

Plume development, shown as CO2 saturation, for Model 1 after 25, 400, and 4000
years after injection stop. The model is approximately 40 x 50 km.
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Figure 3-4

Plume development, shown as CO2 saturation, for Model 2 after 25 year (figure left)
and 4000 years (figure right) after injection stop. The model is approximately 50 x 100
km.

3.3.2 Hanstholm study area
The results of simulation of CO2 injection in the Hanstholm structure is shown in Figure 3-5. Three
horizontal injection wells were located down flank on the western and north-western side of the structure.
The injected CO2 migrates towards the top of the structure and 12.5% is dissolved into the formation water
after 4000 years. Figure 3-5 shows CO2 distribution after 25, 400 and 4000 years.

Figure 3-5

Distribution of injected CO2 in the Hanstholm structure after 25, 400, and 4000 years
(from left to right). The model is approximately 34 by 42 km.

3.4 Discussion
The injectivity is mainly a function of the permeability in the regions close to the injection wells. If the
injectivity is low the bottom hole pressure (BHP) of the injection well will be high since a higher pressure is
13
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needed to push the injection phase at a given rate into the reservoir. Typical parameters affecting
permeability for sand stone reservoirs are burial history and depth (diagenesis), shale content and porosity. A
general observation is that the injectivity reduces with increasing depth and increasing shale content.
The increase in BHP for the three horizontal injection wells for Model 1 and Model 2 is around 90 bar in
both cases. A safe pressure with respect to fracturing of the cap rock is assumed to be around 75 % of the
lithostatic pressure but a detailed characterisation of the overburden is needed to estimate this. Estimating a
safe pressure increase has not been performed at this stage but the difference between hydrostatic and
lithostatic pressure increase with depth enabling a higher safe pressure increase with depth. A first estimate
of safe pressure below the cap rock can be calculated by assuming an average density of the overlying
formations. An estimate for Model 1 and Model 2 gives safe pressure increases of approximately 108 and 76
bars respectively if assumed sea depth is 100 meter and overburden density is 2000 kg/m3. No maps of sea
depth in the injection areas were available but increasing sea depth to 400 meter gives corresponding safe
pressure increases of 86 and 54 bars.
If the pressure increase is too high several options exists to reduce it. Increase number of injection wells,
produce formation water (will need production wells). The present simulations indicate that the open
dipping traps in the Gassum Formation can permanently store 250 Mt CO2 by residual trapping. More
detailed mapping of reservoir and overburden is required for better estimate of safe pressure, required
number of injection (and production) wells and better estimates of CO2 migration in the trap.
The bottom hole pressure increase in the Hanstholm structure when using 3 horizontal injection wells are
approximately 140 bar. This is too high although the pressure increase below the cap rock (some distance
away from the well perforations) will be lower. The option of increasing the number of injection wells
and/or introduce water production wells down flank should therefore be considered. As for the other
models a more detailed characterization of the cap rock and overburden is required to determine the safe
pressure increase. The structure is however large enough to contain 250 Mt CO2 assuming the cap rock is
sealing.
3.4.1 Parameter sensitivities
In the open dipping traps of Model 1 and Model 2 the lateral migration speed of CO2 is important for
estimating capacity and safety of the storage site. A series of simulations on a synthetic tilted model were
performed to investigate migration speed and dissolution rate as function of grid block resolution and
capillary pressure. The synthetic model is 1500 by 10 000 meters and has a thickness of 50 m. The tilt of the
model is 2° and the top of the model is at 1000 meter depth (shallow part). Porosity and horizontal
permeability is 22.5 % and 210 mD respectively. Vertical to horizontal permeability ratio is 0.1 and the
injection is down flank in one vertical well perforating the bottom layers. Injection rate was 100 000 tonnes
of CO2 per year for three years, total pore volume of the model is around1.7 x 106 m3. Grid resolution and
capillary pressure were varied in the sensitivity simulations.
Capillary pressure will affect the migration speed and thickness of the CO2 front. No capillary pressure
measurements were available and capillary pressure measured on Utsira sand was used as basis for sensitivity
simulations. The Utsira capillary entrance pressure (no gas saturation) equals to 0.01 bars. Simulations were
performed with varying capillary pressure by multiplying the measured capillary pressure curve by factors 2,
4, 8, 16, and 32. It is assumed that the capillary pressure in Gassum will be higher than the capillary pressure
in Utsira due to the reservoir's grain-size, sorting and assumed cementation (smaller pore throats).
The effect of increasing the capillary pressure on CO2 distribution is shown in Figure 3-6a for the model
with a grid block size of 100 by 100 meters and layer thickness below the top equal to 0.5 meter. It can be
seen that an increase in the capillary entry pressure will reduce the total migration distance of the injected
CO2. This is because the migrating CO2 has to overcome the capillary entry pressure before it can flow into
a neighbouring grid block. Thickness of the migrating CO2 front will thus be larger if the grid layering is fine
enough to capture this. Capillary effects are a pore scale phenomenon and since large scale models have to
14
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be coarsely gridded the effect of the capillary pressure is scaled into the grid block size and the critical gas
saturation (i.e. the minimum gas saturation necessary for the gas to be mobile). No simulation tests have
been performed on how the distribution of CO2 will depend on critical and residual gas saturation.
The injected CO2 will due to buoyancy forces migrate along the top of the model. The thickness of the
migrating front will in the simulations depend on grid layer thickness and critical gas saturation. These
should be balanced to represent the effect of capillary pressure. However, both of these parameters are
unknown. Figure 3-6b displays the effect of refining the layers below the top of the model from 5 to 0.5
meter layer thickness. Increasing the layer thickness will reduce the plume length. This is due to increased
thickness of the front (one layer in the grid) and because the increased size of the grid blocks will require a
larger volume of CO2 in each grid block to overcome the critical gas saturation. This will slow down the
speed of the migrating front. No sensitivity on the gas distribution by refining the areal grid block size has
been investigated. Having smaller grid blocks will reduce the gas volume required to overcome the critical
gas saturation but this effect will be minor if the coarsest grid resolution is sufficient to resolve the shape of
the migrating CO2.
Dissolution of CO2 into the formation water is a function of the contact area between the CO2 phase and
under-saturated formation water. In practice this will depend on how large volume CO2 has swept because
almost all the dissolved CO2 is present in the residual non-mobile water. An increase in migration distance
will result in an increase in dissolved CO2.
Simulations with refined layer thickness below the top were performed for Model 2. Base case simulations
which had 5 meter layer thickness would correspond to a very high capillary entry pressure. Results of
refining the layers at the top to 1 and 2 meters are shown in Figure 3-7. The migration distance for the
refined models is increased, but the injected CO2 is still within the boundaries of the model. Similar increase
in migration distance should be expected for Model 1 with the consequence that more CO2 migrates out of
the boundaries of the model.

Figure 3-6

(a) Effect of capillary pressure on migration distance. Capillary entrance pressure in
the different simulations was (from left to right): 0 (no capillary pressure), 0.01, 0.02,
0.04, 0.08, 0.16 and 0.32 bar. (b) Plots show CO2 distribution after migration has
stopped. The layer thickness has been varied (from left to right): 0.5 m, 0.75 m, 1 m, 2
m, 5 m layer thickness.
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Figure 3-7

Distribution of injected CO2 after 4000 years for the base case model with uniform
layer thickness of 5 m in the whole model (left) and for refined layer thickness below
the top equal to 2 m (middle) and 1 m (right).

3.5 An updated Model 2 with facies distribution and faults
Simulations using an updated reservoir model where facies distribution from Nielsen (2003) is included
have been performed (Figure 3-8). The new interpretation is built on facies and porosity logs from
Børglum-1 and J-1x wells. The major faults are included from seismic.
The NE-SW elongation of the facies bodies are derived from the interpretation of the depositional
environment as mainly fluvial to estuarine, with trends perpendicular to the assumed NW-SE trending
coastline.
No capillary pressure in the saturation functions is used. The capillary effect is scaled into relative
permeability end points and grid resolution. The relative permeability end-points are for irreducible water
saturation Swir = 0.07 and critical gas saturation Sgc = 0.2. A linear relative permeability functions is used and
no hysteresis is included.
The injection rate was set to 10 Mt CO2 per year for 25, 50 and 100 years. Three horizontal injection wells
and three horizontal production wells are used in the simulations (Figure 3-9). Open boundary conditions
were set to the North.
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Figure 3-8

The figure shows facies model for the North-Eastern Gassum Formation. The main
facies are sand, silt and shales.

Figure 3-9

The figure shows estimated permeability distribution for the Gassum Formation in
study area model 1, with model updates. The well positions are marked.

3.6 Results of simulations using new facies model and faults
For model 2, an updated reservoir model was made, based on facies heterogeneities and with faults
included. Simulations were carried out on this model with injection of 10 Mt CO2 per year for 25, 50 and
100 years (250, 500 and 1000 Mt). The simulation results show little spread in the injected gas during
injection (see Figure 3-10). Figure 3-11 shows the same amount of injected CO2 after 4000 years. Actually,
we see the same evolving distribution patterns for 250, 500 and 1000 Mt CO2, but naturally larger areas with
highly saturated CO2 is seen with the largest amount of CO2 injected and some CO2 has migrated towards
the eastern part for the case with 1000 Mt injected. After 6000 years (Figure 3-12) 3 Mt (e.g. 3 ‰) has
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migrated out of the model through the open boundary in the case when 1000 Mt CO2 is injected. The other
two cases show no CO2 migration out of the model.
If one compares modelling results for the homogenous model and the heterogenous model for study area 2,
with 500 Mt CO2 injection after 4000 years, one can observe approximately the same migration pattern for
both runs. The difference is that the heterogeneous facies distribution seems to favour slower migration
and more CO2 dissolved and capillary trapped in the deeper part of the formation (see Figure 3-13).

Figure 3-10

The maps shows the initial distribution of CO2 after the injection period, for 250 Mt,
500 Mt and 1000 Mt CO2 injected. The injection rate is 10 Mt CO2 per year. The colour
scale shows gas saturation where 1 is fully saturated.

Figure 3-11

The maps shows distribution of CO2 after 4000 years, for 250 Mt, 500 Mt and 1000 Mt
CO2 injected. The injection rate is 10 Mt CO2 per year. The colour scale shows gas
saturation where 1 is fully saturated.
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Figure 3-12 The maps shows distribution of CO2 after 6000 years, for 250 Mt, 500 Mt and 1000 Mt
CO2 injected. The injection rate is 10 Mt CO2 per year. The colour scale shows gas
saturation where 1 is fully saturated.

Figure 3-13 CO2 distribution after 4000 years after injection of 500 Mt CO2. Left figure show the
homogenous model and the right figure show the heterogenous model.
Simulations on the heterogeneous model indicate that one can permanently store 1 Gt CO2 without
migration out of the formation. The injected CO2 occupies approximately 1.6 % of the pore volume and in
addition 25 % of the injected CO2 is dissolved after 6000 years. The estimated pore volume in the open
dipping Gassum Formation North-East of the main fault zone (see Figure 3-8) is 4.1·1011 m3. The pore
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volume of the simulation model is 1.1·1011 m3 and assuming the same storage efficiency for the larger area
as in the simulation model would give a storage capacity of 3.7 Gt CO2 for the Nort-Eastern part of the
Gassum Formation.
3.7 Conclusions
Simulations on the homogenous model indicate that the Late Triassic Gassum Formation has the capacity
for storing at least the 250 million tonnes of CO2 from the mapped industrial sources in the SkagerrakKattegat area but it must be emphasized that there are large uncertainties in the constructed models due to
scarcity of data. The most critical factors for safe storage are the fracturation pressure of the sealing cap rock
and the parameters controlling lateral migration of the injected CO2. The induced pressure increase in the
Hanstholm model is higher than the estimated safe pressure increase for the cap rock integrity, but the
formation may still be suitable for storage by increasing the number of injection and water production wells.
Further characterization of the cap rock and overburden is required to give a better estimate of fracturation
pressure in all three target areas. Sea bottom depth may be a limiting factor for the open dipping traps since
a thinner overburden will reduce the fracturation pressure of the cap rock.
Simulations on the heterogeneous model indicate that up to 1 Gt CO2 can be stored in the modelled area.
Extrapolating this result to include the whole North-Eastern part of the Gassum Formation (see Figure 3-8)
would give a maximum storage capacity of 3.7 Gt CO2. However, different topography, heterogeneity and
dip in the regions not simulated will affect this estimate.
The main results indicate that the north-eastern part of the Gassum formation on the Danish side is the
most promising target for injection of CO2. This is based on the observation that all the injected CO2 is
capillary trapped or dissolved within the model boundaries, the injection pressure is thought to be in the safe
pressure range. The location is still worth investigating further since small changes in flow parameters can
change the maximum plume size of the injected CO2. These parameters are at the present uncertain and
more data is needed for better characterization of the target formation.
The Hanstholm structure has a domal closure that can hold the injected amount of CO2 but simulation
results from the current model indicate injectivity problems with the applied high injection rates.
Introducing a larger number of injection wells and/or production wells could change this and if it is possible
to build confidence in the sealing properties of the cap rock, Hanstholm could be the preferred target.
Further characterization of the target formations and the overburden could also change the ranking of the
models (cap rock integrity and safe pressure increase).
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4. Simulation from the Trøndelag Platform, offshore Mid-Norway
The Trøndelag Platform, offshore Norway covers an area of more than 50,000 km2 (Figure 4-1). It is
roughly rhomboid in shape and is situated between 63ºN - 65º50'N and 6º20'E - 12ºE (Blystad et al., 1995).
The platform has been a large stable area since the Jurassic and it is covered by relatively flat-lying and
mostly parallel-bedded strata that dip gently north-westwards (see also cross-section in Figure 2-2). The
investigated central Platform is delineated to the Halten Terrace in the west by the Bremstein Fault
Complex, to the Helgeland Basin in the north by the Ylvingen Fault Zone, to the Froan Basin the southeast by the Vingleia Fault complex, and bounded to the east by outcropping Caledonian crystalline
basement (Figure 4-1). The shallow buried Garn Formation is also dipping up towards mainland. Both the
Helgeland and the Froan Basin have been recognised as subsidiary elements of the Trøndelag Platform.

Figure 4-1

4.1

(Left map) Main structural elements offshore Mid-Norway. Trøndelag Platform is
marked with blue, with the Halten Terrace area in west, marked in dark green.
Reworked map from Lothe et al. (2013) and Blystad et al. (1995). (Right map) Depth
map (m) to the top Garn Formation; the main potential storage formation in the area.
The main fault systems are shown as dark lines.

Available knowledge of the site

During the last two decades the Halten Terrace area, offshore mid-Norway (Figure 4-1) has become a
rather mature exploration area for the oil and gas industry with currently 13 fields under production. Data
from the area is available from the Norwegian Petroleum Directorate homepage (www.npd.no) and from
the literature (e.g. Martinius et al. 2005). Major oil companies including Statoil have also collected and
compiled a wealth of data from the region. These data are primarily used for oil exploration, but during
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recent years they have also been utilised for CO2 storage studies. The results of these studies are of
proprietary character and have not been published. However, several other projects have worked in this
area such as the Gestco project (Bøe et al., 2002) and the CO2STORE (Bøe et al. 2005). Gestco concluded
that the Lysing Fm, Rogn, Garn and Ile are the most promising aquifers for storage of CO2 in the Halten
area. The best oil fields would be Norne, Heidrun, Åsgard, Draugen and Njord (Bøe et al., 2002). Lundin et
al. (2005) presented reservoir simulations of part of the Froan Basin on the Trøndelag platform. They
concluded that the Jurassic rocks are well suited for industry scale CO2 storage (see also Bøe et al. 2005).
The Garn Formation is considered as the best reservoir candidate for CO2 storage. It is widely laterally
deposited, nearly all over the Halten Terrace and the Trøndelag Platform and it also has a sufficient
thickness. The Garn Formation has been interpreted as homogenous sandstone, with a lateral extent of 10s
of km. However, Gjelberg et al. (1987) demonstrated a facies diachroneity of the Garn and Melke
Formations on regional scale, and Corfield et al. (2001) support this view on a local scale (Smørbukk area).
The Garn Formation consists of medium to coarse grained, moderately to well-sorted sandstones (Dalland
et al., 1988). Mica-rich zones are also represented. The porosity presents important variations related to the
burial depth. Quartz cementation in the Garn Formation is a controlling factor of its porosity. The Garn
Formation in the Norne Field, buried to 2.6 - 2.7 km has a porosity of 13 - 16 %, while Kristin Field, buried
to 4.6-4.7 km has 26 - 31 % (Storvoll & Bjørlykke 2004).

Figure 4-2

4.2

Schematic lithostratigraphy from the early Triassic to the late Paleocene for the
Halten Terrace. Interpreted seismic horizons from Statoil are marked to the right in
the figure. Reworked from Dalland et al. (1988).

Site Concept

The area has been chosen for this CO2 study for a number of reasons. First, two promising potential
storage units of significant thickness are present within the middle Jurassic sedimentary layers, the Ile and
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the Garn Formation (Figure 4-2). Second, these formations have good to excellent storage characteristics,
since they are the main oil and gas bearing reservoirs on the Halten Terrace. For CO 2 storage it is also of
great importance that the formations are relatively shallow buried (< 2000 m) e.g. Figure 4-1. The
Trøndelag Platform has a large lateral extension and the overall storage volume is likely also large. The
overlying low-permeable clastic rocks, which cover the whole investigated area and have a reported
thickness up to 1650 m, will most likely provide an effective seal (Figure 4-2). However, they are thinning
towards east and intersecting with Quaternary sections close to the Norwegian coast so possible migration
routes in the storage unit are very important to study (Figure 4-3).

Figure 4-3

Map view of the Top Garn horizon with well locations. Faults are indicated with red
polygons. Cross-section through the Trøndelag Platform indicated with black line,
main lithostratigraphic levels are indicated (Garn Fm. in pink).
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4.3 Method
The migration software tool SEMI MC (Sylta 2004) has been developed to model quantitative hydrocarbon
migration and exploration risk. It includes all ‘standard’ migration processes (losses, leakage, spill, fault
migration, etc.), an equation of state module and can handle multi-carrier secondary migration and
entrapment on geological time scales. SEMI uses a ray-tracing (flow path) technique to migrate oil, gas and
CO2 or other compounds within a carrier bed just below a sealing cap-rock. This carrier unit may also
eventually act as a storage unit. The technique uses the dip of the carrier to determine pathway directions.
The phase pressure, volume, and temperature (PVT) properties are computed as properties for each trap
during simulations. Secondary migration losses are computed during the ray-tracing according to volumes
lost in dead-ends and micro traps, in addition to the required saturation of the pore space of the migration
stringers. This saturation requirement can be computed from Darcy permeability grids and relative
permeability relationships.
The methodology for SEMI adapted as a tool for CO2 storage simulations was presented in Grøver et al.
(2013), in where two loss mechanisms were introduced:
 Migration loss (i.e.; trapping of CO2 along migration pathway);
 Dissolution of CO2 at gas-water-contact within trap entities. Gas is here referring to the CO2 phase,
independent of its supercritical or not supercritical state.
CO2 storage capacity estimate in the SEMI approach focus on reservoir capacities and thus the CO2
dissolution is modelled mainly at the gas-water phase contact within a trap. In SEMI, equation (1)

(1)
is solved to simulate CO2 dissolution by convective mixing (Cc) at the gas water contact. Thereby, kv/h is the
vertical and horizontal permeability, w is the viscosity of water, dis is the water density change during CO2
dissolution, g is gravity and  () is a dimensionless function estimated in flow simulations (e.g. Wessel-Berg
2013). In the SEMI software we have introduced a CO2-dissrate-factor as the inverse value of the intrinsic
function.
4.4 Results
One of the aims with the simulations was to systematically map the CO2 storage capacity of the Trøndelag
platform. At first, the total trap-storage capacity was estimated assuming the parameters given in Table 4-1.
Thereby an important assumption is that the whole platform is overlain by a sealing layer. An infinite
amount of CO2 was injected into the carrier unit, migration loss was disabled and a value of 100000 for the
CO2-dissrate-factor was given. The modelling results (Figure 4-4) suggest a total maximum trap-storage
capacity of ca. 5.9 Gt for a non-fault scenario and significantly higher value of 21.4 Gt if sealing faults were
taken into account. These estimates include also the eastern part of the Halten Terrace area. If we exclude
the three largest traps, the storage capacity in the Trøndelag Platform will be in range of 4.9 Gt for non-fault
scenario and 15.1 Gt with faults included.
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Table 4-1

Parameters used for the SEMI modelling of CO2 migration. The total injected amounts of CO2
as well as the values for the intrinsic function were varied for the selected injection sites.
Startigraphy

Garn Fm

Lithology

Sandstone

Modelled period

100 yrs

Reservoir thickness

120 m

Average net permeability

1D

Geothermal gradient

35 °C/km

Porosity

Compaction, Sclater and Christie, 1980

Pressure

Hydrostatic conditions

Water depth

Present day seabed

Entry pressure

5000 Pa

Total injection

Variable

CO2 dissrate-factor

Variable
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a)

b)

Figure 4-4

CO2 accumulations projected onto the Garn Fm. depth map a) without faults and b)
with faults included. In order to estimate a total trap-storage capacity for the Garn
Fm. the whole area was "flooded" with CO2 and all traps were filled to a maximum.
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4.5 Simulations with 51 injection sites
In a second approach SEMI was used for a systematic scan of possible injection sites. At first, fifty-one
injection sites with constant plume radii's of ca. 1.6 km were distributed with equal spacing (20 km) over the
area of interest (Figure 4-5, left map). Thereby, very high amounts of CO2 (up to 400 000 Mt) were injected
over a period of 100 year assuming a CO2-dissrate-factor of 125. Figure 4-5 at the right map shows the lost
CO2 mapped 100 years after the injection period. Sites located along the margin of the working area spill
out of the study area.
We are interested to test the effect of
 Open or sealing faults
 Small or large amount of injected CO2
Figure 4-6 shows the result maps with CO2 accumulations and active spill paths marked at the depth map to
the storage unit (Garn Formation). Here we compare the accumulation and spill paths for two scenarios
with and without faults. For both senarios, the simulations indicate the same localities for the major traps
but migration pathways differ. After the injection of small aounts of CO2 (5100 Mt, upper two maps Figure
4-6), the fault pattern changes the migration routes slightly in some areas, but the main traps are more or
less the same. After increasing the injected amount of CO2 to 400 000 Mt, the size of the accumulations
increases, and especially the simulation with sealing faults, show very large CO2 accumulations in the
western part of the study area along the Halten Terrace area (see Figure 4-6 lower right map).

Figure 4-5

Map view of the Top Garn horizon with 51 injection sites (left). Lost CO2 mapped 100
yrs after the injection period (right). White dashed circles highlight injected CO2
which spills out of the AOI. These sites were excluded in the successive modelling
procedure. Faults are not included.
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Figure 4-6

Map view of the Top Garn horizon with CO2 accumulations and active spill paths
marked in red. The map to the left show the results without faults, and the maps to
the right, shows the results with sealing faults. The upper maps show the results
injecting 5100 Mt CO2, while the lower maps shows the results with 400 000 Mt CO2
injected The dissolution rate-factor is set constant to 125.

4.6 Simulations with 10 selected injection sites
From the 51 sites that first were tested, 10 injection sites where selected where no spill out of the study area
were modelled. For the final 10 injection sites different scenarios were tested (Table 4-2) varying the
 values for the intrinsic function and
 sealing and open faults.
In total 1000 Mt over 100 years were injected into the 10 wells (injection rate of 1 Mt/year,). Figure 4-7
shows the injection sites and the loss 100 years after the injection.
The modelling results suggest that the regional distribution of faults and their properties influence the CO 2
migration directions (Figure 4-8). However, in the tested scenarios the effect of the faults system on the
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total CO2 losses was insignificant (Table 4-2). In contrast, the modelled scenarios highlight the critical
impact of the CO2 dissolution at gas-water-contact within the trap entities (determined by the dissolution
rate-factor) on the SEMI modelling results (Table 4-2 and Figure 4-9).

Figure 4-7

Map view of the Top Garn horizon with selected injection sites (left). Lost CO2 100 yrs
after the injection (right). Grey dashed line outlines the area affected by CO2
migration for case 1 and white dashed line for case 3, compare figure below.

29

Project 11029

Figure 4-8

Map view of the Top Garn horizon with pools of CO2 accumulations and active spill
paths 100 yrs after the injection (scenarios see table 4-2). Note that the spill paths are
different in the sealing and open fault models. The upper maps use a high dissolution
rate, while for the lower maps, a low dissolution rate has been used (Table 4-2).

Table 4-2

Selected results for different modelling scenarios.
Case 1
CO2 dissrate-factor

Case 2

Case 3

Case 4

125

125

125000

125000

Faults

open

sealing

open

sealing

Injected total (Mt)

1000

1000

1000

1000

Lost CO2 (Mt)

360,08

324,47

3,9

2,6

Lost %

36

32

0,4

0,3

Lost migration (Mt)

3,4

2,1

3,4

2,13

357,04

322,3

0,5

0,47

Lost in trap dissolution (Mt)
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Figure 4-9

Scatter plots highlighting the impact of the CO2 dissolution rate-factor on SEMI
modelling results. Assuming high CO2 dissolution at gas-water-contact has a
significant impact on the calculated total CO2 loss in the SEMI software (left). This
effect decreases with increasing amount of injected CO2 (right). Grey shaded area
depicts the most realistic values for our models. Modelling parameters are given in
Table 4-1.

4.7 Discussion
A numeric model on basin scale is strongly affected by the selection of modelling parameters and
approaches. Fluid migration pathways and accumulations depend on physical lithological parameters as well
as spatial heterogeneities. In an extensional basin the brittle faults are a major phenomenon and its spatial
and temporal relations virtually control the migration pathways of fluids. However, the character of the
brittle deformations cannot be determined for sub-surface data and furthermore brittle deformation in a
sub-seismic resolution such as minor faults might be undetected by seismic surveys. In these cases,
understanding of fluid migration and accumulation relies on numerical models (e.g., Rinna et al., 2013).
These models might describe migration with full physical simulations including phase transitions,
geomechanical deformations, and geochemical reactions or they might focus on the regional geology and
dissolution processes within a trap entity. The latter approach is used in the SEMI CO2 software (Grøver et
al. 2013). SEMI modelling results aids to identify main parameters and geological features affecting CO2
migration within the Garn Fm. of the Trøndelag platform. The relative fast computational speed allows a
systematically mapping of the safest injection sites. During this procedure the effects of different CO2
dissolution quantities at the gas-water contact within a trap as well as the impact of sealing or open faults on
migration directions were investigated in detail and will be discussed in the following sections.
a) CO2-dissrate factor
CO2 storage capacity estimate in the SEMI approach focus on reservoir capacities and thus the CO2
dissolution is modelled mainly at the gas-water phase contact within a trap. The new results show that
SEMI's migration and storage estimates strongly correlate with factors used for the intrinsic function, in the
software named the CO2 dissrate-factor (Figure 4-9, Table 4-2).
The equation (1) illustrates the strong dependency of the dissrate-factor from lateral and vertical
heterogeneous lithology's (e.g. Elenius & Gasda 2012). Unfortunately, for the Garn Fm lithological
variations are not mapped and thus in the SEMI models extreme scenarios were tested. The new results
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show the impact of the dissrate-factor on modelled migration distances and losses. In the case of low CO2
dissolution at the gas water contact the migration distances increase (Figure 4-9 and Figure 4-10) and CO2
losses decrease compared to the values observed for high CO2 dissolution (Table 4-2). Core measurement of
residual CO2 saturation from the unconsolidated Utsira Sand at the Sleipner CO2 injection site gave values
of ca. of 25 % (Akervoll et al. 2008). Applied to our modelling area, such a value would indicate a dissratefactor of ca. 250 which was applied in the final model for the 10 selected injection sites (Figure 4-10).
b) Fault characteristics
In a brittle undeformed, homogeneous sedimentary strata overlaying by a sealing unit, buoyancy forces
would cause CO2 migration from the bottom towards the top of the layer and finally migrating along the
top towards the highest points. Faults interrupt this general migration path and can cause deflection from
the estimated migration paths depending on their properties and spatial distribution. In our approach the
faults were modelled as a sealing or an open conduit per se (Allan 1989). For all modelled cases with sealing
faults the regional fault distribution has a significant influence on the migration pathways on the trap
capacities (Figure 4-6, Figure 4-8 and Figure 4-10).

Figure 4-10

Results for the first-grade model. Map view of the Top Garn horizon with pools of
CO2 accumulations and active spill paths 100 yrs after the injection. Note that the spill
paths are different in the sealing and open fault models.

c) The first-grade model
For the selected 10 injection sites two fault scenarios were modelled injecting a total amount of 5100 Mt
CO2 and applying a dissrate-factor of 250 (Figure 4-10). The selected injection sites are mainly located in
the center of the working area following an SW-NE trending axis. Thereby, only sites 6, 9 and 10 are
located within the deeper, heavily faulted part of the Garn Fm. and the other sites are within a depth range
of 1800-1900 m in a relatively unfaulted area (Figure 4-8). However, our model results indicate that the
spatial distribution of sealing faults has an influence on CO2 storage capacities. For both cases the injected
CO2 remains in the AOI but migration pathways, losses and CO2 accumulations in traps differ significantly.
In the non-fault case 217 Mt are dissolved after 100 years whereby only 3.42 Mt are related to migration
losses. The spill paths follow a general SE-NW trend (Figure 4-10). In contrast assuming sealing faults
would deflect some of the spill path in a S-N trend following the strike of the faults (Figure 4-10).
Moreover, total CO2 as well as migration losses are with ca. 196 Mt and 2.1 Mt lower than in the non-fault
case. The general low migration losses are related to the SEMI specific simulation of migration using the
ray-tracing (flow path) technique.
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5. Description of the model building for Hanstholm structure, NW
Denmark
5.1 Background and study area
The informal name “Hanstholm structure” is used for an offshore domal closure at the Gassum Formation
level situated approximately 40 km northwest of the city of Hanstholm (Figure 5-1). The water depth at the
site of the structure is approximately 30 m. The structure is situated close to the edge of the Fjerritslev Fault
of the Sorgenfrei-Tornquist zone (Figure 5-2). The main sediment input during the Triassic–Jurassic was
from the northeast. The structure is caused by uplift due to post depositional salt tectonics. The structure is
a huge domal closure covering 603 km2. The depth to top reservoir is approximately 890 m below msl. and
the last closing contour is at approximately 1330 m. The spill point is situated at the southeastern flank of
the structure leading into the Thisted domal structure (Figure 5-3).
The following description of modelling input and procedures is valid for the porosity-permeability model of
date April 30 2008. This model has been used for several simulation studies. The model was constructed
from sparse reservoir data, and therefore surrounded by significant uncertainties. Studies of the structure
and injection strategy have been performed within the DYNAMIS project and some of the results were
presented at the IFP Scientific Conference “Deep Saline Aquifers for Geological Storage of CO2 and
Energy” (Maurand et al. 2009).

Figure 5-1

Map showing the position and outline of structural closures. Black dots indicate the
position of some of the deep exploration wells used in the evaluation of the reservoir
formation. For the Hanstholm structure two additional offshore wells were included
for the model building.
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Figure 5-2

Map showing the approximate location of the Hanstholm structure and the nearby
wells, west of Denmark.

Figure 5-3

Outline of the structural trap defining the potential storage site at Hanstholm. The
structure is interpreted from the depth structure map of the “Top Triassic” as defined
by Japsen and Langtofte (1991).
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5.2 Gassum Formation (Upper Triassic–Lower Jurassic)
The Gassum Formation consists of fine- to medium-grained, locally coarse-grained sandstones interbedded
with heteroliths, claystones and locally thin coal beds (Michelsen & Clausen 2002, Nielsen 2003). The
sandstones were deposited by repeated progradation of shoreface and deltaic units forming laterally
continuous sheet sandstones separated by offshore marine claystones. Fluvial sandstones dominate in the
lower part of the formation in the Fennoscandian Border Zone.
5.2.1 Well database
The structure itself has not been drilled. Well information is extrapolated from the three nearby wells
Felicia-1, J-1 and K-1 (Figure 5-2). It should be noted however, that Felicia-1 is drilled at the crest of a
rotated fault block, and shows an extraordinary large thickness of the Gassum Formation including a thick
mudstone in the middle part, which could reflect topographic influence during deposition from the nearby
salt pillow and association with a rim syncline. This may result in marked differences in reservoir properties
between the well and the formation on the undrilled structure. Due to the well Felicia-1 not being
representative of the main reservoir units on the structure, the well J-1 some 30-40 km to the NE has been
used as a template for the sand/shale sequence and for guiding the N/G ratio. Only the upper third of the
Gassum Fm. In the Felicia-1 well is included in the present modelling.
5.2.2 Structural maps
The structure is interpreted from the depth structure map of the “Top Triassic” as defined by Japsen and
Langtofte (1991) (Figure 5-3). The “Top_Trias” map has been used as a template for defining top and
bottom of reservoir with uniform thickness.
5.2.3 Storage reservoir unit and seal
Sandstones of the Upper Triassic – Lower Jurassic Gassum Formation form the main reservoir unit of the
structure. In the present reservoir model the model is extended to include a few meters of caprock
lithology from the Fjerritslev Fm. above the Gassum Fm., and additionally approximately 30 meter section
below the Gassum Fm. from the Vinding Fm. (Figure 5-4). This results in an N/G of 0.64 for the J-1 well
and a value of 0.21 for the Felicia-1 well for the reservoir section.
The claystones of the Fjerritslev Formation form the top seal of the aquifer. The Fjerritslev Formation is
expected to be approximately 500 m thick above the Hanstholm aquifer.
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Figure 5-4

Stratigraphic-depth section of the Felicia-1A well showing the lithostratigraphic units
and their thickness (<2.5 km). The main reservoir is sandstones of the Gassum
Formation. The lithostratigraphic units and definition of formation boundaries in the
deep wells are based on Nielsen & Japsen (1991).

5.3 Model setup
The following description of input and procedures is valid for the porosity-permeability model dated April
30 2008. The model was constructed from sparse data, and therefore includes significant uncertainties,
especially regarding thickness and extent of reservoir layers over the undrilled structure, and regarding the
porosity data originating from old and flawed well log data. Later re-visit of well-log data points to obvious
revisions of the porosity model, and these are included as suggestions in the following chapters. The model
covers an area of 34.4 x 41.6 km (Figure 5-5). The fairly large area of the model has promoted the use of a
coarse grid resolution of 400x400 m cells. Uniform thickness of 104 m is assumed.

36

Project 11029

Figure 5-5

Map of top reservoir showing position of the well Felicia-1 in the NE corner and the
introduced synthetic well Top-1synt on the top of the structure.

5.3.1 Well data for conditioning
The lack of reliable well log data for interpretation of porosity in the first stage of the work has resulted in
the use of only target histograms for simulation of porosity model for the sand and shale facies.
5.3.2 N/G mapping
A trend map is constructed based on an average value of 0.41 from the J-1 template, and a minimum area
with 0.21 around the Felicia-1 well (Figure 5-6 and Figure 5-7). This trend map is used as secondary input
during the facies modelling.

Figure 5-6

Map for N/G trend interpolated from the Felicia-1 data point and support points with
the average value of 0.41.
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Figure 5-7

Well sections showing the difference in N/G.

5.3.3 Facies modelling
The facies modelling is carried out with stochastic placement of large rounded ellipses, 20x40 km areal
extent, 4-12 m thick, and with a slight angle to NW-SE (Figure 5-8). This is used as a simple proxy for
sheet-like shoreface deposits of large areal extent. The background facies is the marine muddy lithology
from offshore deeper water deposition.

Figure 5-8

Map of a single layer in the facies model showing the rounded ellipses used for
modelling of the sand sheets.
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5.3.4 Petrophysical modelling
After the facies modelling, the total porosity PHIT is simulated with SGS, using no well data for
conditioning but only target histograms being different for the sand and shale lithologies. These histograms
have been derived from other studies of sand/shale sequences and are not fully adjusted to the local
porosity information.
From the porosity PHIT (see Figure 5-9) is calculated the fluid permeability by using macro with equations
separating the sand/shale lithologies, and limiting the maximum permeabilities to 1000 and 600 for the
sand/shale respectively as shown in Figure 5-10.

Figure 5-9

Porosity PHIT for a single layer in the model.

Figure 5-10

Porosity/permeability relations for the sand and shale lithologies
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5.3.5 Export of grid
The grid data for the model is exported as Generic ECLIPSE style (ASCII) properties with cell origin in
I=0, J=0, K.
The facies designation is exported as integer values 1/0 for sand/shale, and can be used for assigning
properties and saturation functions for the 2 lithologies when the model grid is set up in a reservoir
simulator using SATNUM for the saturation table input.
PHIE - effective porosity is exported to be used as porosity in the reservoir simulation, since this measure is
restricted to the mobile water present in the model as the clay-bound water has been excluded. This
therefore serves as a better property when looking into the amount of mobile water that might be replaced
by the CO2 injection.

40

Project 11029

6. Description of the model building for Vedsted structure, Northwest
Denmark
6.1 Structural outline and geology of the Vedsted area
The study area is the Vedsted site, an anticlinal structural closure, in northern Denmark (about 25 km east
of the city of Aalborg) located in the Fjerritslev Trough as a subbasin in the Sorgenfrei-Tornquist Zone
(Nielsen, 2003). The main storage reservoir is represented by the regional Upper Triassic – Lower Jurassic
Gassum Sand Formation (Dalhoff et al. 2011). The Gassum Formation is about 250 m thick in the Vedsted
area and contains two sandy intervals divided by about 75 m thick interval of marine shales of the
Fjerritslev Formation. This shale unit contains different sandstone layers of low thickness and is overlain by
marine sandstones of 5 m thickness. The lower 140 m of the Gassum Formation is interpreted as fluvial
sandstone interbedded with lacustrine mudstones upward grading into shallow marine sandstones
interbedded with marine mudstones, while the upper 50 m of the formation are interpreted as marine
shoreface sand (Nielsen 2003). Available well information indicates net to gross of 0.74 and sandstone
porosity up to 20 % is estimated from core material (Dalhoff et al. 2011, Larsen et al. 2003). Existing oil
exploration wells from the 1950s (Vedsted-1 and Haldager-1), Top Gassum Formation map and available
2D seismic data allowed Frykman et al. (2009) to implement a 3D structural geological model.
The primary caprock of the reservoir located in the Gassum Formation is the regional marine mudstones of
the Fjerritslev Formation with a 525 m thickness at the study area. The Flyvbjerg Formation is the seal of
the second reservoir (Haldager Formation), with a thickness of 25 m to 50 m consisting of marine
mudstones with intercalated siltstones and sandstones. This formation is then followed by a thick
succession of about 780 m of mainly marine mudstones of the Borglum, Frederikshavn and Vedsted
Formations. The top of the model is represented by the Chalk Group of 400 m thickness and the
Quaternary of relatively low thickness (Dalhoff et al. 2011, Larsen et al. 2003).

6.2 Dynamic flow simulations
Integrated dynamic fluid flow simulations studies were carried out for the Vedsted site by Frykman et al.
(2009 and 2011) and Klinkby et al. (2011) to assess CO2 storage potentials and pressure perturbation in the
two main reservoirs of the Vedsted structure. The very early work on capacity (Larsen et al. 2003) was reevaluated, and according to Dalhoff et al. (2011) the total CO2 storage potential was estimated to about 160
Mt considering a sweep efficiency of 40 % at reservoir conditions. The dynamic simulation results could be
fed directly into the development of a monitoring plan as discussed by Arts et al. (2010). Simulations using
the ECLIPSE 100 black-oil simulator as undertaken by Nielsen et al. (2013) demonstrated that regional
pressure propagation resulting from CO2 injection can be mitigated by formation fluid production and that
the structural filling is also enhanced by the integrated pressure management concept. The geomechanical
effects arising from pressure propagation during injection have been studied by Kempka et al. (in press)
both concerning fault re-activation and vertical elevation displacements.
The present study will focus on a workflow for assessing the dynamic storage capacity from numerical
simulations, incorporating the geometry of the mapped faults and their possible effects on filling pattern.
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6.3 Model setup
The model area covers 12 x 16 km, with the long axis approximately aligned to fault zones mapped in the
area (The rectangular model turned 25 degrees – NW, Figure 6-1). The faults are included in the structural
model. The updated Top_Gassum Map from the 2D seismic mapping has been imported into Petrel.
Uniform thickness of the reservoir within the model area has been assumed. The main faults have been
included in the gridding of the 3D model, although as vertical features and with zigzag geometry in the grid
to minimise gridding irregularity.

Figure 6-1

Top Gassum reservoir map. Vedsted-1 well and injection well in simulation are
shown.
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6.4 Well data
The Vedsted-1 has TD in the upper part of the Skagerrak Formation at 2068 m b. msl. The well was drilled
in 1958, with the purpose of testing the presence of hydrocarbons in the Middle Jurassic and Upper Triassic
sandstones. Hydrocarbons were not encountered and the well was plugged and abandoned.
From the Vedsted-1 well only an SP log and 3 resistivity logs are available.
A number of core plugs covering the Gassum and Haldager Sand Formations are available from the
Vedsted-1 well and the nearby Farsø-1 and Børglum-1 wells. This material has recently been evaluated for
analysis procedures and possible measurement errors, and a subset has been recommended for further use.
6.5 Porosity calculations
The porosity was calculated from the deep-reading resistivity log (64”) and calibrated to core porosity data.
Both the Haldager Sand and Gassum Formation are only partly cored and accordingly, the porosity
evaluation outside the cored intervals is associated with considerable uncertainty.
The mud composition and salinity was changed at c. 1624 m, which affects the SP log readings. The shale
volume is therefore calculated with two different sets of parameters.
6.6 Design and detail of geological model for the Gassum reservoir
For the Gassum reservoir model area we include the 2 wells (Vedsted-1 and Haldager-1) and an area around
the structure, in total 12x16 km, and rotated at an angle of 25 degrees to align with most of the faults
included in the model. Laterally the grid cells extend 200x200 m.

6.7 Lithology subdivision
To simplify the modelling procedure the sequence is viewed as only consisting of 2 main lithologies: “sand”
and “shale”. The subdivision separates into “shale” and “sand” at a threshold of 5 % porosity on the log for
PHIE (effective porosity). From an updated review of the geology and the sequence stratigraphic analysis,
the reservoir is considered layered with long-range continuity of the both the sand and the shale layers. The
sea-level changes have caused wide extent of the sandy deposits in blanket-like sheets, at least covering the
10’s of km scale for the model area. Therefore high continuity has generally been assumed.
6.8 Assignment of physical properties to layers, Gassum reservoir
The porosity model has been converted with an equation for porosity/fluid-permeability relation:
[PERMX3=20000*Pow(PHIE,3.4) ], see 2. Considering that the shale lithology might have thin silty or
sandy intercalations that do not fully show up on the porosity log, we have assumed that if porosity is less
than 6%, the permeability is assumed uniformly 1 mD.
As previously described, a number of air-permeability measurements are available from the Vedsted-1
cores, but fluid-permeability data do not exist in the Vedsted-1 database. Consequently, the airpermeabilities were transformed into assumed fluid-permeabilities by multiplying by 0.5, a factor derived
from other studies. The modified Vedsted data along with some other selected data are also shown in
Figure 6-2. For porosities greater than c. 20% it appears from the figure that the relationship actually used is
slightly conservative compared to the limited Gassum Formation data presently available, if the air-fluid
conversion is trusted.
The effective porosity and the permeability model are then exported for use in Eclipse.
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Porosity vs fluid-permeability relation used for the modelling is shown as line P3 - in
blue x. Core measurements from the Vedsted-1 well are plotted (dark blue); the
original air-permeabilities have been re-calculated to fluid-permeabilities with a
factor of 0.5. Furthermore, additional data from Gassum Formation samples from
other wells are shown.

6.9 External Boundary Conditions
All external boundaries are no-flow boundaries. In order to moderate the pressure rise in the model, the
pore volume of the outer grid cells is enlarged so that the CO2 storage relevant volume can be considered
surrounded by an infinite acting, constant pressure aquifer.

6.10 Further work for the Danish sites
Further work would be for the Danish sites: Vedsted and Hanstholm area to carry out dynamic modelling
to estimate the storage capacity. It would be also be preferable to try to indicate a minimum and maximum
storage capacity for the sites.
Questions maybe that also ought to be answered are mainly:
1. Will there be general pressure build up constraints?
2. Will there be well injection pressure constraints?
3. Will we vary the effects of the faults from sealing to transparent? Which will relate to
compartmentalisation, and possibly well pattern decision
44

Project 11029
Table 6-1

The table includes values derived from previous projects dealing with only static
simply capacity estimates (GESTCO, GeoCapacity).

Evaluated Aquifers

Avg
depth Bulk volume
3

m

m

Pore
volume

Open/
Avg K Closed

Storage
eff
Density

mD

%

3

Storage
capacity

3

m

t/Rm

Gtons

Vedsted

1800

0.638E+9

100 Closed

633

0.162

Hanstholm

1100

11.1E+9

400 Closed

620

2.753
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7. First estimations of storage potential in Sweden
During the 1970-80s southern Sweden was commercial prospected for hydrocarbons by the Swedish Oil
Prospecting Company (OPAB) and the Swedish Exploration Consortium (SECAB). Several seismic surveys
with 2D technique were performed in the south-east Baltic Sea and south-west Scania. Most data are in
analogue form, only limited degree of digitalization has been conducted recently. During the same
investigations, a number of exploration wells were drilled, preferably onshore. All data from these
investigations are public and stored at the Geological Survey of Sweden. Due to very limited findings, no
further exploration was performed. Furthermore, the Geological Survey of Sweden has drilled five deep
wells in Scania during 1940-1960s. Some core material and cuttings have been stored at the Geological
Survey of Sweden.
Due to the NORDICCS ranking, three of the eight Swedish identified storage aquifers are selected for
further description and analyses. These are as follows:
 Faludden sandstone
 Arnager Greensand
 Höganäs-Rya sequence

Figure 7-1

Map of the southernmost Sweden showing the assumed three best CO2 storage sites
in Sweden. Blue lines represent faults in the two areas, red dots mark the position of
presented litho-stratigraphic logs (see Figure 7-2 and Figure 7-3).
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7.1 Geological description of the Faludden sandstone
The Faludden sandstone is a member of the Borgholm Formation and is located in the south-east Baltic
Sea. The sandstone was deposited in Middle Cambrian in the Baltic Syneclise which is the largest tectonic
element within the south-western margin of the East-European Craton (Brangulis et al. 1993). Hence, the
Faludden sandstone was deposited in a relative stable tectonic environment and sedimentation proceeded
relatively slow and uniformly resulting in high homogeneity over a large area. The sandstone was deposited
near shore and has a basin wards progradation from east to west. Minor variations represented by interbeds
of shale and siltstone reflect distance to shore line, fluvial and deltaic influences and water depths (Erlström
et al. 2011). To the south and south-east a shift in facies to more marine conditions is identified as finer
grain size in an equivalent to the Faludden sandstone. The Faludden sandstone has a large lens shaped
distribution weakly dipping (<1o) towards the east-south-east. The regional distribution of the sandstone
unit covers an area of c. 33000 km2 in Swedish territory. Towards the Baltic countries the Faludden
sandstone continues as the Deimena Formation where it outcrops in Estonia, and is deeply buried at depths
of more than 2000 km in Lithuania and more than 3000 km in Poland (Sliaupa et al. 2012). To the northwest the Faludden sandstone is pinching out in a north-east to south-west line between the islands of
Gotland and Öland following the north-western margin of the Baltic Syneclise. The Faludden sandstone
upper surface is relatively smooth except from small highs with amplitudes at 20─50 m and limited areal
distribution (Erlström et al. 2011). In Swedish territory the Faludden sandstone is found on depth from 400
m below sea level beneath the island of Gotland to 1000 m below sea level in the deepest part offshore to
the south-east. Thickness varies from 1─49 m increasing towards the Swedish economic zone to the southeast. Average thickness is 10 m onshore and 45 m offshore (OPAB 1976).
In terms of CO2 storage the Faludden sandstone represents a stratigraphic confined open/semi-closed
saline aquifer with a large lateral distribution where the part deeper than 800 m is covering an area of c.
11000 km2 on Swedish territory (Mortensen 2014). The storage unit contains a structural trap, the Dalders
structure, which has undergone commercial prospecting for oil, but the data is not available.

7.1.1 The CO2 storage properties to Faludden Sandstone
The Faludden sandstone consists of a clear, fine- to medium-grained, well sorted, calcite cemented quartz
sandstone with local interbeds of shale and siltstone (Figure 7-2). In general, the upper 3-5 m of the
sandstone is very hard and clayey with low porosity (OPAB 1976). The estimated net/gross sand is as high
as 90% (Mortensen 2014). Chemical analyses performed by the Geological Survey of Sweden show silica
oxide contents at 84,7-97,8% (Erlström et al. 2011) and densities at 2,65-2,67 g/ccm which further reflects
the purity of the sandstone. Maximum bottom hole temperature at depth corresponding to the Faludden
sandstone is in the range of 30-35oC with a gradient at 3-5 oC per 100 m which is very high compared to
crystalline bedrock in Sweden normally being in the range 2 oC per 100 m. Measurements on geophysical
logs together with well cores show porosities of 8.2-20% giving an average of 14%, and permeabilities at
0,665-1255 mD, averaging 147 mD. In investigations by OPAB traces of oil and gas have been found in
several wells from the island of Gotland and geophysical logs from the offshore area (wells B-7 and B-9)
indicate gas contents in the sandstone.

7.1.2 The caprock units
The Faludden sandstone sequence is followed by c. 80 m Ordovician limestone, with bentonitic limestone
in the bottom c. 50 m, which is followed by c. 500 m Silurian marlstone (Figure 7-2).
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Figure 7-2
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7.2 Geological description of the Arnager Greensand Formation
The Arnager Greensand Formation is located in south-west Scania (Figure 7-1) confined to the north-east
by the Romeleåsen Fault Zone continuing to the south-west across the Swedish economic zone. Presence
in the Kristianstad Basin is not well documented even though the formation in this area is acknowledged.
The sandstone is only known from deep drillings in Scania and surrounding offshore areas at depths from
1200 - 1700 m (see also Figure 7-3). In Denmark the Arnager Greensand Formation is outcropped at the
island of Bornholm. Thickness varies in south-west Scania from almost 20 m in the north-western part of
the area to c. 60 m in the southern part of the area. In the Kristianstad Basin thickness are maximum 20 m
(Erlström, pers.com.). The Arnager Greensand was deposited in the Early Albian-Cenomanian in a marine
setting.
7.2.1 The CO2 storage properties to Arnager Greensand Formation
In terms of CO2 storage the Arnager Greensand Formation represents a partly fault confined open saline
aquifer with a regional distribution weakly dipping 1─2 degrees to the north-east. The part of the Arnager
Greensand Formation suitable for CO2 storage is located south-west from the Romeleåsen Fault Zone and
covers an area of almost 5200 km2 on Swedish territory (Mortensen 2014). The storage unit contains no
traps or closures (Erlström et al. 2011).
The Arnager Greensand Formation is dominated by poorly consolidated fine- to medium-grained
glauconitic quartz sandstone. Other components such as pyrite, micas, zircon and feldspars occur as
associate minerals. Glauconite occurs very abundant, as grains as well as mineralization on other grains.
Only minor amounts of carbonate occur and only in the northern part of the area, clay is occurring as a
matrix. Porosity is very high, averaging 26%. Estimated average permeability is c. 400 mD, but more than 1
D has been measured (Erlström et al. 2011). The net/gross is very high and are estimated to 80%
(Mortensen 2014).
7.2.2 The caprock unit
The Arnager Greensand Formation is followed by approximately 1000 m of Late Cretaceous to Paleocene
clayey limestone and chalk with interbeds of silt- and sandstone (Figure 7-3).
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Figure 7-3
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7.3 Geological description of the Höganäs-Rya sequence
The Late Rhaetian-Early Jurassic Höganäs-Rya sequence is also located in the SW Scania (Figure 7-1) and
occur as an equivalent to the Gassum Formation recognized in Denmark and Norway. This sequence
belongs to the Höganäs Formation and the Rya Formation and represents a weakly north-east dipping
(1─2o) semi-closed saline aquifer confined to the north by the Romeleåsen Fault Zone and to the east by
the Svedala Fault Zone and continuing into the Danish and North German Basin. Hence, most of the
Höganäs-Rya sequence is defined within the Höllviken Halfgraben. The Höganäs-Rya sequence covers an
area of c. 4000 km2 but has great lateral variations of the sand sections. Average thickness of the sequence is
180 m and is known from deep drillings at depths below 1000 m and outcroppings in the north-west
Scania. The Höganäs-Rya sequence was deposited in a near shore environment with deltas, lagoons and
fluvial plains (Erlström et al. 2011).

7.3.1 The CO2 storage properties to the Höganäs-Rya sequence
In terms of CO2 storage the Höganäs-Rya sequence represents a partly fault confined semi-open saline
aquifer weakly dipping 1─2 degrees to the north-east. The part of the Höganäs-Rya sequence with potential
for CO2 storage (deeper than 800 m) covers an area of almost 2100 km2 on Swedish territory (Mortensen,
2014). The storage unit contains no structural traps or closures, although individual lens-shaped sand bodies
can possibly act as stratigraphic closures as they are confined by dense claystone (Erlström et al., 2011).
The Höganäs-Rya sequence consists of multi-layered sand- and claystone with shale and coal interbeds.
From the OPAB well reports the net/gross has been calculated to 51% (Mortensen 2014). Sand bodies are
lens-shaped with large but local distribution. Individual sand sections can be up to 20 m thick and consists
in general of fine-grained clean quartz sand (Erlström et al. 2011). Great variations occur in porosity and
permeability due to the multi-layered character of the sequence though average porosity for sand sections
are as high as 23% and estimated average permeability is 200 mD.

7.3.2 The caprock units
The Höganäs-Rya sequence is followed by a smaller sequence (c. 29 m) of undefined Lower Cretaceous
sand- and claystones which is also identified as a reservoir for CO2 storage. Above this is a small but dense
intermediate caprock, the Aptian Shale, although with a humble thickness of only approximately 6 m. The
topmost caprock in the SW Scania consists of c. 1000 m Late Cretaceous-Paleocene clayey and chalky
limestone with a regional distribution.
7.4

Plan for dynamic modelling and simulations

During 2014 dynamic simulations and modelling will be conducted for the Faludden sandstone and the
Arnager Greensand Formation based on interpretations on 2D seismic and exploration wells. Very
preliminary first estimations on capacities are listed in Table 7-1 together with selected physical parameters.
First estimations on effective capacities are based on a storage efficiency factor at 2% according to the U.S.
Doe for formations.

51

Project 11029
Table 7-1

Physical parameters and first estimations on capacity for Swedish aquifers

Name

Depth
m bsl

Thickness
m

N/G

Porosity
%

Permeability
mD

Theoretical
capacity
Mt

Effective
capacity
Mt

Faludden
sandstone

830

45

0,90

14

147

37271

745

Arnager
Greensand

946

39

0,80

26

400

26050

521

HöganäsRya seq.

976

180

0,51

23

200

27127

543

8.

Summary

There is a large spread in how "mature" CO2 storage is in the three countries Norway, Denmark and
Sweden. For Norway at one hand, a large amount of data exits, and there is a solid base for selecting
storage sites, while for Sweden new groundbraking work is carried out on mapping possible sites and also
on the planned simulations to estimate the capacity.
In this project, modelling and simulation of the Gassum Formation in the Skagerrak area and the Garn
Formation at the Trøndelag Platform, offshore Mid-Norway has been carried out to make some estimates
of the storage potential. Both areas and both sandstone formations are very well suited for industrial scale
CO2 storage. The estimated pore volume in the open dipping Gassum Formation North-East of the main
fault zone (see Figure 3-8) is 4.1·1011 m3. The pore volume of the simulation model is 1.1·1011 m3 and
assuming the same storage efficiency for the larger area as in the simulation model would give a storage
capacity of 3.7 Gt CO2 for the Nort-Eastern part of the Gassum Formation. This represent a storage
efficiency of 1.6% (plus ~25% dissolved CO2) in the open dipping aquifer.
The Garn Formation has in the structural closures on the Trøndelag Platfrom, according to our estimates, a
storage capacity in range of 4.9 Gt for the non-fault scenario and 15.1 Gt with fault included. This estimate
is made assuming no migration loss and a very low dissolution rate in the traps. This number is a maxium
estimate. A more realistic number will be for the studied case with 10 injection sites a storage capacity of
5100 Mt.
From Denmark the geological model building of the Vedsted structure in northeast Denmark and the
Hanstholm structure, offshore Denmark is reported.
From Sweden the Faludden sandstone located in the south-east Baltic Sea is described, together with the
Arnager Greensand located offshore Skåne in Sweden and finally the Höganäs-Rya sequence, also deposited
in the same area, close to Danish border.
Further, it is planned to carry out capacity estimates from reservoir modelling for the Swedish and Danish
sites in the NORDICCS project. Also for Norway, further modelling will be carried out, depeding on data
available. This will be reported in core deliverable D26.
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