Advances in

Geo-Energy Research

Original article

Vol. 9, No. 2, p. 125-135, 2023

The impact of background water flow on the early migration
of a CO; plume in a tilted aquifer during the post-injection

period

Mawda Awag®*, Eric Mackay, Saeed Ghanbari

Institute of GeoEnergy Engineering, Heriot-Watt University, Edinburgh EHI14 4AS, United Kingdom

Keywords:

CO; plume migration
background flow velocity
tilted aquifer

plume distribution
migration distance

Cited as:

Awag, M., Mackay, E., Ghanbari, A. The
impact of background water flow on the
early migration of a CO, plume in a
tilted aquifer during the post-injection
period. Advances in Geo-Energy
Research, 2023, 9(2): 125-135.
https://doi.org/10.46690/ager.2023.08.06

Abstract:

The study presents a numerical modelling analysis on CO; plume migration in a dipping
storage aquifer with background flux, which incorporates residual and dissolution trapping
of CO;. The purpose of this analysis is to investigate the effect of the background flow
velocity on the CO, plume migration during the early post-injection period. Different
velocities of groundwater flow from low to high were considered in the aquifer model.
The distribution, migration distance and velocity of the injected CO; plume as well as the
remaining mobile CO; plume extent are estimated to determine how fast and far the plume
propagates with time. Comparison of the results indicate that increasing the background
flux velocity causes the plume to migrate longer distances up-dip, while it reduces the
height distribution of the plume with time. This reduces the volume of mobile CO; in the
storage aquifer at larger velocities of background flux, hence decreasing the leakage risk
of CO; to the surface. In addition, the CO, plume decelerates immediately after cessation
of injection as its bottom rises vertically and the buoyancy force reduces as the thickness
of the plume reduces. However, the plume then accelerates during the initial period of its
subsequent lateral migration, as the plume becomes extended, and the buoyancy forces
increases somewhat. The degree of lateral extension increases with increasing background
water flow velocity, with the leading tip of the plume migrating faster than the trailing
edge, until residual and dissolution trapping sufficiently reduce the volume of free phase
CO; that its migration is arrested.

1. Introduction

conditions. They are generally thin and can be horizontal or

The reduction of global atmospheric Carbon Dioxide
(CO;) emissions is essential to diminish climate change.
CO; injection into deep saline aquifers is the most assuring
method for long-term storage of CO;, due to their large
potential storage capacities as well as their wide availability
around the globe (Birkholzer et al., 2015). Saline aquifers
offer global storage capacities from 4,000 to 23,000 Gi-
gatons of CO,, which make them suitable repositories for
permanently storing the CO, captured from anthropogenic
sources (Bennaceur, 2014). Their depths range from 1,000
to 3,000 meters underneath the surface, which provide the
required environment for the CO; to remain under supercritical

tilted (Rosenbauer and Thomas, 2010).

Under typical aquifer conditions, the density and viscosity
of the CO, plume are always less than those of resident
formation brine, which make the CO, more mobile (Pruess and
Nordbotten, 2011). In the absence of barriers to vertical flow,
the injected plume of CO, migrates upwards until reaching a
low permeability caprock, and then it spreads laterally while
migrating for several years because of the buoyancy effect and
background flow velocity (Elenius et al., 2015). This increases
the possibility of CO, leakage through spill points, including
faults or fractures and abandoned wells. Thus, ensuring that
the injected CO, becomes trapped within the target formation
it is injected into is important for long-term storage.
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Leakage of the injected plume of CO; back to the surface
is prevented via four main trapping processes: (1) Structural
trapping in which the injected plume of CO;, becomes trapped
under an impermeable caprock while remaining mobile (Riaz
and Cinar, 2014); (2) Residual trapping occurs after injection
ceases when the CO; at the trailing end of the plume is immo-
bilised as water is imbibed behind it (Pentland et al., 2011);
(3) Dissolution trapping happens over a long timescale, in
which the mobile and residual CO, dissolve slowly into the
brine (Iglauer, 2011). CO, dissolution offers greater storage
security, since the CO, saturated brine is much denser than
the unsaturated brine, and thus the dissolved CO; is displaced
downwards away from the interface (Zhang and Song, 2014).
(4) mineral trapping takes place when the dissolved CO, reacts
with the rock, precipitating carbonate minerals; however, this
does not impact the plume migration as it occurs only after
the CO, has dissolved into the brine (Gunter et al., 1997,
Oelkers, 2008). The fate of the injected plume of CO, in an
open storage aquifer is a function of these mechanisms, and
they establish what volume of CO; remains mobile during
migration (Pawar et al., 2020).

During the injection of CO,, the overall CO, saturation
increases as the leading tip of the plume displaces brine and
no residually trapped CO, is yet formed at the trailing edge of
the plume (IPCC, 2005). Once injection ceases, the injected
CO; plume may migrate for hundreds to thousands of years,
and residual CO; as well as dissolved CO; are trapped in the
wake of the injected CO;, plume (Benson and Cole, 2008).
Therefore, a complete understanding of the subsurface spread-
ing and trapping of the injected CO, plume is vital to estimate
the storage capacity as well as security (Bachu, 2008). Various
analytical and numerical studies explored different aspects of
CO; storage and migration in deep saline aquifers. Most of
these studies assumed that the aquifer brine is stagnant, where
in fact many aquifers are exposed to a slow groundwater flow.
For example the flow velocity of the groundwater (Darcy
velocity) in deep aquifers in the Alberta Basin is 1 to 10
cm/year (Bachu et al., 1994; Han et al., 2011). In addition,
strata in the majority of aquifers are tilted and this can affect
the movement of underground water, which in turn can impact
the CO, migration behaviour in storage aquifers.

Among previous studies, Nordbotten et al. (2005) analysed
analytically the shape of an injected plume of CO, into an
aquifer during the injection period and provided a solution
for the problem where viscous forces dominate over buoy-
ancy forces in the context of CO, leakage. Nordbotten and
Celia (2006) then included some dissolution effects in the
study and showed a favourable comparison of their analytical
solution with numerical results. However, residual trapping
of CO; and groundwater flow effects were not considered in
these studies. Hesse et al. (2006) developed a semi-analytical
solution for the post-injection migration of an injected CO;
plume into a confined horizontal aquifer, considering the
residual trapping. They gave scaling laws for the volume and
extent of an injected CO, plume into horizontal aquifers. They
used a similar numerical model to Nordbotten et al. (2005)
to study the up-dip migration of a CO, plume in unconfined
tilted aquifers but excluded the CO, dissolution in brine and
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groundwater movement. Hesse et al. (2007) provided early and
late-time similarity solutions for the post-injection migration
of CO; in a horizontal aquifer without residual or dissolution
trapping of CO;. Hesse et al. (2008) then included the residual
trapping effect, showing that the early-period advancement of
the plume remains self-similar in a confined horizontal aquifer
when residual trapping is incorporated. They also provided
scaling laws for the late-period evolution of the plume and
presented a solution for confined aquifers when the up-dip
migration dominates buoyancy.

Juanes and MacMinn (2008) and Juanes et al. (2009),
provided an analytical solution for the CO, plume migration
in a horizontal aquifer with background water flow when the
spreading due to advection caused by groundwater flow dom-
inates the spreading due to buoyancy effects. They considered
the preliminary shape of the CO, plume during injection and
the residual trapping of CO,, neglecting the dissolution of
CO; into brine. Their analysis shows that the shape of the
CO; plume during the injection period has an impact on the
evolution of the CO; plume. MacMinn and Juanes (2009)
performed a similar study for the post-injection migration of an
axisymmetric plume of CO; in a horizontal aquifer subjected
to residual trapping, but with no regional background flow.
Their outcomes were comparable to their previous studies.
MacMinn et al. (2010) developed a theoretical solution to a
hyperbolic gravity-current model for a CO, plume migration
and residual trapping in a confined dipping storage aquifer
subjected to background water flow and accounted for the CO,
plume shape during injection period as an initial condition for
the plume migration during the post-injection period. Their
analysis also confirms that the diffusive spreading of the plume
due to buoyancy has a trivial impact on the ultimate evolution
of the injected CO; plume.

Hassanzadeh et al. (2009) and Emami-Meybodi et
al. (2015) focused on how the groundwater flux can influence
the development of convective mixing during CO, dissolution.
Hassanzadeh et al. (2009) used a linear stability analysis to
derive a time scale for the onset of convective mixing as
a function of background flux, to understand the effect of
background water flow in aquifers on the onset of convection
in a transient concentration field. Emami-Meybodi et al. (2015)
studied the effect of groundwater flow on the CO, dissolution
in brine in saline aquifers considering the diffusion, advection,
and convection processes. They developed a semi-analytical
model to assess the total dissolution rate and distribution of
dissolved CO, in the aquifer. They then demonstrated how
background flow alters the convective dissolution of the CO;
in brine using numerical simulations. Their results indicated a
delay in the onset of convection and subsequent mixing when
groundwater flow exists. Unlike previously mentioned studies,
we carried out a numerical modeling study to analyse the
post-injection migration of CO, plume into a dipping storage
aquifer exposed to background flux velocity, including both
residual trapping of CO; and CO, dissolution in brine as
principal means of immobilising the mobile CO,.

In this work, the post-injection migration of the injected
CO;, is identified at two stages as the early post-injection and
late post-injection periods. This analysis studies the impact of
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Fig. 1. Schematic diagram of CO, plume advancement
in a tilted aquifer with background water flow during the
early post-injection period. region 1 (green) contains mobile
CO; and an irreducible brine saturation S,,.; region 2 (grey)
comprises mobile brine and a residual CO, saturation Sg,;
region 3 (blue) contains some dissolved CO; in brine.

the magnitude of groundwater flux on the early evolution of
the injected CO, plume during post-injection period, and the
importance of the residual trapping and dissolution of CO, in
brine for plume migration. The study considered the density
increase associated with the CO, dissolution in bine, but it
suppresses the development of the convective mixing patterns
due to the early timescale of the analysis and the relatively
coarse gridding of the numerical model. We show that, in order
to identify how fast and far the injected CO, plume travels
during its early migration, and how much of it remains mobile
before reaching the aquifer boundaries, it is very significant
to evaluate the plume thickness, length and migrating velocity
of its leading tip. Our next study focuses on the late post-
injection migration of the CO, using a more refined gridding
model and includes the convective dissolution of the injected
CO, in brine.

The paper is organised as follows: first, we introduce the
conceptual aquifer system and the questions addressed in this
analysis. Secondly, we provide details of the aquifer model
setup and the methodology developed for our study. This will
then be followed by the main results and discussion of the
findings.

2. Description of conceptual model

A schematic diagram of the aquifer model developed for
this study is illustrated in Fig. 1. The supercritical CO»
(green) is injected from a vertical well (red solid line) into
an open tilted aquifer subjected to a background water flow
(left to right in the diagram). The model considers residual
trapping (grey) and CO; dissolution in brine (blue) during the
post-injection period. Due to density differences between the
injected CO, plume and brine, the injected plume of CO, will
migrate upwards displacing the brine downwards. A portion of
the injected plume will become residually trapped (grey) and
this and the remaining mobile CO, will dissolve gradually into
the brine (blue) as the plume migrates up-dip.

The migration of the injected plume of CO; in the aquifer
occurs during injection and post-injection periods. In this
study, we divide the post-injection migration of the plume
into early post-injection and late post-injection periods. The
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early post-injection migration is when some of the injected
COs is residually trapped and a fraction of the mobile plume
dissolves in the contacted brine as it migrates; however, the
dissolved front (blue) across the CO;-brine interface in the
migrating mobile plume region (green) does not reach the bot-
tom boundary of the aquifer. The late post-injection migration
of the plume is the period during which the CO, eventually
stops migrating because it reaches a physical boundary, or its
volume is exhausted by residual and dissolution trapping. Our
main focus here is to capture the plume migration behaviour
during the early post-injection period.

In this study, we are interested in investigating how fast and
how far the injected CO, plume travels over time, and how
much of it remains mobile during its early migration before
reaching the system boundaries or a spill point. Understanding
how the velocity of the background flow influences the CO,
plume evolution in the aquifer during migration is important
to tackle these questions. The numerical analysis will help in
evaluating the plume distribution in the early post-injection
period, which is essential for studying the migration of the
injected plume, predicting the long-term fate of injected CO»
plume, and identifying the risks of leakage of CO, to the
surface in the late post-injection period-especially through
abandoned wells, fractures or faults, which will be considered
in our future work.

3. Numerical modelling approach

A synthetic aquifer model was constructed in the CMG-
GEM simulator (CMG-GEM, 2022) based on the conceptual
system provided in Fig. 1 to numerically analyse the impact
of groundwater flow velocity on the CO, plume migration in
a dipping aquifer system. CMG-GEM is a well-established,
effective and multidimensional, equation-of-state (EOS) com-
positional simulator which was chosen from a variety of
commercial simulators that can generate the same results
(CMG-GEM, 2022). The major limitations of CMG-GEM as
all other simulators are numerical and related to grid resolution
and run time.

3.1 Methodology and model setup

A two-dimensional, homogenous, and isotropic model with
uniform porosity and permeability is developed to understand
the mechanisms associated with the subsurface migration and
trapping of the injected CO, plume. Although aquifers are
usually heterogeneous at some scale, the effect of hetero-
geneity on the plume evolution is beyond the scope of this
study and will be considered in a separate study. Here, two
fluids are modelled: brine as an aqueous defending phase and
CO, as a supercritical displacing phase. The supercritical CO,
properties including the density and viscosity are modelled
with from the Peng and Robinson (1976) EOS and the Jossi
et al. (1962) correlations, respectively. The aqueous phase is
referred to as brine in this study although properties of pure
water are assumed in the model. Brine composition is not
included as we are interested in analysing the velocity of
the background water rather than its composition, but we are
aware of its significance on the aqueous phase properties and
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Table 1. Aquifer model properties.

Model Parameters Value
Length (m) 10,000
Number of grid blocks (I x J x K) 450 x 1 x 450
Porosity (%) 13
Horizontal Permeability Kj; (mD) 97.5
Permeability anisotropy ratio (K, /K},) 1
Water viscosity (cp) 0.31
Water density (kg/m?) 975
Reference depth to the top of the injector (m) 2,325
Initial reservoir pressure at top (kPa) 24,500
Reservoir temperature (°C) 95
Corey exponent for gas 1.8
Corey exponent for water 23
1
Ko (Syi) =1.0
08 ] Krg (Swirr) = 0.74
0.6 1 w\ “K.,
X 14 |mbibition orainage Krg
o \ K, gi
02 - s =10
Swirr = 0.16 e
0 0.2 04 g 0.6 0.8 1

Fig. 2. Gas-water relative permeability functions used in this
study.

hence on CO, trapping and migration. Rowe and Chou (1970)
and Kestin et al. (1981) correlations are used to predict
the density and viscosity of the aqueous phase, respectively.
The study considers both isothermal calculations and the
dissolution of CO; in the aqueous phase using Henry’s law (Li
and Nghiem, 1986; Harvey, 1996). However, geomechanical
stresses or geochemical reactions, and water evaporation into
the supercritical CO, are beyond the scope of this analysis.
The aquifer is tilted with a positive dip angle of 10° and is
initially saturated with water. The aquifer model has a fine
grid resolution and a total pore volume of 6.5 x 10° m?, with
the lateral dimension being 20 times the vertical dimension,
to properly capture as much of the migration behaviour of
the CO, plume before it reaches the aquifer boundaries. The
aquifer parameters are shown in Table 1.

The relative permeability model used in this study is
generated based on standard data set by CMG-GEM (2022)
and shown in Fig. 2. CO; residual trapping in the wake of
injected plume is modelled by including the relative perme-
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ability hysteresis of the gas phase in the relative permeability
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Fig. 3. Two dimensional representation of the aquifer model.

model. In this case, the hysteresis of the imbibition relative
permeability curves is obtained with the Land (1968) correla-
tion. In which, the residual CO, saturation was set to Sg, = 0.4
for the endpoint scenario where irreducible water saturation is
reached during drainage. At this stage of analysis, the capillary
pressure is not considered explicitly.

The aquifer includes, in addition to the modelled CO;
injection well, a vertical water injection well and a vertical
production well. The production well is at the up-dip side
of the aquifer (at gridblock 450 in the I direction) and is
perforated all the way through to simulate a constant pressure
boundary condition, and allow for fluid (water and COj,
if present) displacement from the aquifer as water is being
injected. A two dimensional representation of the aquifer
domain is shown in Fig. 3. The water injection well is located
at the down-dip boundary (at gridblock 1 in the I direction)
and is perforated all the way through the vertical interval to
simulate a uniform background water flow across the aquifer
thickness. The velocity of groundwater in aquifers is very slow
relative to that at which pumped fluid flow, and less than
1 km/year Harter (2003). The groundwater flow velocities are
reported as 0.01 to 0.1m/year in the Alberta basin in Canada
(Bachu et al., 1994), and estimated as 0.04-0.4 m/year in an
exemplar model based on Forties aquifer in the North Sea
(Goater et al., 2013). Therefore, the background water in this
analysis is assumed to flow from down-dip to up-dip with
an average velocity of U,, = 0.003048 m/day (0.01 ft/day),
which is enough to capture its effect on the plume migration
and trapping in this modelling study. In a sensitivity study, the
flow velocity (Uy) is varied from O to 15 U, to investigate its
impact on the extent and height of the plume during migration
(The flow velocity is held constant in each simulation run.).

The CO; injection well is located at gridblock 120 in
the I direction, 2,666.7 m from the water injection well and
perforated across the whole interval of the aquifer. Pure CO»
is injected at a constant flow rate of 2.5% pore volume
per year (equivalent to 307 kT/day) for a total duration of
1 year, followed by a shut-in period to analyse the plume
migration and trapping in the dipping aquifer. The injection
rate and period are selected to ensure the plume remained
within the system boundaries during the total simulation run,
for appropriate comparison in this conceptual study, and is
a realistic rate. In reality, CO, may be injected for longer
duration or at different injection rates.
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Fig. 4. Supercritical CO, phase saturation showing plume
evolution profile after 20 years of simulation, for background
water velocity flows of (a) 1 U,, and (b) 15 U,, , respectively
(U, = 0.003048 m/day). The red and yellow regions of the
plume show, respectively, mobile and immobile parts of the
plume.

The simulations cease once the injected CO; plume reaches
the up-dip boundary of the aquifer. This is identified based
on the criteria of monitoring the production well with a
surface gas production rate threshold of 1,000 m3/day. In all
sensitivities performed in this study, the dissolved CO, at the
leading tip of the plume reaches the up-dip boundary before
the free phase CO, does. This is because as the plume migrates
up-dip, its leading tip dissolves in the unsaturated brine and
displaces the now CO; saturated brine ahead of the advancing
supercritical CO, front. Hence, even though the supercritical
CO, phase may be more mobile than the brine, dissolved CO,
will always break through before the free phase CO; plume,
which is an important aspect when downhole monitoring is
considered.

In this numerical analysis, we study the impact of the
velocity of background flux on the distribution, extent and
velocity of the injected CO, plume during the early post-
injection period. A post-processing MicroSoft Excel script
with macro is developed to process the numerical results and
give precise location of the plume at particular timesteps. A
threshold critical gas saturation value of 0.005 is used in the
script to specify the shape and extent of the CO, plume,
including the mobile and residually trapped portions of the
plume. A threshold relative permeability value of 0.01 is used
in the script to obtain the shape and size of the mobile portion
of the plume.

4. Results

Fig. 4 demonstrates the simulated distribution of the in-
jected plume of CO; in the model setup shown in Fig. 3 after
20 years of simulation for background water velocity flows of
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Fig. 5. Plume dissolution profile after 20 years of simulation,
for background water velocities of (a) 1 U,, and (b) 15 U,
respectively (U, = 0.003048 m/day). The red and blue regions
of the plume show, respectively, the unsaturated brine and
CO,-saturated brine.

1 and 15 U,, , respectively. As can be seen, due to the density
difference between the injected CO, and the resident brine,
the buoyant CO, plume migrates upwards from the injection
point displacing the brine downwards, and then it propagates
laterally along the top of the aquifer. The mobile CO, plume
(the red portion in Fig. 4) continues to migrate leaving a trail
of residually trapped CO, behind (the yellow portion in Fig.
4) due to the relative permeability hysteresis effect considered
in the model. As can be observed from both profiles, the
distribution of residually trapped CO, and mobile CO, within
the injected plume differs with the background flow velocity.

Fig. 5 shows profiles of CO, plume dissolution in brine
after 20 years of simulation for background flow velocity ratios
of 1 and 15 U, respectively — for the equivalent simulations
and times as the phase saturations in Fig. 4. During the
early migration of the buoyant CO, plume (the blue regions),
CO; dissolves gradually into the brine, developing a denser
diffusive boundary layer of CO,-saturated brine at the CO,
and brine interface (the green and yellow parts) than the
unsaturated brine (the red region). As can be observed, the
velocity of background water flow affects the CO,-saturated
brine boundary generation. The boundary layer of dissolved
CO; increases in extent as background flow increases. In
addition, the greater the velocity of fresh background water,
the greater the dissolution of the mobile and of the residually
trapped CO, around the injection well, and the further the CO,
(both mobile and dissolved) moves up-dip.

The above results suggest that the background flow velocity
can affect the CO, plume migration during the early post-
injection period. Thus, in this study we investigate its impact
on: (1) the distribution of the total injected plume (considering
both the trapped and mobile portions of the injected plume)
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Fig. 6. Impact of background water velocity on the evolution of the CO; plume and migration distance after (a) 10 and (b)

20 years of simulation times.
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Fig. 7. Shows on logarithmic scale the dimensionless height of the entire CO, plume and migration distance from the injection
well at different background flow velocities after (a) 10 and (b) 20 years of simulation times.

and (2) the distribution of the mobile CO, region of the plume,
and (3) the instantaneous velocity of the tip of the plume as
follows.

4.1 Background flow velocity effect on the CO;
plume evolution

We consider the migration and spread of the injected
CO; plume into the storage aquifer system described in the
schematic diagram shown in Fig. 1 and the numerical results
presented in Fig. 4 above. We first study the effect of the
background flow velocity on the distribution and extent of the
entire injected CO, plume, including both the mobile CO,
and the residually trapped CO; within the plume (the red and
yellow portions shown in Fig. 4, respectively). The following
results of the distribution and extent of the injected CO; plume
were both determined using the spreadsheet post-processing

module explained previously. Fig. 6 presents on a linear scale,
the height and extent of the injected CO, plume at different
background flow rates after 10 and 20 years of simulation.
At greater background water velocities, the leading tip of the
injected plume migrates further distances up-dip, whereas the
plume height near the injection point decreases to some extent.

In order to precisely analyse the impact of background
flux velocity on the plume distribution near the injection well,
logarithmic scale plots of Fig. 6 are also considered in dimen-
sionless form. Fig. 7 present the CO, plume height distribution
versus migration distance from the injection well at different
background velocity rates and times. Here, it is obvious that
the height distribution of the injected plume changes and
simultaneously decreases with time as the background flow
velocity increases.
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Fig. 8. Impact of background flow velocity (U,, = 0.003048 m/day) on the height and migration distance of the mobile CO,
within the plume after (a) 10 and (b) 20 years of simulation times.

4.2 Background flow velocity effect on the
migration of the mobile CO; within the plume

To understand the influence of background flux velocity on
the plume distribution, its effect on the migration of the mobile
portion of CO, within the plume was also considered. Fig. 8
illustrates the height and extent of the mobile CO, within the
plume for different background flow velocities after 10 and 20
years of migration, respectively. Here, the spreadsheet script
is used to obtain the exact location of the mobile CO, within
the total injected plume in the storage aquifer. As can be seen
in Fig. 8, both the upper and lower portions of mobile CO,
migrated up-dip and its overall height diminished with time
for greater background flow velocities.

Accurate assessment of the extent of the mobile CO,
within the plume during its early migration is crucial since the
leakage risk can be high in the short term. Table 2 shows the
size or length of the mobile CO; under the top of the aquifer
from its leading tip to its end at the lower portion, estimated
at different water velocities. Fig. 9 presents the greatest height
of the mobile CO, for different background flow velocities at
different times. The results in Table 2 and Fig. 9 imply that the
mobile CO, plume grows in size along the top of the aquifer,
while its greatest depth reduces at greater background flow
velocities. The reduction in thickness is most marked during
the first four to five year after cessation of injection, as the
bottom of the plume rises vertically, and the plume thickness
reduces to less than 10% of its original thickness (the injection
well being completed over the entire 500 m thickness of the
aquifer).

During the post-injection evolution of the injected plume of
CO,, several trapping mechanisms contribute to the reduction
in volume of mobile CO,. Fig. 10 illustrates the inventory
profiles of the injected CO, plume at low and high background
flow velocities after 20 years of simulation. The volume
of mobile CO, immobilised residually and particularly by
dissolution in brine increased with flow velocity and with time.

Table 2. The length of mobile portion of the CO, plume
from tip to its end at lowest portion for different background
flow velocities.

Time

Groundwater velocity

10 years 20 years

, = 0.003048 m/d
O ) Mobile CO, size (tail to tip) (m)

00U, 2,911 4,178
0.1 Uy, 2,889 4,111
0.5 Uy 2,889 4,156
1 Uy, 2,889 4,156
5U, 2,956 4,333
10 Uy, 2,978 4,467
15U, 3,000 4,689

4.3 Migration velocity of the leading tip of CO;
plume

Assessing the migration velocity of the leading tip of
the plume is crucial to analyse the advancement of the
injected plume of CO; in the aquifer, which is important
when addressing CO; storage security. Fig. 11 shows the
instantaneous velocity of the CO, plume during the early
post-injection period at different background velocities. The
CO; plume decelerates with time during the very early post-
injection migration, but then accelerates with time and with
background flow velocity.

5. Discussion

The numerical results demonstrated in Figs. 4 and 5 show
that, irrespective of the background water flow velocities, due
to the tilt in the storage aquifer, the total distribution of the
injected plume around the injection well is always asymmetr-
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Fig. 10. Fate of CO; for background velocities of 1 U, and
15 U, (U, = 0.003048 m/d) over time. The vertical axis
represents the volume of CO, in each category in the inventory
normalised relative to the total volume injected during the
simulation.

ical. During the post-injection period, the less dense injected
plume initially migrates upwards to the top boundary of the
aquifer. The leading tip of the plume then migrates up-dip
under buoyancy forces, but also moving with the groundwater
flow, and propagates further with time. The lower end of the
plume initially migrates down-dip due to viscous forces during
injection; however, it only reaches a relatively short distance
and then its flow direction reverses. In addition, comparison of
the profiles, shown in Fig. 6, indicates that the plume extends
with time, especially on the up-dip side, for the different flow
velocities.

As can be seen in Fig. 6, the migration distance of the
plume from the injection well increases as the plume migrates
up-dip more quickly with increasing background flow velocity.
This is more apparent at the leading tip of the plume, after 20
years (7.9 km for background velocity ratio 15 U,, compared to
6.6 km for background velocity ratio of 1 U,,). This is because
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Fig. 11. Plume instantaneous velocity at different background
flow velocities (U,, = 0.003048 m).

the background water flow increases the CO, plume lateral
migration since both fluids flow in the same direction, thus
causing the CO, to migrate larger distances. The difference
in the plume height distribution with groundwater velocity is
not evident on a linear scale. However, comparison of the
logarithmic scale profiles shown in Fig. 7 indicates that as
the velocity of groundwater flux increases the CO, plume
height near the injection well decreases (The difference in the
plume height can reach up to, approximately, S0 m between
background flow velocities of 15 U,, and 1 U, after 20 years
of simulation). This is due to buoyancy effects and because
the background flow displaces the CO;, plume upwards due
to the viscous pressure gradient. Our numerical analysis of
the plume migration in dipping aquifers Awag (2022) and
Juanes and MacMinn (2008) study of the plume migration
in horizontal aquifers indicated that, the height of the total
injected plume remains constant over time due to the residual
CO; being immobile, although groundwater flow is modelled
in these studies. In contrast to previous findings, our results
here show that, although brine displaces CO; at the trailing
edge leaving residually trapped CO; behind, as the unsaturated
background water flow interacts with the plume it can also
dissolve the CO,, whether it was mobile or residually trapped,
during the early migration of the plume. The rate of dissolution
is greater at higher background water flow velocities, which
is in line with the results of the analytical solution given by
Emami-Meybodi et al. (2015). This is due to the greater mass
of unsaturated brine that contacts the free phase CO,, and
thus the reduction in plume height near the injection well is
more noticeable. This increase in dissolution of CO, at higher
brine velocities, particularly at the tail of the plume, with the
newly saturated brine then moving updip underneath the CO,
plume, also reduces the extent to which the leading tip of the
plume will come into contact with unsaturated brine. This will
result in a reduction in the extent to which dissolution of CO,
towards the leading edge of the plume retards the migration
of the plume.

The profiles of the total distribution of the injected plume in
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Fig. 6, compared to that of the mobile portion of CO, within
the plume in Fig. 8, indicate that the effect of background
flow on the distribution of the mobile CO, in the storage
aquifer is important. As the mobile CO, migrates upwards, its
leading tip travels larger distances, while its height decreases
significantly with time as the background flow increases. This
is due to the combined effect of the flow velocity and gravity
force. During the early post-injection migration of the injected
CO» plume, the upward flow of the mobile CO; is controlled
by its density differences with the brine. However, the up-dip
migration is increased, especially at the leading tip, because
the presence of groundwater flow strengthens the upward
displacement of the mobile CO, due to the viscous and the
dissolution effects discussed above. Also, the reduction of the
mobile CO, height within the plume is due to the enhanced
retardation of CO, by residual trapping and dissolution with
increasing the background flow velocity.

Inspection of the profiles in Fig. 8§ identifies that the mobile
CO, at the leading tip of the plume migrates upwards faster
than the trailing end of the plume, lengthening the plume over
time (as confirmed in Table 2). This is because, for any given
saturation, CO, mobility is higher during drainage (the situa-
tion at the tip of the plume) than it is during imbibition (the
situation at the trailing edge of the plume). Furthermore, as the
plume elongates, the buoyancy force driving plume migration
increases. As mentioned earlier, the leading tip of the plume is
in continuous contact with unsaturated brine, and the resulting
CO; dissolution will retard the plume progress somewhat. This
retardation will be diminished at higher brine drift velocities,
partially because of the viscous force associated with the brine
flux, but also because the greater the brine flux, the more
CO; saturated brine there will be towards the leading edge
of the migrating plume, and so the less CO, dissolution in
this location. By contrast, the trail of residually trapped CO,
that is left behind during the imbibition process reduces the
mobility of the brine that is contacting the mobile CO, and
increases the resistance to water flow in the down-dip side, as
confirmed by Juanes and MacMinn (2008). The slow migration
of the lower side of mobile CO; results in a long tail of mobile
CO3; however, this is very narrow and becomes increasingly
elongated at higher brine velocities.

The higher drift flux thus decreases the potential of CO,
leakage through the injection well, but it increases the risk of
the plume encountering a spill point feature or the storage
boundaries earlier due to its faster up-dip migration. On
the other hand, analysing this effect more closely from the
profiles in Fig. 8, it is evident that the greater the velocity of
background flow the thinner the mobile CO; plume becomes,
particularly near the injection well, hence the less the volume
of mobile CO; that can potentially leak to the surface should
the plume encounter a leak point, or should the injection well
itself leak post cessation of injection.

Table 2 and Fig. 9 support the above discussions. The
results in Table 2 shows an extension in the length of the
mobile CO, within the injected plume over time, but also
an increase in the flow velocity accentuates this effect, due
to the faster displacement of the leading tip of the plume
as it travels up-dip. The difference in the length of mobile
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CO; at the top of the aquifer can reach up to 500 meters
between background velocities of 1 and 15 U,, after 20 years.
However, as illustrated in Fig. 9, the height of mobile CO, at
its maximum thickness decreased somewhat as the velocity of
the groundwater increased (a maximum height of 10 meters
compared to 20 meters after 20 years for flow velocities of
15 and 1 U,, respectively). The reduction in mobile CO;
thickness is due to the increase in the trapping of CO; as
it migrates.

This can be further confirmed from the inventory profiles
shown in Fig. 10, which compares the fate of injected CO;
at low and high background flow velocities (1 and 15 U,)
after 20 years of migration. Increasing the background flow
velocity exerts a great impact on reducing the volume of
mobile CO, as it accelerates the residual trapping of CO, and,
more significantly, enhances the dissolution of CO; in brine.
The volume of mobile CO, decreased in this example from
21% to 7% with increase in the velocity of the groundwater
flow from 1 to 15 U,,. While the background flow velocity and
aquifer dip work together in speeding up the migration of the
leading tip of the plume up-dip, as verified by MacMinn et
al. (2010), this extends the contact surface area, allowing more
CO, to interact with brine at the interface between the free-
phase CO; and brine, hence increasing the CO, dissolution.

To understand the impact of the groundwater flow velocity
on how fast the plume travels with time, we determined its
effect on the migration velocity of the leading tip at small
time intervals shown in Fig. 11. Inspection of the profiles in
Fig. 11 shows that the plume initially decelerates with time
until 8 years into the simulation in this case—irrespective of
the magnitude of the background brine flow velocity. This
begins after cessation of injection as the bottom of the plume
rises vertically towards the caprock due to gravity. During this
period there is a loss of mobile CO, at the trailing and bottom
edges due to water imbibition and residual trapping, all the
way from the bottom of the completion; this in turn slows
down the plume vertical migration. The rapid deceleration
stops when the slower lateral migration restricts the faster
vertical buoyancy rise, and the plume continues to thin, but
at a lower rate. At this time the plume geometry becomes
dominated by its migration in the direction of flow, which is
a consequence of the balance between buoyancy and viscous
forces on the one hand, and trapping mechanisms on the other.
The instantaneous velocity of the plume then increases with
time, the more so for higher background flow velocities. This
is due to the increasing buoyancy force as the plume becomes
extended, its leading tip travelling faster than the trailing edge.

6. Conclusions

In this study, we investigate the impact the velocity of
background flow has on the evolution and migration of an
injected plume of CO, in a tilted storage aquifer by performing
numerical simulation analysis. Our analysis focuses on the
early migration of the injected CO, plume, giving estimates
of the height, extent and velocity of the plume in addition to
the volume of mobile CO, that remains in the system. Our
results show that:
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1) Regardless of the background water flow, the initial dis-
tribution of the total injected plume around the injection
well is asymmetrical due to the impact of aquifer dip
angle. However, increased water flow velocity extends the
plume extent at the up-dip side, impacts the migration of
the plume at the down-dip side and affects the eventual
residual and dissolution trapping of the free phase CO,.

2) The first thing that will be observed as the CO, plume
approaches is not free phase CO,, but CO, dissolved
in water (perhaps detected as a change in pH). This is
because CO, will dissolve into water at the leading tip
of the plume, but then some of this now saturated water
will be displaced ahead of the plume.

3) Increasing the background flow velocity increases the
CO; migration distance at the leading tip of the injected
plume, whereas it decreases its height near the injection
well with time. The background water flow promotes the
up-dip displacement of the injected CO, plume owing
to the displacement of CO, saturated brine along with
the buoyancy driven plume migration. The presence of
a greater volume of saturated brine when the drift flux
velocity is greater means less CO, can be dissolved into
brine towards the tip (the brine being already saturated),
and so less retardation of CO, due to dissolution.

4) The greater the background flow velocity the faster the
up-dip migration of the mobile CO, at its leading tip
compared with its lower portion. At the down-dip side
the background flow is affected by the residually trapped
COa,, as it resists the flow. Furthermore, the height distri-
bution of the mobile CO, decreases with time at higher
background brine velocities because the background flow
decreases the mobile CO; in the system by increasing
its residual and dissolution trapping. Thus, at higher drift
velocities the plume will migrate further, increasing the
risk of the plume reaching a spill or leak point, but the
volume of mobile CO; reduces significantly, reducing the
amount of CO; that could potentially leak. Additionally,
the risk of leakage at the injection well after cessation of
injection will be significantly reduced. This is important,
as an injection well represents a potential pathway to
surface, albeit one that will have been carefully plugged
and abandoned.

5) Our estimates of the migration velocity indicate that the
plume initially decelerates with time, irrespective of the
background flow velocity, because of the decrease in
mobile CO, plume size due to trapping during its vertical
upwards migration. The plume then accelerates with time
during its lateral up-dip migration as the plume extends
and thus buoyancy increases; this effect is greater at
higher brine flow velocities due to the greater stretching
of the plume.

In another study, we aim to study the impact of background
water flow on the late post-injection evolution and migration of
an injected plume of CO; as the plume eventually shrinks due
to the dominance of the trapping mechanisms. Additionally,
we will assess the volume of CO, that can be injected, whilst
ensuring the plume is completely consumed before it reaches
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the system boundaries or a spill point.
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