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a b s t r a c t

To estimate the capacity of CO2 storage in a southern part of Utsira/Skade aquifer, a reservoir model was
built to simulate the long-term behavior of CO2 injection. The model covers 1600 km2 in the southern
part of the Norwegian sector. The study illustrates potential migration and to forecast possible migration
of CO2 from the Skade Formation into the Utsira Formation above. CO2 from Skade sand can penetrate
through a clay layers into Utsira sand if the clay between Skade sand and Utsira sand has permeability
from 0.1 mD and higher. About 170 Mt (million tonne) CO2 can be injected in Utsira sand in the segment
model with 4 horizontal wells over 50 years, BHP (bottom-hole pressure) change of 10 bars, no water
production. After 8000 years of storage, the dissolved part is nearly 70%, residual trapping is less than 1%
and mobile CO2 has decreased to 29% of total amount of injected CO2. These results are based on a re-
sidual saturation of CO2 of 0.02. If a residual saturation of CO2 is 0.3, CO2 trapped by residual mechanisms
is 13% of total CO2 injected after 8000 years. Mineral trapping by geochemical reactions was not
considered in the simulation, but will add additional storage capacity.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Underground storage of carbon dioxide is proposed as a
greenhouse-gas mitigation option by reducing the release rate of
CO2 to the atmosphere [1,2]. CO2 injected underground can be
stored in reservoirs by four trapping mechanisms: structural/
stratigraphic, residual, dissolution and mineral trapping [3]. In the
short-term, normally the threemechanisms structural, residual and
dissolution trapping dominate, while dissolution and mineral
trapping become more important in the long term [4]. One
important type of storage reservoir is saline aquifers, which have
too high salinities to be used for irrigation and domestic water
supply. These can handle large volume of CO2, they commonly have
thick successions of tight clay or shale cap-rocks, and they are often
associated with petroleum exploration and production with infra-
structure capable of CO2 storage development. Offshore saline
aquifers have additional advantages because they are located far
away from land-based settlements that could potentially be
harmed by CO2 leakage.
All rights reserved.
Subsurface storage of CO2 has a long history on the Norwegian
continental shelf. CO2 storage has been carried out in the Sleipner
Field (North Sea) since 1996 [5] and in the Snøhvit Field (Barents
Sea) since 2008 [6]. Several studies have established the large
carbon storage potential on the Norwegian continental shelf,
especially in deep saline aquifers. During the last two years, the
Norwegian Petroleum Directorate (NPD) has interpreted relevant
data on the Norwegian continental shelf in order to classify po-
tential sites for CO2 storage. The CO2 storage atlas for the Norwe-
gian North Sea has indicated possible storage sites, and estimated
storage capacity.

The Utsira Formation and the underlying Skade Formation are
considered to be a single aquifer that comprises parts of a large
Miocene-Pliocene sandy deltaic complex. This deltaic complex is
located in the UK and Norwegian sector in the northern North Sea.
The Utsira/Skade aquifer is one of 10 aquifers which was evaluated
as suitable for CO2 storage in the northern North Sea by Halland
et al., [7]. This aquifer has porous and permeable sands, ideal depth
levels for storing fluid CO2 (700e3000 m) and good seals. They are
located in the northern North Sea, and have the potential for storing
giga-tonnes of CO2. In the Sleipner Field (North Sea) one mega-
tonne of CO2 has been injected per year since 1996 [5,8] NPD has
remapped and a calculated the total theoretical storage capacity of
the Utsira/Skade aquifer with respect to CO2 storage [7].
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The Utsira Formation and the underlying Skade Formation
forms the main parts of a large Miocene-Pliocene aquifer related to
the sandy deltaic complex located in the UK and Norwegian sector
in the northern North Sea [7,9e11].

The purpose of this study was to estimate CO2 storage capacity
and long-term behavior of CO2 in the Utsira and Skade Formations
based on regional reservoir simulations in the southern part of
Utsira-Skade aquifer system. The present study was set up to test if
large volumes of CO2 can be injected into the aquifer with a low risk
of migration to areas with insufficient seal. A regional reservoir
model covering 1600 km2 of the aquifer system was built to
simulate the long-term behavior of CO2 injection. Additional ob-
jectives of the study were to investigate and illustrate potential
migration toward the western border of Norwegian sector, and to
forecast possible migration of CO2 from the Skade Formation into
the Utsira Formation above. Different scenarios of the communi-
cation between the Skade and Utsira Formationwere studied in the
reservoir simulations, by varying the transmissivity of the
mudstone between them. The simulations could constrain the ex-
pected injectivity and the amount of CO2 which can be injected into
the formations. Furthermore, the simulation results will also in-
crease our understanding of the distribution of the CO2 plume in
the aquifers and see under what conditions the plume would enter
into areas with insufficient seal.

1.1. Previous case study simulations

Valuable lessons have been learned from earlier case-studies of
offshore CO2 storage operations. In the Barents Sea, Estublier and
Lackner [12] and Pham et al., [13] investigated the long-term CO2
behavior at the Snøhvit field and forecasted the CO2 migration
pathways and sealing capacity of main faults over 1000 years. In the
northern part of the North Sea, Eigestad et al. [14] reported a study
of CO2 injection in the Johansen Formation. The study investigated
the effects of boundary conditions, vertical grid refinement,
permeability and grid-block transmissibility data on CO2 plume
migration.

Lindeberg and Bergmo [15] performed numerical modeling to
better understand the long-term behavior and distribution pattern
of the CO2 plume in the North Sea Utsira aquifer. At the Sleipner
storage site, CO2 plume behavior has been monitored and cali-
brated against 4D-seismic data [16]. In the studies, the storage ca-
pacity of the entire Utsira Formation has been estimated to be
between 20 and 60 Gt (giga tonne) CO2 [17] and over 42 Gt CO2 [9].
The storage capacity of the entire Skade Formation was estimated
to be about 15 Gt [9]. Singh et al., [18] have suggested that taking
into account gravity segregation and/or modifying the simulation
input data, could improve thematchwith observations for black-oil
and compositional simulations.

In a study to explore geological storage sites for CO2, Bergmo
et al., 2009 found that 74% of the CO2 injected into the southern part
of Utsira Formation was in aqueous solution and the remaining
fraction immobilized after 5000 years. The study concluded that
the required 125 million tonnes (Mt) CO2 could easily be injected
into this part of Utsira Formation. For suitable injection points, CO2
will migrate at most 33 km from the injection point during the
5000 year period and there are no indications that it will migrate to
any places where it may reach the shallow parts of the formation in
the west [19]. The Utsira Formation thus appears to provide
particularly robust CO2 storage sites.

The reactivity and mineral-trapping potential of the Utsira sand
has been investigated by several researchers and found to be rather
limited as reactive mineral phases are minor constituents of the
reservoir sand [20e23]. However, compared with the dissolved
fraction, mineral trapping may be even higher in the long term
[20,24]. These studies give an overview of the mineral trapping
capacity of the sand in Utsira Formation. Mineral trapping is not
included in the present study, thus giving also a conservative es-
timate of dissolution trapping.

2. Geological overview

In the early Paleocene, major rifting, associated igneous ac-
tivity and uplift led to the emplacement of oceanic crust (seafloor
spreading) between Greenland and the Norwegian Margin [25].
In the study area, the result was deposition of coarse clastics
derived from the western margin, forming a series of submarine
fans that inter-finger with hemipelagic sediments to the east
[25]. The deposition of coarse clastics continued into the
Neogene.

The Skade Formation was deposited in the early Miocene as
turbidites that cover an area about 26,500 km2 in Norwegian sector,
mainly in the south of the Viking Graben (Fig. 1b). The maximum
thickness exceeds 300 m, but average 50e100 m and decreases
rapidly towards the east [7,25,26]. Above the Skade Formation, the
middle Miocene Eir member sand (informal) was deposited in the
western part, while the sand becomes more fine-grained towards
the east and middle Miocene mudstones overlie Skade Formation
in the eastern part [7]. The porosity and permeability of the Skade
Formation is very good. Thin mudstone layers are observed in well
logs, but they are not observed on the seismic data due to a reso-
lution of a few meters.

The Utsira Formation is deposited in upper Miocene and lower
Pliocene and consists of shallow marine sandstones deposited in a
narrow strait with tidal inlet from the Møre basin in the North [25].
The sands of the Utsira Formation display a complex architecture,
and the elongated sand body extends some 450 km NS and 90 km
WE [7,26,27], Fig. 1a. The central part of Utsira Formation is thinner
with possibly more shaly interbeds than in the depocenters. A
prograding delta front in UpperMiocene/Lower Pliocene (top Utsira
level) is observed [27]. The two major sand depocenters, one in the
north and the other in the south, have been mapped out, with
thickness up to 400 m [7,28].

The Utsira-Skade aquifer is the distal part of a great Miocene-
Pliocene delta-complex originating from the west Shetland Plat-
form [10,11]. In the UK sector the post Eocene sands are called
Hutton sands (informal). In the Norwegian sector, the Miocene-
Pliocene delta-complex is divided into four units [7], and to-
wards the west there is communication between the units [27]. In
the west, there is a sandy unit between the Skade and Utsira
Formations. Towards the east, this unit evolves into a mudstone
and is assumed to act as a seal between the formations (Fig. 2) [7].
The upper parts of the Miocene-Pliocene delta complex consist of
Upper Pliocene sands which locally are buried less than 200 m
below sea floor. Details about fluid communication within this
huge aquifer are not yet mapped out. The seal overlain the Utsira
Formation is Pliocene and Quaternary marine clay stones of the
upper part of the Nordland Group. The clay stones are grey,
sometimes greenish-grey and grey-brown, soft, sometimes silty
and micaceous [9].

The total reservoir rock volume of Utsira/Skade aquifer, that are
buried at depths deeper than 700 m and evaluated as suitable for
storing CO2 is estimated to about 2.5 � 1012 m3, and the pore vol-
ume is 5.26 � 1011 m3 [7].

There is a part of the aquifer with the depth that is the shallower
than�700m under sea lever. This part is in the northe north-west
of the simulation model and this part is not considered as suitable
place to inject CO2. But the shallow aquifer part may affect the
pressure increase of the model and distribution of CO2 plume, see
Fig. 3.



Fig. 1. (a) Utsira Formation thickness map shows the area inside the black polygon (line) and in the left side of the polygon are shallower than �700 m. There are two main thick
sand areas (depocenter); one inside the red polygon; smaller one in the north (b) Skade Formation thickness map. The Skade Formation is older than and is under Utsira Formation.
The red polygon only covers small part of Skade Formation. The areas inside the black polygon and in the left side of the polygon are shallower than �700 m. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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3. The reservoir simulation model

Themodel area in this study (Fig. 3) was selected as a segment in
the southern depocenter of the Utsira Formation (Fig. 1a). The
reservoir properties of the Utsira Formationwithin the segment are
Fig. 2. Geological cross-section [7], the location of the cross-section is displayed in
Fig. 1b shows sandesand connection between Utsira and Skade Formation in the west
at shallow depths (between two well 25/1-8S and 25/2-10S).
typical for this depocenter. The selection of the segment based on
the top surface topography is such that themodel could includeboth
themigrating direction to the north and also to thewest boundaryof
the segment. The model covers an area of about 1600 km2. We have
applied two grid sizes for the samemodel; 500m� 500m and finer
200 m � 200 m to investigate the effect of different grid-size. The
pore volume of Utsira/Skade sand in the model is approximately
1.1 � 1011 m3. Within the model, there is one horizontal injection
well in each segment and for each formation. There are two separate
injection wells for Utsira Formation and Skade Formation. The
locationof injectionwells are shown in Fig. 3 and injectionpoints are
at nearly bottom of the formation sands.

Within the study area, the mudstone layer between two for-
mations covers the whole of area except small local sand injection
observed in seismic. The simulation model is set up with two
separate horizontal injection wells, one in the Utsira sand and the
other in the Skade sand. Reservoir pressure is hydrostatic and the
bottomhole pressure could increase 30 barswith depths 900m and
deeper. Bottom-hole pressure was constrained to increase from
10 bars to 15 bars applied for depths from 700 m to 900 m. This
constraint is applied because at shallow depths the Utsira sand and
the seal do not resist large changes of pressure. The injection period
is applied for 50 years and the observation of the plume for about
8000 years after injection stops.



Fig. 3. Upper picture shows studying area inside red rectangle with top Utsira surface
covered by simulation model, and cross-section below (AB) was exaggerated vertically.
The cross-section shows mudstone layer between two sands; Utsira sand and Skade
sand. In the northern and north-western the model contacts with shallower part of the
aquifer, the contact displayed by red line on the left of the cross-section below. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Relative permeability curves for CO2 critical and water phase based on data
from Ref. [18] and the imbibition curve applied for CO2 phase, assuming critical
saturation of CO2 is 0.3.

Table 1
Relative permeability calculated from data provided from Ref. [18].

For curves generation, drainage For curves generation, imbibition

Sw Kr_w_Drn Kr_CO2_Drn Sw Kr_w_imb Kr_CO2_imb

0.000 0.000 1.000 0.000 0.000 1.000
0.110 0.000 0.929 0.110 0.000 0.929
0.386 0.000 0.750 0.386 0.000 0.750
0.445 0.001 0.558 0.417 0.000 0.558
0.505 0.006 0.402 0.449 0.001 0.402
0.564 0.019 0.276 0.480 0.003 0.276
0.624 0.042 0.179 0.512 0.007 0.179
0.683 0.078 0.108 0.543 0.013 0.108
0.742 0.129 0.058 0.574 0.022 0.058
0.802 0.199 0.026 0.606 0.033 0.026
0.861 0.289 0.008 0.637 0.049 0.008
0.921 0.402 0.001 0.669 0.067 0.001
0.980 0.540 0.000 0.700 0.540 0.000
1.000 1.000 0.000 1.000 1.000 0.000

Bold numbers indicate the end point of the relative permeability.
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3.1. Porosity and permeability

Porosity was calculated based on the density logs, which exist
for a few of the relevant wells. These calculations commonly gave
porosity values well above 40% which were considered unrealisti-
cally high taking into account that unconsolidated sands at surface
conditions rarely exceed an average porosity of 40%. There are no
core measurements to calibrate the log data. Sonic velocities also
suggest high porosity values. In the model it was decided to input
porosities in the range of 30e35% for Utsira sand and 32% average
for Skade sand. This is considered to be a conservative estimate.
Average horizontal permeability is from 0.1 mD for shale/mudstone
to 1000mD for good sand. Net to gross is 0.7 in Ref. [9] and 0.98 [29]
and a net to gross value of 0.98 is selected for this model.

Relative permeability curves for brine and supercritical CO2
phases were obtained from experimental data [18]. The relative
permeability curves were calculated to fit Corey’s exponent n ¼ 2.8
with formation water and CO2 with irreducible water saturation
Swi ¼ 0.11 and critical saturation for water 0.386 (at the saturation,
flow of the phase ceases), and critical CO2 saturation 0.02 [18], see
Fig. 4 and Table 1. Imbibitions curve is used to estimate amount of
CO2 trapped as residual if critical CO2 saturation is assumed 0.3;
compare Fig. 4.
3.2. Formation water

For the water compositional calculations we used the initial
NaCl and CaCl2 mol fractions in the reservoir water to correspond to
reported formation waters from Egeberg and Aagaard [30] and
adjusted in Ref. [22]. Reservoir condition set up at the reference
depth of 850 m is at pressure of about 85 bars and a temperature
about 37 �C. Parameters used for the model is listed in Table 2.

For the numerical simulations the ECLIPSE300 e compositional
simulator was used with the CO2STORE modules that handle CO2
flow, NaCl and CaCl2 components. Mutual CO2 solubility in brine is
calculated based on Spycher et al., [31], the calculation relied on
activity coefficient of H2O-rich phase and fugacity for CO2-rich
phase and was fitted with experimental data from literature
[31,32].

3.3. Summary of all simulation cases

A summary of all simulation cases in the study are listed in
Table 3. The base case simulation applied for injection into the
Utsira Formation (U200_BASE) assumes homogenous sand and no
contact with the shallow aquifer part and the model has a grid size
of 200 m � 200 m. The model with the coarser grid (grid size
500 m � 500 m), U500, was simulated to study the effect of grid
size. Effect of anisotropy was studied by comparing the isotropic
U200_BASE base case (Kv/Kh ¼ 1) with U200_VH01 and



Table 2
Water composition used for simulation [22].

Component CO2 H2O NaCl CaCl2 CaCO3

Mol fraction 0.001 0.951 0.046 0.001 0.001
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U200_VH001 cases with vertical vs horizontal permeability ratio of
respectively Kv/Kh ¼ 0.1 and 0.01 (Kv: vertical permeability and Kh:
horizontal permeability). U200_BARRIER case with five internal
mudstone layers within the Utsira sand laterally is to test the
trapping effectiveness of the internal barriers (U200_BARRIER).
Hysteresis was included in the case with homogenous sand
(U200_HYSTER) and in the case with internal mudstone layers
(U200_BARR_HYS) to estimate CO2 trapped by residual mechanism
when residual CO2 saturation (or critical saturation for CO2) was
assumed higher.

The base case applied for injection into Skade Formation,
S_BASE, is homogenous sand, no aquifer contact with the Utsira
Formation, and has a grid size of 500 m � 500 m. Another simu-
lation case with shallow aquifer contacted (see Fig. 3), is the case
S_AQUIFER, was done to forecast a pressure build-up scenario.
Other cases use different locations of the injection well to test
different behaviors of the CO2 plume. The mudstone between the
two formations was assigned various permeability: 0.001, 0.01 and
0.1 mD (in cases S_KTOP0001, S_KTOP001 and S_KTOP01) to
investigate inwhich condition the CO2 could penetrate through the
mudstone into the Utsira sand.

The initial injection rate in one injection well is 19,000 tonnes/
day CO2 (10 million sm3/day, 1 tonnes of CO2 is equal 517.6 Sm3),
while the recent injection rate at Sleipner is approximately
2750 tonnes/day (1 Mt/year) (Eiken et al., 2011).
4. Results

4.1. CO2 injection in the Utsira Formation

The results of base case of CO2 injection in the Utsira Formation
(U200_BASE) and also the case U500, showed that the cumulative
CO2 volumes injected were approximately 113 and 130 Mt, Table 3
(approximately 58,000 and 67,000 million Sm3in Fig. 5) and for the
other cases from 127 to 155 Mt after 50 years with one injection
well. With four and five injection wells, the cumulative CO2 vol-
umes injected increase to 167 and 172 Mt, respectively (Table 3).
Table 3
Simulation cases summary, all the case with initial injection rate 10 MSm3 (unit for injec

Formation Grid size
model

Simulation cases Describe

UTSIRA 500 � 500 U500 Homogenous sand, no contact with sh
1 injection well

200 � 200 U200_BASE Base case, homogenous sand, no conta
Kv/Kh ¼ 1, 1 injection well

U200_VH01 Kv/Kh is 0, 1 injection well
U200_VH001 Kv/Kh is 0.01, 1 injection well
U200_BARRIER 5 mud-stone layers inside Utsira sand/
U200_HYSTER Same base case and applied hysteresis
U200_BARR_HYS Same U200_BARRIER case and applied
U200_4WELL Same U200_BARRIER case and applied
U200_5WELL Same U200_BARRIER case and applied

SKADE 500 � 500 S_BASE Base case, homogenous sand, no conta
the mud-stone (on top Skade Formatio

S_KTOP000 Permeability of the mud-stone on top
S_KTOP00 Permeability of the mud-stone (on top
S_KTOP0 Permeability of the mud-stone (on top
S_AQUIFER Contact with the shallow part of the aq
S_RELOCATION New location of injection point
Injection rate decreased from initial injection rate at 7 Mt/year to
1 Mt/year (10 million Sm3/day e 1.6 million Sm3/day in Fig. 5)
during 50 year injection period in these two cases. Injection rate
decreases due to the bottom-hole pressure (BHP) reaches the
constraint. The constraint of BHP for injection in the Utsira sand is
10 bars for the cases, see Table 3. Therefore, the average reservoir
pressure increases about 13e15 bars (please see Fig. 5).

The CO2 injection plume distribution covers over an area with
diameter about 12 km at the end of 50 year injection in the U500
case and the U200_BASE base case, (Fig. 6a and b). The distribution
area of CO2 injection plume in the U200_BARRIER case is affected by
internal mudstone layers that act as internal barriers to hinder CO2
migrates upward. In the case U200_BARRIER, the plume could not
reach the top of the reservoir after 50 years injection (Fig. 6c).

A general observation of the CO2 plume after 8000 years after
injection shows that the CO2 migration follows the topography and
accumulates up in surrounding local structures. The CO2 plume
distribution is displayed for the two cases U200_BASE and
U200_BARRIER (Fig. 7a and b). In both cases, with and without
mudstone layer inside the reservoir sand, most of the mobile CO2
phasemigrates up to the top of Utsira Formation at 8000 years after
injection. After injection 3000 years, the most of CO2 migrates to
the top of the reservoir in the U200_BARRIER case. The area
covering by the CO2 plume in the U200_BARRIER case (the case is
with the internal mudstone layers) is smaller than that in the base
case which is without mudstone layers (Fig. 7a and b). The CO2 is
trapped as residual phase or partly trapped structurally underneath
the internal mudstone layers. The internal mudstone layers play an
important role to trap CO2 underneath and inside the Utsira sand,
which leads to less CO2migration to the top of the reservoir, Figs. 6c
and 7b.

With the present model, CO2 could migrate away from the in-
jection well for about 20 km. However, slightly higher slopes could
enhance the migration velocity and increase the extent of migra-
tion. CO2 plume did not reach the area at depths shallower than
�700 m in the west in all the cases U500, the base case U200_BASE
(Fig. 7), and U200_BARRIER, U200_VH01 and U200_VH001 (Fig. 8).
Consequently, with suitable well locations (20 km away from the
�700 m depth line), the model indicated that large volume of CO2
can be stored in the Utsira Formation without migrating into areas
shallower than 700 m.

The lower vertical permeability could make more difficult for
mobile CO2 to migrate upward to the top and enhance lateral
extension of the mobile CO2. The lateral extension of the CO2 plume
ted volume, Mt: million tonnes).

BHP change Injected vol. Mt

allow aquifer part, Kv/Kh ¼ 1, 10 bars 113

ct with shallow aquifer part, 10 bars 129.8

10 bars 136.0
10 bars 155.6

internal barrier, 1 injection well 10 bars 153.3
, 1 injection well 10 bars 127.7
hysteresis, 1 injection well 10 bars 127.7
hysteresis, 4 injection wells 5/10/15 bars 119.7/166.8/214.7
hysteresis, 5 injection wells 10 bars 172.0
ct with shallow aquifer part, Permeability of
n) is 0.0001 mD, 1 injection well

30 bars 92.1

SKADE Formation is 0.001, 1 injection well 30 bars 98.3
Skade Formation) is 0.01, 1 injection well 30 bars 121.7
Skade Formation) is 0.1, 1 injection well 30 bars 147.9
uifer, 1 injection well 30 bars 163.7

30 bars 187.9



Fig. 5. Base case injection profile in Utsira Fm. (grid size of U500 is 500 m � 500 m and
fine grid U200_BASE is 200 m � 200 m).

Fig. 6. The CO2 injection plume observed at the end of 50 years of injection: (a) the U50
200 m � 200 m, (c) the U200_BARRIER-barrier case, even the plume could not reach the top
case.

V.T.H. Pham et al. / Energy 55 (2013) 529e540534
accelerates dissolution of CO2 into the brine. In addition, the lower
vertical permeability could make also more difficult for CO2 satu-
rated solution (heavier water) to sink downward. Heavier water or
CO2 saturated solution sinking downward process normally accel-
erate dissolution of CO2 in the water. However, this process is
prevented will make the CO2 dissolution process after injection
slower and lead to more amount of the mobile CO2 phase is left.
Fig. 8 clearly shows that the CO2 plume covers a largest area when
the sand has lowest vertical permeability, Kv/Kh: 0.01 (Fig. 8a, b and
d). The lateral extension is enhanced showed clearly in this case.
The CO2 residual trapping of this case is also higher than the case
with higher vertical permeability (Fig. 8c).
4.2. CO2 injection in the Skade Formation

The simulation result of base case S_BASE shows that the cu-
mulative CO2 volume injected in Skade sand is approximately 92Mt
(48,000 million Sm3, Fig. 9) after 50 year injection. Injection rate at
the beginning was ca. 19,000 tonnes/day (10 million Sm3/day) and
decrease to approximately 3,800 tonnes/day (2 million Sm3/day),
Fig. 9. The limit change of BHP is constrained for an increase of
0 base case with grid cell of 500 m � 500 m, (b) U200_BASE with finer grid cell of
of the reservoir after 50 years injection compared with the (d) finer grid cell U200_BASE



Fig. 7. The direction of the migration followed the topography, CO2 fill up in sur-
rounding local structures after about 8000 years after injection, (a) the base case U500
and (b) the U200_BARRIER-barrier case.

V.T.H. Pham et al. / Energy 55 (2013) 529e540 535
30 bars (DP: 30 bars), the constraint is higher than that in Utsira
sand because Skade Formation is more consolidated than Utsira
sand. The average reservoir pressure increases about 10 bars, Fig. 9.

The CO2 plume covers over an area with diameter about 12 km
at the end of 50 year injection in the base case S_BASE and the
S_RELOCATION case with new location of injection well. The new
well is near the area with some local sand injections observed in
seismic (Fig. 10a and b). The result does not show that CO2 migrates
through small injection sand/local sandesand connection with the
S_RELOCATION case about 8000 year after injection. The CO2 plume
reaches the top of the reservoir very short after injection and also
the border of the model after 350 years (Fig. 11a and b). The di-
rection of the migration mainly followed the high topography. In
this case local structures are very important to keep CO2 stay and
prevent it migrate further to the sector border/depth limit area.

The Skade Formation in our model represents only a small part
of Skade Formation that connects to the shallower aquifer part in
the west like mentioned in the geological overview part. The
injectivity of the Skade sand will be affected by communication
with the shallower part of the aquifer. By including the shallower
aquifer part into the reservoir model, reservoir pressure increases
only 3 bars and cumulative CO2 volume is up to
approximately152 Mt, Table 3 (approximately 85,000 million Sm3,
Fig. 9) after injection 50 years in S_AQUIFER case. However, with
the shallower aquifer part included in the case S_AQUIFER, the
spreading area of CO2 plume is larger than without this part of the
aquifer included (Fig. 11c and d).

The possibility of CO2 migration through the mudstone layer
which separate the two sands (Utsira and Skade) depends on the
mudstone permeability. In the S_KTOP0 case with the highest
permeability 0.1 mD and the highest relative vertical/horizontal
permeability ratio (Kv ¼ Kh ¼ 0.1), CO2 was able to penetrate
through the mudstone to Utsira Formation above after about 1400
years (Fig. 12). In the other cases, S_KTOP00 (Kh ¼ 0.1, Kv/Kh ¼ 0.1),
S_KTOP000 (Kh ¼ 0.1, Kv/Kh ¼ 0.01) and the S_BASE case (Kh ¼ 0.1,
Kv/Kh ¼ 0.001), no CO2 or very limited amount of CO2 that could
migrate through the mudstone layer.

4.3. CO2 trapping mechanisms

In the Utsira fine grid case (U200_BASE), the total injected
volume CO2 was nearly 130 Mt (2.95 � 109 Kmol, in Fig. 13
equivalent to 67,000 million Sm3, Fig. 5) of CO2. CO2 in the mo-
bile CO2 phase at the end of 50 years injection was 100 Mt
(2.27 � 109 Kmol, Fig. 13). CO2 trapped in gas phase (residual) was
approximately 4.4 Mt (0.1 �109 Kmol, Fig. 13). The amount of CO2
in aqueous phase was estimated to be 25.6 Mt (0.58 � 109 Kmol,
Fig. 13). The results showed that the CO2 trapped by the dissolu-
tion trapping mechanism after 50 years injection period occupied
a fraction of injected CO2 of nearly 20%. CO2 trapped in the re-
sidual trapping mechanism was estimated to around 3% and CO2
trapped in the structural/stratigraphic trapping mechanism was
approximately 77%. After 8000 years, the amount of CO2 in
aqueous phase becomes nearly 70%, residual trapping is less than
1% and mobile CO2 decreases down to 29% of total CO2 amount
injected, Fig. 13. Corresponding to residual saturation of CO2 equal
to 0.02 (following relative permeability curves e [18]), CO2 re-
sidual trapping is only 1%e3%.

If a residual saturation of CO2 of 0.3 is assumed [33] and the
corresponding imbibition curve is applied, CO2 trapped by residual
mechanismwas increased during injection period end up at 35% at
the end of 50 years injection. After injection stop, the amount of
CO2 trapped as residual gradually decreases and end up at 13% after
8000 years of post-injection (compare Fig. 13). The cause of the
decrease of CO2 residual from 35% to 13% after the injection finished
could be due to the CO2 trapped as residual mechanisms continues
to dissolve in to the water, and the circulation of CO2 unsaturated
water replacing water saturated with CO2 could maintain the
dissolution process. The CO2 in aqueous phase becomes nearly 75%
and mobile CO2 12% of total CO2 amount injected after about 8000
years. The results showed that residual trapping is even more
important if the sand has interbedded clay layers (or internal bar-
riers) within the Utsira sand; see the case U200_BARR_HYS in
Fig. 13.



Fig. 8. Distribution of the CO2 plume covers in larger area when sand has lower vertical permeability: (a) The base case (U200_BASE) with Kv/Kh ¼ 1 homogenous sand, (b) The
U200_VH01 case with Kv/Kh ¼ 0.1 and (d) the U200_VH001 case of Kv/Kh ¼ 0.01. (c) CO2 amount in different trapping forms.

Fig. 9. Injection profile shows cumulative CO2 volume injected in Skade Fm in two
cases: the base case S_BASE without shallower aquifer included and S_AQUIFER with
shallower aquifer included.
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5. Discussion

5.1. Comparison with previous studies

Lindeberg et al., [15] estimated the storage capacity of the entire
Utsira Formation to be between 20 and 60 Gt CO2 in the aquifer
with upper boundary to �500 m depths below mean sea level) by
their simulation. The aquifer volume we consider suitable for
storing CO2 is deeper than 700 m. We also consider the risk of CO2
migration to the west where the connectivity with very good sand
in Upper Pliocene and Pleistocene units in the delta complex extend
the aquifer up to shallow depths (200e300 m below sea level;
Fig. 1a and b). As a result, our study estimates a smaller CO2 storage
capacity than [17]. In the Gestco report, over 42 Gt CO2 is estimated
to be stored in Utsira sand and the storage capacity of entire Skade
Formation was estimated about 15 Gt [9]. However, these numbers
were based on simple geological calculations, not simulations.

By exploring geological storage sites for CO2 from Norwegian
gas power plants for the Utsira South part [19], concluded that after
5000 years, 74% of the CO2 should be dissolved into water and the
remaining fraction immobilized Bergmo et al. (2009) also
concluded that for suitable injection points, migration distances of



Fig. 10. The CO2 plume distribution in Skade Fm after 50 years injection: (a) base case with the well further in the south and (b) another case with the injection well located near the
area with thin Skade sand layer and area with some local sand injections observed in seismic.

Fig. 11. The CO2 plume reaches the top of the reservoir short after injection and also the border of the model/Norwegian sector after 350 years (a) base case and 1350 years, CO2

plume reaches the model/Norwegian sector (b). The distribution area of CO2 plume in the case without aquifer contact (a and b) is smaller than including aquifer contact (c and d).



Fig. 13. CO2 amount in mobile, immobile CO2 phase and total CO2 injection volume vs.
time for CO2 injection in Utsira Fm., U200_BASE is the base case with homogenous
sand, U200_HYSTER was applied with imbibitions curve (hysteresis applied) and
U200_BARR_HYS was applied with hysteresis and the sand with internal barriers (clay
layers).
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CO2 plume could be up to 33 km from the injection point during a
5000 years period, and that there were no indications that it would
migrate to any places where it may reach the shallow parts of the
formation in the west [19]. The results in this study also confirm
that about 70e75% of the CO2 was dissolved into water after 8000
years (Fig. 14) and that the CO2 plume could migrate 20 km away
from the injection well (Fig. 7).
5.2. Model’s uncertainties

This study is based on new stratigraphic studies and 3D seismic
interpretation, and is considered to have reduced uncertainty
compared to previous studies. However, uncertainties relating to
the geological model, communication between to formations, as
well as internal aquifer communication, and geological un-
certainties of reservoir size remain. The assumptions for the
reservoir properties of the injection area are considered to be on
the conservative side in terms of porosity and permeability. The
regional sealing capacity of the top seal is still regarded as one of
the main uncertainties for large scale injection and storage in the
Utsira-Skade aquifer. Nevertheless, the geological model was built
based on seismic interpretation (from seismic cube) which cannot
detect correctly reservoir properties of the rock. These properties
are based on a limited number of drilled well in a large area.
Moreover, the numerical model consist of thousands grid cells that
have the dimensions from 50� 50m to 500� 500m and each cells
contains only one value of a property, for example porosity,
permeability and velocity (for depth conversion), by up scaling
(averaging) process. The model cannot describe detailed feature of
nature geological heterogeneity. The fraction of CO2 in the brine
solution is also deviated with different simulation-grid size and
with the geological complex degree [34]. However, the dissolution
of CO2 can be accelerated by brine injection on top of free CO2 cap to
Fig. 12. When vertical permeability in the mudstone/clay layer between two forma-
tions is 0.1 mD (or higher) in the case S_KTOP01, after 1400 years CO2 could migrate up
to Utsira Fm above. (a) Observation on a layer in Utsira sand and CO2 present there, (b)
Observation on a clay/mud stone layer which is between two formations, CO2 present
there. (c) Observation at top Skade Formation/sand.



Fig. 14. CO2 injection with 4 wells in the case U200_4WELL with different BHP changes of 10 bars (a) and 15 bars (b). The case 5U200_5WELL with 5 wells and with BHP change of
10 bars (c). Graph (d) shows the injected volume of CO2 is affected significantly by BHP constraint, not by number of injection well.
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increases the rate of solubility trapping in saline aquifers and
therefore increases the security of storage [34]. In another hand, the
reservoir with vertical heterogeneity in nature and tortuosity could
limit vertically circulation and exchange of the water phase satu-
ratedwith CO2 andwater under saturated with CO2. But, anisotropy
ratio (vertical horizontal permeability ratio), in contrast, shows that
with low vertical anisotropy ratio of 0.01, the prevailing mechanism
is lateral expansion of the injected CO2 resulting in significantly
higher dissolution [34]. A analytical method for fluid mixing in
steady and transient buoyancy-driven flows induced by laminar
natural convection in porous layers is presented in Ref. [35] and
concentration of CO2 can be correlated to velocity vector. But with
turbulent flowwith strong nonlinear interactions between density-
driven instabilities that may happen in reservoirs, needs to be
further investigated.

We are aware of that the different grid sizes create deviation of
results. Due to the enormous area covered by the model and the
computer capacity, the grid size of the model may not be smaller
than 200 � 200 m.

Details about the communication within the huge Utsira/Skade
aquifer are not yet mapped out. We have assumed that the
communication between to formation-sands is around Utsira High
[9]. Sand injections from Skade Formation into Utsira Formation
were observed locally in seismic data. We are uncertain about the
real communications and how much CO2 may migrate into Utsira
sand through this local sandesand connection.
The simulation results in the present study have had the
ambition to give a rough estimate of CO2 trapped by different
trapping mechanisms. However, more work is needed to access the
uncertainties of the model that may affect the results and the ac-
curacy of the calculations. There are very few studies about the
multi-phase behavior of CO2 supercritical and brine properly. The
relative permeability curves used in this study were obtained from
Ref. [18]. It is recommended to carry out more laboratory studies on
multi-phase behavior of the fluids to obtain properly relative
permeability curves for the dedicated site. These kinds of data are
needed to improve further studies of the relative importance of
trapping mechanisms and CO2 storage capacity in saline aquifers.
Furthermore, additional simulation studies should be carried out
with pressure management, i.e. by including schemes of formation
water extraction.

6. Summary

In Utsira Formations, study shows that ca. 170 Mt CO2 could be
injected in Utsira sand in the segment model with 4 horizontal
wells in 50 years injection period, BHP change of 10 bars with no
water production. Higher BHP constraint of 15 bars, CO2 injected in
the segment can be 215 Mt. Schemes of formation water extraction
for pressure management should be focused more.

In Skade Formations, it is quite likely that CO2 could quickly
migrate to the west-north segment boundary due to the tilting of
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the top Skade surface. By communicating with the shallow aquifer
part on the west, the migration distant of CO2 will be further than
the results shown in the Skade base cases, but with less pressure
build-up.

The simulation results showed that the CO2 trapped by the
dissolution trapping mechanism occupied a fraction of approxi-
mately 20% of the injected CO2. CO2 trapped in the residual trapping
mechanism is approximately3% and CO2 trapped in the structural/
stratigraphic trappingmechanismmore or less 77% at the end of 50
years of injection. After about 8000 years after the injection period,
the dissolved amount increase to nearly 70%, and residual trapping
decreases to approximately 1%, while, mobile CO2 decreased down
to 29% of the total CO2 amount injected. These results were ob-
tained by applying with residual saturation of CO2 equal to 0.02.
Thus, CO2 residual trapping is 3% (at the end 50 years of injection)
and decreasing to 1% after 8000 years. However, if residual satu-
ration of CO2 equals to 0.3, the CO2 trapped by residual mechanism
will be higher, 35% (at the end 50 years of injection) and decreasing
to 13% after 8000 years. Mobile CO2 will be reduced in this case.
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