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Geological storage of CO, in deep saline formations is increasingly seen as a viable strategy to reduce
the release of greenhouse gases into the atmosphere. However, possible leakage of injected CO, from
the storage formation through vertical pathways such as fractures, faults and abandoned wells is a
huge challenge for CO, geological storage projects. Thus, the density-driven fluid flow as a process
that can accelerate the phase change of injected CO, from supercritical phase into aqueous phase is
receiving more and more attention. In this paper, we performed higher-resolution reactive transport
simulations to investigate the possible density-driven fluid flow process under the ‘real’ condition of CO,
injection and storage. Simulation results indicated that during CO, injection and geological storage in
deep saline formations, the higher-density CO,-saturated aqueous phase within the lower CO, gas plume
migrates downward and moves horizontally along the bottom of the formation, and the higher-density
fingers within the upper gas plume propagate downward. These density-driven fluid flow processes can
significantly enhance the phase transition of injected CO, from supercritical phase into aqueous phase,
consequently enhancing the effective storage capacity and long-term storage security of injected CO, in
saline formations.

1. Introduction

Global emissions of greenhouse gas (GHG) espe-
cially carbon dioxide (CO;) have increased rapidly
and led to global climate change and ocean acidi-
fication with severe potential consequences for
ecosystems and for human society (Holloway 2001;
West et al. 2005; Bachu 2008). CO, capture and
geological storage (CCGS) into deep saline forma-
tions is one of the most promising ways for reducing
anthropogenic CO, emissions into the atmosphere
(Hitchon et al. 1999; Gunter et al. 2000; Allen
et al. 2005; Benson and Cole 2008; Izgec et al. 2008).

During geological storage of CO,, the dissolution
of the free-phase CO, gas into the aqueous phase
increases the water density (Pruess and Zhang
2008), which can result in gravitational instabili-
ties. The downward propagation of CO,-saturated
water by gravity is accompanied with the upper
migration of COs-unsaturated water. The density-
driven convective activity accelerates the dissolu-
tion and spatial distribution of injected CO, gas
compared to the diffusion process alone (Lu and
Lichtner 2007), which is favourable for the effective
storage and long-term storage security of the gas
in geologic formation (Pau et al. 2010).
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Currently, studies on density-driven CO,
enhanced-dissolution have been widely performed
through four main aspects, including

(1) analytical simulations for determining the onset
of convection and the initial wavelength of
convective instabilities (e.g., Ennis-King et al.
2005; Hassanzadeh et al. 2006; Riaz et al. 2006;
Xu et al. 2006b; Javaheri et al. 2010);

(2) laboratory experiments for visualizing and
conceptual understanding of the dissolution—
diffusion—convection (DDC) process (e.g.,
Kneafsey and Pruess 2010), and for measure-
ment of enhanced mass transfer (e.g., Yang and
Gu 2006; Farajzadeh et al. 2007a; Backhaus
2010; Neufeld et al. 2010; Moghaddam et al.
2012);

(3) natural analogues for investigating and identi-
fying the role of density-driven convection in
the mobility of CO,-rich aqueous phase in geo-
logic media (e.g., Gilfillan et al. 2008, 2009);
and

(4) numerical simulations for evaluating the mix-
ing behaviour after the occurrence of convec-
tive activity as the complement and partial
confirmation of the analytical stability theory
(e.g., Ennis-King and Paterson 2005, 2007;
Hassanzadeh et al. 2005, 2006, 2007; Farajzadeh
et al. 2007b, 2011; Lu and Lichtner 2007; Zhang
et al. 2007, 2011; Pruess and Zhang 2008; Chen
and Zhang 2010; Green and Ennis-King 2010;
Neufeld et al. 2010; Pau et al. 2010; Yang et al.
2011).

Among these different research methods, numer-
ical modelling has become an important tool for
the investigation of multiphase fluid flow in geo-
logic media (Dimri et al. 2012), such as the density-
driven CO, enhanced-dissolution process.
Recently, many researchers (e.g., Audigane et al.
2007; Ennis-King and Paterson 2007; Andres and
Cardoso 2011; Li 2011; Zhang et al. 2011) have paid
more attention to the impact of geochemical reac-
tions such as mineral dissolution and precipitation
on the density-driven CO, enhanced-dissolution.
Audigane et al. (2007) performed two-dimensional
(2D) reactive transport modelling to investigate
geochemical effects from the interplay between
fluid flow and geochemical reactions. Their simu-
lation results indicated that the downward migra-
tion of brines containing higher-concentration of
dissolved CO, accelerates the CO, dissolution into
water. In addition, the higher mesh refinement
in horizontal direction enhances the gas dissolu-
tion. Ennis-King and Paterson (2007) investigated
effects of CO, dissolution and geochemical reac-
tions on density-driven convection using analytical
and numerical methods. Their results showed that
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the coupling of ion concentrations such as Ca®" and
Mg?* to water density accelerates the CO, disso-
lution process. Our previous paper (Zhang et al.
2011) investigated the convection process using a
simple 2D reactive transport model based on min-
eralogical composition in Songliao Basin of China.
According to changes in CO, in gas and aqueous
phases, we divided the process into four stages (i.e.,
dissolution-dominated, diffusion-dominated, early
and late convection-dominated periods). Simula-
tion results indicated that geochemical reactions
and mineral compositions are important not only
to the CO, dissolution, but also to the disso-
lution of other species from mineral dissolution,
which can both increase the water density. In addi-
tion, we found that the formation factors have
important impacts on the dissolution—diffusion—
convection process. For example, the increasing
brine salinity delays the development of convec-
tion, lower initial CO, gas saturation accumu-
lated beneath the caprock enhances the onset and
evolution of convective activity, the permeabil-
ity variations caused by the mineral alteration in
the low-pH zone have an influence on the onset
of convection, the increase in vertical permeabi-
lity has a strong effect on the convection process
compared to the increasing horizontal permeabil-
ity, and the increasing strength of permeability
perturbations reduces the onset time for con-
vective mixing. Simulation results also showed
that changes in the model height have no signifi-
cant effect on the onset and evolution of con-
vective activity during early convection-dominated
period. However, decrease in the model height sup-
presses the CO; dissolution during late convection-
dominated period due to the accumulation of
COgs-saturated formation water on the lower
boundary of the model. Decrease in the model
width delays the convective dissolution. Li (2011)
used a novel reactive diffusion—convection trans-
port model to investigate the flow during differ-
ent CO, trappings in deep saline formations. The
novel, fully coupled reactive transport model can
successfully capture the heat- and density-driven
fingering flow of CO,. They considered the effect
of the precipitation of carbonate minerals on con-
vective activity and found that the higher reaction
(precipitation) rate will delay the downward flow
of COs-rich aqueous phase. Similar to the study of
Li (2011), Andres and Cardoso (2011) suggested
that when CO, precipitation reactions are con-
sidered, the increasing reaction rate decreases the
growth rate of the instability, increases the onset
time of convection, and suppresses the finger inter-
action. We should note that they only considered
the possible effect of CO, precipitation reactions
on density-driven fluid flow, but the dissolution of
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minerals and the subsequent increase of concentra-
tion of other dissolved species such as Ca®*, Mg?™,
and Fe?" except for the dissolved CO, may accele-
rate the onset of convective activity and the disso-
lution of CO, into water (Ennis-King and Paterson
2007; Zhang et al. 2011). For current reactive
transport modelling studies on density-driven CO,
enhanced-dissolution process, higher-resolution
(in the order of one meter) simulations (e.g.,
Ennis-King and Paterson 2007; Zhang et al. 2011)
considered this enhanced-dissolution process in
smaller-scale models and assumed that the super-
critical CO, has accumulated below the imper-
meable caprock, but did not identify the effect
of spatial distribution of CO, gas on this
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Figure 1. Schematic representation for COs injection in a
formation.
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process, which should be very important for
understanding the role of density-driven CO,
enhanced-dissolution in long-term CO, geological
storage process. However, other simulations (e.g.,
Audigane et al. 2007) studied the CO, enhanced-
dissolution phenomenon during CO, injection and
storage process in larger-scale models, the model
resolution (in the order of tens of meters) is not
high enough to accurately captue the density-
driven CO, enhanced-dissolution process (Pruess
and Zhang 2008; Pau et al. 2010).

Therefore, the purpose of this paper based
on higher-resolution reactive transport modelling
using TOUGHREACT includes: (1) investigating
the possible density-driven fluid flow phenomenon
during long-term CO, geological storage; and (2)
identifying the effect of the density-driven fluid flow
process on the enhanced-dissolution of injected
CO, into water. Compared to most numerical
modelling studies, those assumed that the injected
supercritical CO, has accumulated below the
caprock, the spatial distribution of injected CO5 may
increase the difficulty to understand and analyze
mechanisms of density-driven CO, enhanced-
dissolution process, but for the ‘real’ CO, geo-
logical storage, the spatial distribution could be
affected by many factors such as permeability,
porosity and residual gas saturation (Audigane
et al. 2007; Zhang et al. 2009). Thus, it is necessary
to simulate and discuss the density-driven CO,
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Figure 2. Spatial distribution of injected COg2 gas obtained from the base-case after different times (Sg is CO2 gas saturation

in pore space).
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enhanced-dissolution process under the considera-
tion of the spatial distribution of injected CO, in
deep saline formations (IEA GHG 2008).

2. Model setup

A simple 2D-model was used to study the temporal
evolution and spatial distribution of injected CO,
and subsequent geochemical changes and density-
driven fluid flow process. The modelling based
on a 3D model should be more accurate (Pau
et al. 2010). However, due to constraints of com-
putational capacity of the modelling code used
in our studies, we did not consider the 3D mod-
elling here. Our previous paper (Zhang et al. 2011)
has discussed the difference between 2D and 3D
models.

The 2D model was a sandstone formation of
20 m thickness as shown in figure 1. In the
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vertical direction, 20 model layers were used with
a constant spacing of 1 m. In the horizontal direc-
tion, a distance of 100 m was modelled with a con-
stant spacing of 1 m that is the same with the
vertical resolution of this model. The number of
grid blocks is 2000. The volume of the outer grid
element is specified at a large value of 1030 m?3,
representing an infinitive lateral boundary. CO,
injection was applied at the bottom portion of
the well using a constant rate of 0.05 kg/s per
meter (per meter normal to the 2D model) that
is the same with the study of Rutqvist and Tsang
(2002) for a period of 2 days. The fluid flow and
geochemical transport simulation was run for a
period of 300 years. The upper and lower bound-
aries of this model were assumed as impermeable
caprock and bedrock, respectively. A hydrostatic
pressure distribution over the depth was specified
initially. Change in temperature with depth was
not considered. The porous medium was assumed
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Figure 3. Spatial distribution of aqueous phase density (in kg L_l) obtained from the base-case after different times (the

black line represents the zero contour line of gas saturation).
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as homogeneous, but a small random permeability
modification (0.99-1.01) was applied to promote
the onset of density-driven convective activity.
However, the above condition is rare, because
natural geological formations are usually highly
heterogeneous. And it is well known that perme-
ability heterogeneity significantly affects the trans-
port processes in CO, geological sequestration
(Simmons et al. 2010; Chen et al. 2013).

We used the same hydrogeological parameters
as those used in the research in Songliao Basin
of China (Zhang et al. 2009). Initial mineralogi-
cal composition and aqueous solution composition
were used from Zhang et al. (2009). Dissolution
and precipitation of minerals are considered under
kinetic conditions. The kinetic parameters used
here were taken from Xu et al. (2007). A temper-
ature of 50°C was used, which may represent the
temperature at a depth of about 1200 m, given a
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land surface temperature of 15°C and a geothermal
gradient of 30°C/km.

Numerical simulations were performed using
the mnonisothermal reactive transport code
TOUGHREACT (Xu and Pruess 2001; Xu et al.
2006a). This code introduces reactive chemistry
into the multiphase fluid and heat flow code
TOUGH2 (Pruess 2004). A new fluid property
module, ECO2N, based on Pruess’ work was
used (Pruess and Spycher 2007). This module
provides an accurate description of the thermo-
physical properties of mixtures of water and
CO;, under conditions typically encountered in
saline formations of interest for CO, sequestration
(31°C < T < 110°C; 73.8 bars < P < 600 bars).
The numerical method for solving fluid flow and
chemical transport is based on an integral finite
difference (IFD) method for space-discretization.
The IFD method provides flexible discretization of
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Figure 4. Spatial distribution of concentration (in mol kg~! Hp0) of total dissolved carbon obtained from the base-case

after different times.
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geologic media by allowing the use of irregu-
lar grids, which is well suited for simulation of
flow, transport, and fluid—rock interaction in het-
erogeneous and fracture rock systems with vary-
ing petrology. For regular grids, the IFD method
is equivalent to the conventional finite difference
method. An implicit time weighing scheme is used
for the flow, transport and kinetic geochemical
equations. A sequential non-iterative approach is
used for the coupling between transport and geo-
chemical reactions. The program can be applied
to one-, two-, or three-dimensional porous and
fractured media with physical and chemical het-
erogeneity. It can accommodate any number of
chemical species present in the liquid, gas and
solid phases. A wide range of subsurface thermo-
physical-chemical processes are considered under
various thermohydrological and geochemical condi-
tions such as pressure, temperature, ionic strength,
pH and Eh.

3. Results and discussions

Figure 2 shows that once COs injection begins,
the injected COs gas migrates upward by buoy-
ancy forces and moves horizontally along the
impermeable caprock. This finding has been ver-
ified by many modelling studies (e.g., Carneiro
2009; Yamamoto et al. 2009; Zhang et al. 2009).
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The emphasis of this paper is density-driven fluid
flow process that may enhance the dissolution of
injected CO, into water. The spatial distribution
of water density (figure 3) indicates exciting sim-
ulation results (note that the black solid line rep-
resents the zero contour line of gas saturation,
the left side of this contour line is the two-phase
(gas and aqueous phases) zone, the right side is
the single-phase aqueous phase zone), including
the downward migration and horizontal movement
of higher-density (concentration) COa-rich aque-
ous phase (figure 4) in the bottom of the CO, gas
plume along the bottom of the formation, and the
formation of ‘fingering” phenomenon in the top of
the gas plume. This is similar to the experimental
result of MacMinn et al. (2012). They conducted
laboratory experiments with water and solution of
methanol and ethylene glycol (MEG) instead of
with groundwater and supercritical CO, to inves-
tigate the effect of the interaction between buoy-
ant spreading, convective dissolution, and the finite
thickness of the aquifer on the maximum extent
and lifetime of the buoyant current. Experimen-
tal results (please see figures 5 and 6 in MacMinn
et al. 2012) showed that water with dissolved MEG
accumulates and spreads at the bottom of the
flow cell as a dense gravity current. This indicated
that our higher-resolution reactive transport mod-
elling can better capture the spatial spreading and
distribution of CO,-rich (higher-density) aqueous
phase.
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Figure 5. Spatial distribution of pH obtained from the base-case after different times.
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Figure 6. Spatial distribution of aqueous phase density (in kg Lfl) obtained from case 2 after different times.

Figures 3 and 4 show that the significant density-
driven fluid flow process can increase the contact
among CO, gas, formation water and minerals,
which may promote their interreactions, further
enhancing the transition of COy from supercriti-
cal phase into aqueous and solid phases. It is well
known that the mineral trapping of CO, is a slow
process (e.g., Gaus et al. 2008; De Silva and Ranjith
2012), and our simulation results show that there
is no significant increase in the amount of injected
COy in solid phase during current simulation time,
so mineral alterations did not be shown in this
paper. However, we still believe that the density-
driven fluid flow can increase the contact between
COg-rich brines with lower pH (figure 5) and min-
erals, further enhancing the dissolution of minerals
such as carbonates and sulphates and the possible
precipitation of other carbonates such as dawsonite
and magnesite. The decrease of injected CO, gas
in the storage formation can prevent the leakage

of CO, and its subsequent influence on environ-
ment (e.g., groundwater, ground surface and atmo-
sphere) (Wilson et al. 2007; Zheng et al. 2009; Apps
et al. 2010).

In order to identify the effect of density-driven
fluid flow on the phase transition of CO,, we con-
ducted three sensitivity modelling in which the
horizontal grid spacing is increased and decreased
from 1.0 m to 2.0 m (case 2) and 0.5 m (case 3),
respectively, and the density-independent multi-
phase fluid flow is considered (case 4). Because
previous studies (e.g., Audigane et al. 2007; Lu
and Lichtner 2007; Pruess and Zhang 2008; Pau
et al. 2010) suggested that the density-driven CO,
enhanced-dissolution is delayed and suppressed
for the lower-resolution model. The comparison
between the base-case and the sensitivity cases
should be helpful for our understanding the role
of density-driven fluid flow in enhancing CO,
dissolution.
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Figure 6 shows that for the lower-resolution
case (case 2), the density-driven fluid flow process
indeed be delayed and suppressed. As shown in
figure 7, during CO, injection stage (the zone
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labeled as (1) in figure 7), the decrease of mass
fraction of CO, in gas phase for the base-case is
slower than that in case 2, but after the end of
CO; injection, the decrease of the injected CO,
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case 3 (bottom) after 50 and 100 years (the black line represents the zero contour line of gas saturation).
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gas for the base-case is faster than that in case 2.
This verifies that the lower-resolution modelling
will underestimate the positive impact of density-
driven fluid flow on the CO, dissolution. The rapid
decrease of CO, gas in injection stage for the lower-
resolution case is similar to the study of Audigane
et al. (2007), which should be because that the
coarser model overestimates the spatial distribu-
tion of injected CO, gas, consequently increasing
the contact between CO, gas and formation water,
further enhancing the CO; dissolution into water.
Due to constraints of computational capacity of
modelling code and increase in grid resolution and
number, the actual simulation time of the higher-
resolution case (case 3) is only 100 years. However,
the simulation result in case 3 still suggests that
the higher-resolution model would be better to
capture the density-driven fluid flow process,
especially the fingering phenomenon (figure 8).
Figure 9 provides powerful evidence that the flow
of COg-saturated brines in the upper and lower
of the CO, gas plume for the base-case is indeed
induced by the increasing density of the aqueous
phase. Due to stronger fluid flow process in the
base-case than that in case 4, the contact between
CO, gas and COs-unsaturated aqueous phase is

enhanced, at the same time the dissolution rate of
CO; gas into water is accelerated (figure 10).

4. Findings and conclusions

We have developed a 2D reactive transport
model for density-driven fluid flow process during
long-term geological storage, using mineralogical
composition and water chemistry encountered in
Songliao Basin of China. Major findings and con-
clusions from our simulations are summarized as
follows:

(1) During injection and geological storage of
CO; in deep saline formations, there are sig-
nificant density-driven fluid flow phenomena.
Most studies which have been conducted
focused on density-driven convective activity
that mainly occurs below the CO, gas plume,
especially the plume accumulated below the
low-permeable caprock. However, we found
that for the lower gas plume, higher-density
COgy-rich brines migrate downward and move
horizontally along the bottom of the formation;
for the upper gas plume, the higher-density
‘fingering’ phenomenon is formed, this means
the occurrence of convective circulation
between COs-saturated and CO,-unsaturated
brines.

(2) Sensitivity test showed that due to the decrease
of grid resolution, the density-driven fluid flow
process is delayed and suppressed. Simulation
results indicated that during CO, injection
stage, the decrease of mass fraction of CO,
in gas phase for the finer model is slower than
that in the coarser model, but after the end of
CO, injection, the decrease of injected CO, gas
for the former is faster than that in the latter.
The rapid decrease of CO, gas in injection
stage for the lower-resolution case should be
due to the coarser model overestimates the
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spatial distribution of injected CO, gas, con-
sequently increasing the contact between CO,
gas and formation water, further enhancing
the CO, dissolution into water. The compar-
ison between simulation results of density-
dependent and density-independent cases
suggested that density-driven fluid flow pro-
cess plays a great role in promoting the phase
transition of injected CO, from supercritical
phase into aqueous phase.

Acknowledgements

The author would like to thank the two anony-
mous reviewers for their constructive comments
and suggestions during the review process, which
greatly improved the quality of this paper. Author
would also like to acknowledge the helpful com-
ments and discussions with Tianfu Xu. This work
greatly benefited from Jilin University’s Ground-
water Resources and Environments Key Labora-
tory of Ministry of Education (China), by China
Scholarship Council and public welfare industry
special funds for scientific research from Min-
istry of Land and Resources of China (Grant
No. 201211063-06). This work was also supported
by China Geological Survey Project (Grant Nos.
1212011220914 and 1212011220794), and Librar-
ian’s project of National Geological Library of
China (Grant No. GZ201203).

References

Allen D E, Strazisar B R, Soong Y and Hedges S W
2005 Modeling carbon dioxide sequestration in saline
aquifers: Significance of elevated pressures and salinities;
Fuel Process. Technol. 86 1569-1580.

Andres J T H and Cardoso S S S 2011 Onset of convection
in a porous medium in the presence of chemical reaction;
Phys. Rev. E 83 046312.

Apps J A, Zheng L, Zhang Y, Xu T and Birkholzer J T 2010
Evaluation of potential changes in groundwater quality
in response to CO2 leakage from deep geologic storage;
Transp. Porous Med. 82 215-246.

Audigane P, Gaus I, Czernichowski-Lauriol I, Pruess K and
Xu T 2007 Two-dimensional reactive transport modeling
of COz2 injection in a saline aquifer at the Sleipner site,
North Sea; Am. J. Sci. 307 974-1008.

Bachu S 2008 CO2 storage in geological media: Role, means,
status and barriers to deployment; Prog. Energy Combust.
34 254-273.

Backhaus S 2010 Laboratory measurements of large-scale
carbon sequestration flows in saline reservoirs; In: 9th
Annual Conference on Carbon Capture and Sequestration,
Pittsburgh, PA.

Benson S M and Cole D R 2008 COg9 sequestration in deep
sedimentary formation; Flements 4 325-331.

Carneiro J F 2009 Numerical simulations on the influence
of matrix diffusion to carbon sequestration in double
porosity fissured aquifers; Int. J. Greenh. Gas Control 3
431-443.

Wei Zhang

Chen C and Zhang D 2010 Pore-scale simulation of density-
driven convection in fractured porous media during
geological COg sequestration; Water Resour. Res. 46
W11527.

Chen C, Zeng L and Shi L 2013 Continuum-scale convec-
tive mixing in geological COq sequestration in anisotropic
and heterogeneous saline aquifers; Adv. Water. Resour.
53 175-187.

De Silva P N K and Ranjith P G 2012 A study of methodolo-
gies for COq storage capacity estimation of saline aquifers;
Fuel 93 13-27.

Dimri V P, Srivastava R P and Vedanti N 2012 Fractal mod-
els in exploration geophysics: Application to hydrocarbon
reservoir; Elsevier Science Ltd., 184p.

Ennis-King J and Paterson L 2005 Role of convective mixing
in the long-term storage of carbon dioxide in deep saline
formations; SPE J. 10 349-356.

Ennis-King J and Paterson L 2007 Coupling of geochemical
reactions and convective mixing in the long-term geologi-
cal storage of carbon dioxide; Int. J. Greenh. Gas Control
1 86-93.

Ennis-King J, Preston I and Paterson L 2005 Onset of con-
vection in anisotropic porous media subject to a rapid
change in boundary conditions; Phys. Fluids 17 084107.

Farajzadeh R, Barati A, Delil H A, Bruining J and Zitha P L
2007a Mass transfer of CO9 into water and surfactant
solutions; Petrol. Sci. Technol. 25 1493-1511.

Farajzadeh R, Salimi H, Zitha P L. J and Bruining J 2007b
Numerical simulation of density-driven natural convec-
tion with application for COg injection projects; Int. J.
Heat Mass Transfer 50 5054-5064.

Farajzadeh R, Ranganathan P, Zitha P L. J and Bruining J
2011 The effect of heterogeneity on the character of
density-driven natural convection of COg2 overlying a
brine layer; Adv. Water Resour. 34 327-3309.

Gaus I, Audigane P, André L, Lions J, Jacquemet N,
Durst P, Czernichowski-Lauriol I and Azaroual M 2008
Geochemical and solute transport modelling for COg stor-
age, what to expect from it? Int. J. Greenh. Gas Control
2 605-625.

Gilfillan S M V, Ballentine C J, Holland G, Blagburn D,
Sherwood L, Stevens S, Schoell M and Cassidy M 2008
The noble gas geochemistry of natural COg gas reser-
voirs from the Colorado Plateau and Rocky Moun-
tain provinces, USA; Geochim. Cosmochim. Acta 72
1174-1198.

Gilfillan S M V, Lollar B S, Holland G, Blagburn D,
Stevens S, Schoell M Cassidy M, Ding Z, Zhou Z,
Lacrampe-Couloume G and Ballentine C 2009 Solubil-
ity trapping in formation water as dominant CO2 sink in
natural gas fields; Nature 458 614-618.

Green C and Ennis-King J 2010 Effect of vertical heterogene-
ity on long-term migration of CO2 in saline formations;
Transp. Porous Med. 82 31-47.

Gunter W D, Perkins E H and Hutcheon I 2000 Aquifer
disposal of acid gases: Modeling of water—rock reac-
tions for trapping of acid wastes; Appl. Geochem. 15
1085-1095.

Hassanzadeh H, Pooladi-Darvish M and Keith D W 2005
Modeling of convection mixing in COq storage; J. Can.
Petrol. Technol. 44 43-51.

Hassanzadeh H, Pooladi-Darvish M and Keith D W 2006
Stability of a fluid in a horizontal saturated porous
layer: Effect of non-linear concentration profile, initial
and boundary conditions; Transp. Porous Med. 65
193-211.

Hassanzadeh H, Pooladi-Darvish M and Keith D W 2007
Scaling behavior of convective mixing with application to
geological storage of CO9; AIChE J. 53 1121-1131.



Geological storage of COs in deep saline formation

Hitchon B, Gunter W D, Gentzis T and Bailey R T 1999 Sed-
imentary basins and greenhouse gases: A serendipitous
association; Energ. Convers. Manag. 40 825-843.

Holloway S 2001 Storage of fossil fuel-derived carbon dioxide
beneath the surface of the Earth; Ann. Rev. Energ. Env.
26 145-166.

IEA Greenhouse Gas R&D Programme (IEA GHG) 2008
Aquifer storage — Development issues.

Izgec O, Demiral B, Bertin H and Akin S 2008 CO3 injection
into saline carbonate aquifer formation. I. Laboratory
investigation; Transp. Porous Med. 72 1-24.

Javaheri M, Abedi J and Hassanzadeh H 2010 Linear sta-
bility analysis of double-diffusive convection in porous
media, with application to geological storage of COsg;
Transp. Porous Med. 84 441-456.

Kneafsey T and Pruess K 2010 Laboratory flow experiments
for visualizing carbon dioxide-induced, density-driven
brine convection; Transp. Porous Med. 82 123—-139.

Li Q 2011 Coupled reactive transport model for heat and
density driven flow in COg storage in saline aquifers;
J. Hazard. Toxic Radioact. Waste 15 251-258.

Lu C and Lichtner P C 2007 High resolution numerical inves-
tigation on the effect of convective instability on long term
CO2 storage in saline aquifers; J. Phys. Conf. Ser. 78
012042.

MacMinn C W, Neufeld J A, Hesse M A and Huppert H E
2012 Spreading and convective dissolution of carbon
dioxide in vertically confined, horizontal aquifers; Water
Resour. Res. 48 W11516.

Moghaddam R N, Rostami B, Pourafshary P and
Fallahzadeh Y 2012 Quantification of density-driven
natural convection for dissolution mechanism in COs
sequestration; Transp. Porous Med. 92 439-456.

Neufeld J A, Hesse M A, Riaz A, Hallworth M A, Tchelepi H A
and Huppert H E 2010 Convective dissolution of carbon
dioxide in saline aquifers; Geophys. Res. Lett. 37 1.22404.

Pau G S H, Bell J B, Pruess K, Almgren A S, Lijewski
M J and Zhang K 2010 High-resolution simulation and
characterization of density-driven flow in COg storage in
saline aquifers; Adv. Water Resour. 33 443-455.

Pruess K 2004 The TOUGH codes — a family of simula-
tion tools for multiphase flow and transport processes in
permeable media; Vadose Zone J. 3 738-746.

Pruess K and Spycher N 2007 ECO2N-a fluid prop-
erty module for the TOUGH2 code for studies of COq
storage in saline aquifers; Energy Convers. Manag. 48
1761-1767.

Pruess K and Zhang K 2008 Numerical modeling studies
of the dissolution—diffusion—convection process during CO2
storage in saline aquifers; Lawrence Berkeley National
Laboratory Paper LBNL-1243E http://escholarship.
org/uc/item/2fc5v69p.

Riaz A, Hesse M, Tchelepi A and Orr F M 2006 Onset of con-
vection in a gravitationally unstable, diffusive boundary
layer in porous media; J. Fluid Mech. 548 87-111.

Rutqvist J and Tsang C 2002 A study of caprock hydrome-
chanical changes associated with COg-injection into a
brine formation; Environ. Geol. 42 296-305.

1397

Simmons C T, Kuznetsov A V and Nield D A 2010 Effect
of strong heterogeneity on the onset of convection in a
porous medium: Importance of spatial dimensionality and
geologic controls; Water Resour. Res. 46 W09539.

West J M, Pearce J, Bentham M and Maul P 2005 Issue
profile: Environmental issues and the geological storage
of COg9; Fur. Env. 15 250-259.

Wilson E J, Friedmann S J and Pollak M F 2007 Research
for deployment: Incorporating risk, regulation, and liabil-
ity for carbon capture and sequestration; FEnwviron. Sci.
Technol. 41 5945-5952.

Xu T and Pruess K 2001 Modeling multiphase non-
isothermal fluid flow and reactive geochemical transport
in variably saturated fractured rocks. 1. Methodology;
Am. J. Sci. 301 16-33.

Xu T, Sonnenthal E, Spycher N and Pruess K 2006a
TOUGHREACT -A simulation program for non-
isothermal multiphase reactive geochemical transport
in variably saturated geologic media: Applications to
geothermal injectivity and CO2 geological sequestration;
Comput. Geosci. 32 145-165.

Xu X, Chen S and Zhang Z 2006b Convective stabil-
ity analysis of the long-term storage of carbon dioxide
in deep saline aquifers; Adv. Water Resour. 29
397-407.

Xu T, Apps J A, Pruess K and Yamamoto H 2007 Numerical
modeling of injection and mineral trapping of COg with
HsS and SO2 in a sandstone formation; Chem. Geol. 242
319-346.

Yamamoto H, Zhang K, Karasaki K, Marui A, Uehara H and
Nishikawa N 2009 Numerical investigation concerning the
impact of CO2 geologic storage on regional groundwater
flow; Int. J. Greenh. Gas Control 3 586-599.

Yang C and Gu Y 2006 Accelerated mass transfer of CO2 in
reservoir brine due to density-driven natural convection
at high pressures and elevated temperatures; Ind. Eng.
Chem. Res. 45 2430-2436.

Yang D, Zeng R and Zhang D 2011 Numerical simula-
tion of convective stability of the short-term storage of
COg in saline aquifers; Int. J. Greenh. Gas Control 5
986-994.

Zhang K, Doughty C, Wu Y and Pruess K 2007 Efficient par-
allel simulation of COgq geological sequestration in saline
aquifers; In: SPE reservoir simulation symposium, SPE
106026, Houston, TX.

Zhang W, Li Y, Xu T, Cheng H, Zheng Y and Xiong P
2009 Long-term variations of CO2 trapped in different
mechanisms in deep saline formations: A case study of
the Songliao Basin, China; Int. J. Greenh. Gas Control 3
161-180.

Zhang W, Li Y and Omambia A N 2011 Reactive trans-
port modeling of effects of convective mixing on long-term
COg geological storage in deep saline formations; Int. J.
Greenh. Gas Control 5 241-256.

Zheng L, Apps J A, Zhang Y, Xu T and Birkholzer J T
2009 On mobilization of lead and arsenic in groundwater
in response to CO2 leakage from deep geological storage;
Chem. Geol. 268 281-297.

MS received 29 October 2012; revised 20 February 2013; accepted 2 March 2013


http://escholarship.org/uc/item/2fc5v69p
http://escholarship.org/uc/item/2fc5v69p

	Density-driven enhanced dissolution of injected CObold0mu mumu 222222 during long-term CObold0mu mumu 222222 geological storage
	Abstract
	Introduction
	Model setup
	Results and discussions
	Findings and conclusions



