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Abstract

An unconformity surface is a type of interface between an aquifer and a caprock. It refersto a
buried erosional or non-depositional surface that separates two strata of different ages,
indicating that sediment deposition has not been continuous. A high or low-permeability layer
may exist just above or below the unconformity surface. The high-permeability layer could be
the result of the weathering and erosion of the older layer, or the deposition of coarse-grained
sediments on top of the unconformity surface. The effect of this interface on CO; dissolution
in brine was investigated by running a range of 2D models and considering different injection
scenarios. By examining different injection scenarios using two models for comparative
analysis (one with and one without a high-permeability layer), the results provide a good
hypothesis of the effects of pressure and migration distance on CO2 dissolution. Although the
high-permeable layer creates a pathway for the further migration of CO2, the models without a
high-permeable layer have tended to predict a higher CO> dissolution in almost all the injection
scenarios. In addition, the sensitivity of CO> dissolution to aquifer parameters was examined,
such as temperature and salinity gradients. Models with and without temperature and salinity
gradients were compared and the importance of these parameters on the prediction of CO>
storage was determined. Another significant result is that under higher injection scenarios, the

models show significant sensitivity to temperature and salinity gradients. However, for lower
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injection rates the sensitivity of the dissolved CO> to temperature and salinity gradients is

almost negligible.

Keywords: CO; storage. Deep saline aquifer. Unconformity. Temperature gradient. Salinity

gradient

1. Introduction

New and robust scientific evidence has provided a solid causal link between anthropogenic
activity and global warming over the past 50 years. The composition of the atmosphere is
expected to continue changing throughout the 21st century. This is now referred to as the

anthrosphere (IPCC 2005; Stern 2006).

Carbon capture and storage (CCS) is one of the measures that can considerably reduce CO>
emissions into the atmosphere. Three possible CO- storage location types are abandoned oil
and gas reservoirs, deep un-mineable coal beds and deep saline aquifers. The main points to
consider each of these sites are their suitability for permanent CO> containment and the extent
to which the injected COz could leak into the atmosphere or groundwater (Bachu et al. 1993).
The most suitable and globally available short-term option for CO> storage is deep saline
aquifers (Bachu et al. 1993). The global CO- storage capacity of these geological formations is
estimated to range from 400 to 10,000 Gt CO> (Davison et al. 2001). Their storage capacities
make them a significant option and an ideal candidate to be deployed as part of a mitigation

policy to reduce the CO2 burden (Nordbotten et al. 2005).

Reservoirs are complex systems and deep formations undergo different tectono-sedimentary
evolution through geological years (Song et al. 2014). There is a number of different potential
trapping mechanisms exist to store CO- in geological media. CO> has a lower density compared

to the brine in an aquifer and is a buoyant fluid. Therefore, following its injection into a saline
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aquifer, the CO2 will move upward under buoyancy to reach a barrier where its migration is
prevented by fine-grained rocks (mainly shale) and evaporates, with small pore throat radii in
comparison with a reservoir. The CO. will then spread out underneath the barrier and move
laterally, depending on the caprock and aquifer interface. Consequently, the injected CO> is
retained primarily at the top surface interval (Nilsen et al. 2012). Therefore, prior to considering
a site for CO> storage, evaluating the properties of an aquifer and its caprock interface is crucial
and has been previously investigated by Shariatipour et al. (2014; 2016a), Nilsen et al. (2012)

and Goater et al. (2013).

The morphology between the aquifer and the caprock is determined by sedimentological setting
and structural deformation. It has a significant effect on the migration paths and the storage of
CO2 (Shariatipour et al. 2016b). An unconformity surface is a type of interface between the
aquifer and caprock which refers to a buried erosional or non-depositional surface separating
two strata of different ages. Different authors have proposed several trap classifications.
However, there is general agreement on three broad categories of trap which are stratigraphic,
structural or a combination of both (Biddle, Wielchowsky 1994). Stratigraphic traps are often
formed by stratigraphical processes at the time of sediment deposition (Biddle & Wielchowsky
1994). Unconformities are a type of stratigraphic trap and play a crucial role in trapping oil and
gas. Therefore, they can similarly provide a stratigraphical trap for storing CO- as a mitigation
action. Categories of unconformity include angular unconformity, disconformity,

paraconformity and non-conformity.

An angular unconformity is the most common and most recognisable among unconformities.
After a period of deformation of older sediments, tilted layers have been subjected to erosion.
Subsequently, a younger sediment has been deposited on top. Just above or just below the
unconformity surface, there could be a high-permeability or low-permeability layer. The high-

permeability layer could be the result of the weathering and erosion of the older layer of the
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unconformity surface or the deposition of coarse-grained sediments on top of the unconformity
surface (Swierczek 2012). Shariatipour et al. (2016b) investigated the effects of the
unconformity surface on the storage capacity and security of CO,. They showed that an
unconformity model with a high-permeability layer at the caprock and aquifer interface can

contribute to pressure diffusion through the reservoir.

In their research, Cao et al. (2005) concluded that in the Permian petroleum system (in the
north-west margin of the Junggar Basin, China), hydrocarbons migrate vertically alongside
faults and laterally alongside the unconformity surface. In addition, several unconformity
surfaces exist in the Sikeshu sag of the Junggar basin. Among them, the unconformity surface
at the bottom of the Palaeogene is one of the main migration pathways. It suggests that the
unconformity surface can act as an efficient medium for fluid transportation (Gao et al. 2013).
Fengjun et al. (2001) investigated the sedimentological characteristics of the Zhuhai and
Zhujiang Formations (again in China) and specified that sandstone with good porosity and
permeability deposited on the unconformity surface acts as the main migration conduit and
provides lateral connectivity for generated oils. Studies of Belfast Bay in the western Gulf of
Ontario by Rogers et al. (2006) showed that as a conductive layer, the coarse-grained
unconformity between Pleistocene glacial-marine mud and Holocene mud may permit gas to
migrate towards the field’s margins. Therefore, fluid migration can be restricted across the
unconformity surface or just into particular areas, but unrestricted fluid migration can also be
permitted across the surface. Both conditions depend on the properties of the unconformity
surface and therefore on the process involved in creating the unconformities initially. In this
research, the effects of the existence or non-existence of this high-permeability layer on CO>
dissolution is investigated, considering different reservoir parameters including temperature,

salinity and injection rate.
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The supercritical CO, flow and storage in deep saline aquifers is a complex, two-phase flow in
porous media (Song et al. 2015). As mentioned above, CO> can be sequestered in deep saline
aquifers. CO2 and brine are miscible fluids and subsequently, the CO. dissolves in brine. The
composition and concentration level of dissolved salt in brine differs around the world. Sodium
chloride is the main dissolved solid in the saline aquifers. Freshwater typically has less than
1000 mg/L total dissolved salt (TDS), dense brine has more than 100,000 mg/L TDS and sea
water has about 35,000 mg/L TDS (Oldenburg 2007). Normally, the formation salinity in
sedimentary basins gradually increases with depth, with this increase generally being linear,
over thousands of metres vertically. The rate of increase ranges from 50 to 300 mg/L/m

(Dickey 1969).

The equilibrium temperature of the rock and brine that make up the aquifer also changes
linearly with depth. The temperature of the subsurface formation depends on a geothermal
gradient in that specific region. The degree of temperature increase with depth can be low in a
tectonic subduction zone (where tectonic plates meet), to very high along island arcs and
volcanic areas (Peacock 1996; Saemundsson et al. 2009). Furthermore, the geothermal gradient
can differ noticeably across a region. For instance, in the North Sea, the gradient varies from
18°C/km south of Norway to more than 40°C/km in the Central Graben off the Danish coast,
with an average of 29°C/km (Harper 1971; Evans 1974). In a sedimentary basin, the
temperature gradient varies from 10°C/km to 50°C/km (Koide et al. 1995) and according to

Holloway (2008); the typical gradient is between 25-30°C/km.

The consequence of the increased temperature is that the density and viscosity of the formation
water decrease significantly. As the pressure in the aquifer increases with depth, the density
and viscosity increases even with a consequent increase in temperature, but by a less significant
amount. The largest increase in density and viscosity is generally observed by an increase in

the amount of dissolved solids (TDS) (Bachu and Adam 2003). The pressure, temperature and
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salinity of aquifers have significant effects on the ultimate CO- solubility in the water phase
and the aquifer’s storage capacity (Bachu and Adams 2003). The solubility of CO> in water
increases with pressure (Spycher et al. 2003; Spycher and Pruess (2005; 2010)) and decreases
with temperature and water salinity increase (IPCC 2005). Nordbotten et al. (2005) classified
different basins with regard to the degree of geothermal gradient and surface temperature.
These are categorised as cold basins (a geothermal gradient of 25°C and a surface temperature
of 10°C) and warm basins (a geothermal gradient of 45°C and a surface temperature of 20°C),

respectively.

In most cases, the vertical variations in salinity and temperature are ignored in CO2 simulations.
Therefore, the original vertical profile of salinity and temperature remains almost unchanged
during the simulation period (Shariatipour et al. 2016b). In other words, in previous simulation
studies, constant reservoir salinity and temperature were considered. However, as mentioned
above, normally formation salinity and temperature in sedimentary basins gradually increase
with depth. Therefore, it is necessary to consider temperature and salinity gradient in CO-
storage modelling. In this research, the modelling exercise undertakes the comparative effect
of constant reservoir salinity and temperature against variation in these parameters, to assess

the relative effect on CO; dissolution and migration in saline aquifers with unconformity.

2. Model description

Numerical simulation is progressively applied for forecasting fluid flow in the porous media
(Mousavi Nezhad et al. 2011). Although Numerical simulation software have inadequacies
such as long computing time (Song et al. 2014), they are crucial for modeling the CO> flow in
the porous media for CCS technology. A reliable and precise model must completely reflect
all the mechanisms involved in the system (Mousavi Nezhad et al. 2011). Fluid flow is
significantly affected by the properties of the domain through which the process happens

(Mousavi Nezhad et al. 2011). The base model used to investigate the effects of salinity and
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temperature gradients and the effects of an unconformity surface on CO2 dissolution was an
angular unconformity 2D Model with a length of 10 Km, a thickness of 400 m and a width of
100 m, which was discretized into 100x 445 x1 cells. The aquifers were assumed to be
homogeneous and the model boundaries assumed to be closed. One injection well was located

on the left-hand side of the modelled aquifer. The maximum bottom hole pressure was limited

Low permeability formation

400 m

High permeability formation

Unconformity surface

10,000 m

Fig. 1 Angular Unconformity (2D) model as a base case (Shariatipour et al. 2016b).

Fig. 2 Seven regions of the model: (R1)-caprock, (R2)-interface between caprock and
aquifer (unconformity surface), (R3)-low- permeability layer above aquifer 1, (R4)
aquifer 1, (R5)-low- permeability layer between aquifer 1 and 2, (R6)- aquifer2, (R7)-
low-permeability layer below aquifer2. R refers to regions (Shariatipour et al. 2016b).

to 229 bars. To investigate the effect of an unconformity surface, different injection rate
scenarios were taken into consideration as the pressure did not reach the restrictive bottom-
hole pressure. The injector was closed after 50 years and the simulation was continued for a
further 200 years. The base model is shown in Figure 1 and was taken from Shariatipour et al.
(2016b). All models were constructed using Schlumberger’s Petrel Modelling© software, and
the reservoir models were input into the Schlumberger ECLIPSE© compositional reservoir
simulator with the CO2STORE option. The model was divided into seven regions (shown in

Figure 2) with the porosity and permeability of each region and model properties shown in



161  table 1 and 2, respectively. The relative permeability curves used in this model (Smith et al.

162  2012) is shown in Figure 3.

163
Table 1 Properties of each region.
Formation Porosity Permeability (mD)
Caprock (R1) 10% 1E-06
Unconformity interface (R2) 25% 1000
Low permeable layer above aquifer 1(R3) 10% 1E-06
Aquifer 1(R4) 25% 1000
Low permeable layer between aquifer 1 and 2 (R5) 10% 1E-06
Aquifer 2 (R6) 25% 1000
164  Low permeable layer below aquifer 2 (R7) 10% 1E-06
165
Table 2 Model properties.
Model parameters Value
Rock Compressibility (bar'l) 5x10°
Fluid Compressibility (bar™) 3x10°
CO, H,0 Nacl
Initial mole fraction 22 @
0.0 0.9670.033
Datum depth (m) 900
Pressure at datum depth (bar) 90
166 Maximum relative permeability to CO, 0.0654
0.5
0.45 /'.[
0.4 —8— krw-Dr
_ krw-Imb J
g 03 St
% 0.3 krg-lmb j
: & L
0.1 -’er
0.05 ias 4
] e R
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 |
Water Saturation (Sw)
167
Fig. 3 The relative permeability curves (Smith et al. 2012).
168

169
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3. Effect of a high-permeability layer on CO2 dissolution

Model 1 had a high-permeability layer at the unconformity surface with permeability of the
saline aquifers (1000 mD). In this model, CO, was injected at the bottom of Aquifer 1. Model
2, as with model 1, had a high-permeability layer but CO, was injected through a perforation
at the bottom of Aquifer 2. Models 3 and 4 did not have the high-permeability layer and the
unconformity surface had permeability equal to the caprock. The only difference between these
two models was the location of the perforation. In Model 3, CO2 was injected at the bottom of
Aquifer 1 but in Model 4, CO; was injected at the bottom of Aquifer 2. Different injection
scenarios (3x10%, 4x103, 5x10%, 7x10% 20x10%, 35x10% 50x10%nd 70x10° SM? /day) were
taken into consideration to investigate the effects of the properties of the interface between the
caprock and the aquifer; and therefore, the distance migrated and the pressure on CO>
dissolution. To do so, these eight different injection scenarios were set for each model. This

meant that at the end, 32 models were constructed.

Given that the distance from the perforation at the bottom to the caprock of Aquifer 1 was less
than that of Aquifer 2, it was therefore predictable that CO; injected into Aquifer 1 would reach
the top much sooner. Moreover, in Models 1 and 2, CO; could migrate laterally through the
permeable layer, as it plays a role as a conductive layer which connects the two aquifers.
Therefore, the injected CO- could reach the second storage formation. In Models 3 and 4, when
the high-permeable conductive layer does not exist, the CO; lateral migration was restricted
and the injected CO- could not reach the second storage formation. Therefore, the properties
of the caprock and aquifer interface play an important role as they provide a pathway for CO>

to migrate laterally or to restrict its pathway.

Figure 4 compares the dissolved CO: in all four models when the injection rate was relatively

low (5x10° SM3/day). CO> dissolution in Models 2 and 4 was higher than for Models 1 and 3
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(40%). CO2, which is less dense than brine, migrates upward until it reaches the top seal. The
distance that the CO2, migrates in Aquifer 2 was far more than in Aquifer 1 and therefore it was
in contact with the brine for longer. The dissolution trapping mechanism then plays a far more
active role. Regarding the dissolved CO- in the models with the high-permeable conductive
layer (Models 1 and 2) and the models with the low-permeable layer (Models 3 and 4), the CO>
dissolution results using Model 1 were higher than for Model 3, while Model 2 were higher
than Model 4 (6%). This is due to the fact that the CO> migrates laterally through the high-
permeable layer and starts to use another aquifer as a second storage formation. In other words,
these two aquifers are connected by the high-permeable layer. The obvious difference starts at
the 50 years post-injection period as is clear from the figure. During the injection period (50
years), there is no noticeable difference existing between the models with a high-permeable
layer and those with a low-permeable layer, since during this period, the CO> has not reached

the conductive layer.
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Fig.4 Dissolved CO in relatively low injection rate (5x103
SM®/day). HP refers to high-permeability and LH refers to Low-
permeability.

Figure 5 compares the dissolved CO: for the four models when the injection rate is relatively
high (70x10° SM?/day). Most noticeable in this figure is that more CO; is dissolved in Models

3 and 4 with a low-permeable layer and that the difference is apparent from the middle of the
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injection period. This is due to the fact that for higher injection rates, the pressure increases
and more CO dissolution in brine is triggered by that increase. At the end of the post-injection
period, the highest CO> dissolution is seen in the results of Model 4 with a low-permeable layer
at the unconformity surface when the CO; was injected into Aquifer 2. This is because on the
one hand, the CO, migrates further in Aquifer 2 until it reaches the caprock so there is time for
more brine and CO: interaction. On the other hand, the formation pressure is higher in the
closed aquifer when the unconformity interface becomes part of the caprock and no conductive
layer exists. The difference observed between the model’s results with the CO; injection at the
bottom of Aquifer 1 or Aquifer 2 is not significant. Therefore, in the presence of a low-
permeability layer, as long as the pressure does not reach the pressure constraint, the higher
injection rate plays a more effective role in CO> dissolution. The least dissolution had occurred
using Model 1. Therefore, more CO; dissolution occurs in the closed model with a greater

distance to the caprock.
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Fig.5 Dissolved CO; in relatively high injection rate (70x10°
SM?3/day). HP refers to high-permeability and LH refers to low-
permeability.
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Fig.6 Average pressure when CO: is injected at the bottom of
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Fig.7 Average pressure when CO is injected at the bottom of
Aquifer 2 (R as region).
In both figures (6 & 7 above), no significant difference is observable in pressure in the low-

permeable regions even after injecting CO2. This is because free CO> does not enter these
regions to increase the pressure. In Figure 6, the highest pressure is experienced in Aquifer 1
(region 4) of Model 3. This is because CO> was directly injected into this aquifer and also, as
for the closed model, the conductive layer does not exist for CO, migration and pressure
diffusion. The average pressure in Aquifer 2 (region 6) of Model 3 does not change since the
lateral connectivity is restricted. Therefore, free CO. cannot migrate laterally to fill Aquifer 2
and increase the pressure. Hence in Model 3, the average pressure in Aquifer 2 is lower than

Aquifer 1. However, the pressure in Aquifer 2 (region 6) of Model 1 is increased, since CO>
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enters this aquifer through the high-permeability layer. The high-permeability layer contributes

to the pressure diffusion from Aquifer 1 to Aquifer 2 (Shariatipour et al. 2016b).

In Figure 7, the average pressure is shown when CO: is injected into Aquifer 2. As expected,
the highest average pressure is observable in Aquifer 2 for the simulations using Model 4 for

the reasons explained above.

Figure 8 shows the amount of dissolved CO: predicted by all the models at the end of the post-
injection period. For the lowest injection rate (3x10% SM®/day), the lowest amount of dissolved
COs- is observed in Model 3 (7.37E+05 Kg-M). The highest dissolution occurs using Model 2
(1.46E+06 Kg-M), again due to the longer migration distance and therefore, the higher CO2 and
brine interaction time. For the highest injection rate studied (70x10% SM%/day), the lowest
amount of CO; dissolution occurs using Model 1 (1.73E+07 Kg-M). The highest CO>
dissolution occurs with Model 4 (2.12E+07 Kg-M) because of the combined effects of the

greater pressure increase and the longer migration distance.
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Fig.8 Amount of dissolved CO, at the end of the post
injection period for all injection scenarios.

Figure 9 demonstrates the free gas saturation for a rather low injection rate of 5x10° SM3/day

in all four models. The least free gas is observed using Models 2 and 4 with the perforation at
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the bottom of Aquifer 2, since more CO> was dissolved for these models because of the highest
interaction between the brine and the CO.. The highest amount of free gas is observed using
Models 1 and 3 with less dissolved CO- in the water phase. Figure 10 shows the free gas
saturation at a higher injection rate of 70x10% SM3/day. The lowest free gas saturation is seen
using Model 4, since more CO> was dissolved in this model as a result of the combined effects
of the higher pressure and longer migration distance. Once the CO. dissolves in the water phase,
it can no longer exist as a free gas. Therefore, it is not possible for the CO> to travel upwards

under buoyancy; hence, the security and effectiveness of the storage will be improved.
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Fig.9 Free gas saturation (dimensionless) at 5x10° SM3/day
injection rate.
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Fig.10 Free gas saturation (dimensionless) at 70x10% SM?/day
injection rate.
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4. Effect of salinity and temperature gradient on CO: dissolution

The temperature of the subsurface formation depends on the geothermal gradient in that
specific region. Temperature changes linearly by depth. Normally, the salinity of the
formations water in sedimentary basins gradually increases by increasing the depth. In this part,
the effects of constant reservoir temperature, temperature gradient, constant reservoir salinity

and salinity gradient are investigated.

4.1 Temperature effect

In order to observe the effect of reservoir temperature on CO> dissolution, different temperature
values were first assigned to the models (31°C, 35°C, 40°C, 45°C, 50°C). In this step, the
temperature gradient was not taken into consideration. As expected, the field of dissolved CO-
in the water phase is seen to decrease as the temperature increases (Figure 11). By increasing
temperature, the solubility of the CO- in brine decreases. Furthermore, the viscosity of the brine
decreases as temperature increases. In the CO2 and water displacement system, relative
permeability, irreducible saturation and capillary pressure play important roles. These
characteristics, along with other factors, rely on the interfacial tension between the formation
water and the CO». In asituation when salinity and pressure are constant (similar to the research
conditions), the interfacial tension between the CO and the formation water increases with an
increasing temperature (Bachu and Bennion 2009). Moreover, a generally inverse relationship
exists between the interfacial tension of the CO2 and the formation water and the solubility of

CO2in the water phase.



285

286

287

288

289

290

291

292

293

294

295

296

7.00E+06

6.00E+06
n 5.00E+06
4.00E+06

3.00E+06

--MODEL 1: 31°C

2.00E+06 --MODEL 2: 35°C

DISSOLVED CO2 (KG-M)

1.00E+06 -MODEL 3: 40°C
' ~-~MODEL 4: 45°C
0.00E400 ~MODEL 5: 50°C
0 50 100 150 200 250 300
TIME (YEAR)
Fig.11 Effect of constant reservoir temperature on CO;
dissolution.

4.1.1 Effect of temperature gradient on CO2 dissolution

Two models were constructed in order to investigate the effects of the temperature gradient.
The geothermal gradient was created by assigning different values of temperature to a different
depth. For the temperature gradient of 2°C/100m, at the datum depth, the temperature was
assigned to be 33°C. Then, the temperature was increased (2°C/100m) linearly with the depth.
For the temperature gradient of 5°C/100m, at the datum depth, the temperature was assigned to

be 60°C. Again, the temperature was increased (5°C/100m) linearly with the depth.

One of these models had a temperature gradient of 2°C/100m, which is a cold basin, while the
other model had a higher temperature gradient of 5°C/100m, which is a warm basin. Figure 12

demonstrates the effects of the two different geothermal gradients on CO> dissolution.
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Fig.12 Effect of temperature gradient on CO; dissolution.

Obviously noticeable from this figure is that in the model with the higher temperature gradient
(5°C), the field of dissolved CO- in the formation water drastically decreased. This is because
for higher temperature gradients, the solubility of CO; in the water phase is less than its
solubility in lower temperature gradients. In other words, brine in cooler basins can contain
more CO> than warmer ones. Furthermore, the difference in dissolved CO: in these two
gradients starts at the beginning of the injection period, since CO2 was injected at the bottom
of the aquifer where the temperature have the highest value. This fact had a major influence on

the CO- dissolution from the start of the simulation.

At the end of the injection period, the amount of dissolved CO- in the water phase is 5.61E+06
Kg-m in the model with the constant reservoir temperature of 35°C. In the model with the
temperature gradient of 2°C/100m, the amount of dissolved CO in the water phase is 4.87E+06
Kg-m indicating a significant decrease (12%) in CO; dissolution. Figure 13 demonstrates this
difference. Hence, ignoring the temperature gradient leads to overestimating the amount of

dissolved CO; in the aquifer and the storage capacity.
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4.2 Salinity effects

In order to examine the impacts of formation water salinity on CO> dissolution, five models
with salinity levels of 10,000 mg/L, 75,000 mg/L, 100,000 mg/L, 165,000 mg/L, and 200,000
mg/L were generated. In these models, the reservoir temperature was assumed to be constant

(35°C).

As predicted, the amount of dissolved CO> in the aquifer decreases as the salinity increases
(Figure 14). The brine density increases by increasing the salt concentration. Hence, due to the
density difference between the formation water and the CO., the buoyancy forces play a more
active role. Consequently, the interaction between the brine and the CO; is reduced. Therefore,
the degree of the solubility trapping as a major trapping mechanism is dependent on salinity.
By increasing brine salinity, the degree of solubility trapping is decreased (Johnson et al. 2004).
In order to improve the effectiveness of this type of trapping mechanism and minimise the
upward migration of CO2 under buoyancy, the salinity of the formation water must be
considered. Aquifers with low salinities are freshwater resources (<1000 mg/L) and need to be

conserved. Thus, the salinity of the formation water needs to be moderate.
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Fig.14 Effect of constant reservoir salinity on CO- dissolution.
4.2.1 Effect of salinity gradient on CO2 dissolution

Dickey (1969) demonstrated that salinity changes with depth at a rate of 50 mg/L to 300 mg/L
per m. The overall composition (CO2, H>0O, and NaCl) of the formation was modified with
depth to examine and evaluate the effect of the salinity gradient on the solubility of CO. The
mole fraction at datum depth was 0.0, 0.967 and 0.033 for CO., H20 and NaCl respectively.
For example, Model 1 had a salinity gradient of 120 mg/L/m. Therefore, the mole fractions of
0.0, 0.96 and 0.04 were assigned to the model at a depth of 1100. Model 2 used a salinity
gradient of 250 mg/L/m. Therefore, the mole fractions of 0.0, 0.95 and 0.05 were assigned to

the model at a depth of 1100. These models used a constant reservoir temperature of 35°C.

Figure 15 demonstrates the effect of salinity gradient on CO2 dissolution in the water phase. It
is evident from this figure that the CO- dissolution in the water phase decreases by increasing

the salinity of the formation water with depth.
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At the end of the injection period, the amount of dissolved CO- in the water phase is 4.46E+06
Kg-m in the model with the constant reservoir salinity. The amount of dissolved CO in the
water phase is 4.67E+06 Kg-m in the model with the salinity gradient of 250 mg/L/m.
Comparing the models with and without the salinity gradient, but at a close average salinity,
demonstrates the difference (4%) and the importance of considering the salinity gradient for
the amount of CO; dissolution. Figure 16 shows this comparison. Ignoring the salinity gradient

leads to underestimating the amount of dissolved CO; in the aquifer.
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Fig.16 Comparison between Models with and without the
salinity gradient.
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5. The combined effect of salinity gradients, temperature gradients and injection rates
on CO2dissolution

24 models were constructed in order to investigate the combined effects of salinity gradients,
temperature gradients, and different injection scenarios, using two salinity gradients, two
temperature gradients and six different injection rates. Figure 17 demonstrates the amount of
dissolved CO: in the water phase in these 24 model simulations for the 200 years post-injection
period. Models with low salinity and temperature gradients have the capacity to dissolve the
most CO2 and models with high salinity and temperature gradients have the capacity to dissolve
the least. From this figure, it is clear that for lower CO> injection rates of 3x103, 4x10°%, 5x10°
and 7x10° SM?3/day, the effects of salinity gradients and temperature gradients on CO;
dissolution are almost negligible. However, at higher injection rates of 20x10% and 40x103
SM?3/day; this effect becomes noticeable. Higher injection rates trigger the models to be more
sensitive to higher salinity and temperature gradients, due to the consequential pressure increase
which is not the case in lower injection rates. In addition, for the low injection rates, the injected
CO2 does not reach those depths with substantially different temperature and salinity gradients.

Therefore, the effect of variation in salinity and temperature on the amount of dissolved CO2 is

insignificant.
© MODEL 1: TG 2°C/100m-SG 120 mg/L/m
+ MODEL 2: TG 5°C/100m-SG 250 mg/L/m
© MODEL 3: TG 5°C/100m-SG 120 mg/L/m
0 MODEL 4: TG 2°C/100m-SG 250 mg/L/m
1.20E+07
— °
= 1.00E+07 .
o
< °
< 8.00E+06 1
o
© 6.00£+06 g
L
2
& 4.00E+06 3
%
a 2.00E+06
e ¢
0.00E+00
0 10000 20000 30000 40000 50000
INJECTION RATE (SM3/day)

Fig.17 Amount of dissolved CO; in models with a different temperature gradient, salinity
gradient and a different injection rate.
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6. Conclusion

The main intention of CO; storage is to maximize the amount of CO; that can be injected into

an aquifer and minimise the leakage potential as a mitigation option.

While investigating the unconformity surface as a type of aquifer and caprock interface on CO>

dissolution it was observed:

1. When the injection rate is rather low, the distance travelled by the CO, plays a
significant role towards increasing the total amount of CO2 becoming dissolved. A
longer distance means increased interaction between the brine and the CO; and
therefore a higher dissolution in the water phase. When CO is injected at the bottom
of Aquifer 2, the amount of dissolved CO- is higher due to the greater distance to the
top of the interval. Moreover, CO; dissolution in aquifers with a high-permeable
conductive layer is higher than for aquifers without the high-permeable layer at lower
injection rates. This layer provides a pathway to other storage formations. Hence, CO>
travels a longer distance which results in a higher CO> dissolution.

2. When the injection rate is relatively high, dissolution is increased in closed aquifers
with a low-permeable layer. The highest dissolved CO> is observed using the model
with a low-permeable layer at an unconformity surface and when the CO. was injected
at the bottom of Aquifer 2. This is due to the fact that for higher injection rates, the
pressure builds up and more CO will be dissolved in the water phase. Moreover, more
dissolution occurs when the pathway to the caprock is longer, as the brine and CO-
interaction is increased. Therefore, in the presence of a low-permeability layer,
injection rates play a more effective role in CO dissolution, as long as the pressure

does not reach the pressure constraint.
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3. Less free gas was also observed in the aquifers with the higher amount of CO>

dissolution in the water phase. A higher amount of free CO. in the aquifers means a
higher leakage potential and therefore a reduction of CO. storage security.

Overall, it is crucial to have precise injection rate and also the well and perforation
location to maximise the storage potential and security of a CO; storage project.

CO: dissolution is affected by aquifer salinity and reservoir temperature. In warmer
aquifers, less CO, will be dissolved into the water phase. This is also the case for
aquifers with a higher salinity. As expected, the amount of CO. dissolved in the water
phase is reduced with an increase in temperature and salinity. In summary, these results
indicate that warmer aquifers and aquifers with high salinity have a lower capacity to
dissolve CO,. However, the decrease of solubility is more drastic for the model
simulations using higher temperature gradients than in the models with salinity
gradients. The low solubility of CO2 in high-salinity brines and high-temperature
formations leaves more CO; in the gas phase, which reduces storage security. In
addition, since the difference in the amount of dissolved CO> between models with and
without temperature and salinity gradients is significant, considering the temperature
and salinity gradient is crucial when selecting a formation for CO> storage. Ignoring
them may cause overestimating or underestimating the storage capacity.

One of the interesting results was that for a lower injection rate, the effect of salinity
and temperature gradients on CO> dissolution is almost negligible. However, at higher
injection rates, the models' sensitivity to temperature and salinity gradient is significant
due to higher pressure and a longer migration distance.

In sum, it is essential to consider salinity and temperature gradients in modelling studies
as they have large effects on the amount of dissolved CO> in the brine and hence the

storage capacity and security.
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Since CO; storage efficiencies are related to the size of the connected aquifers, the formation
heterogeneity and the CO- injection strategy, conducting heterogeneous models to investigate

its effects on CO> dissolution are recommended for future studies.
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