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Abstract. Geologic carbon storage is considered to be one of the main solutions to significantly reduce CO,
emissions to the atmosphere to mitigate climate change. CO, injection in deep geological formations entails a two-
phase flow, being CO, the non-wetting phase. One of the main concerns of geologic carbon storage is whether the
overpressure induced by CO, injection may compromise the caprock integrity and faults stability. We numerically
investigate the two-phase flow effects that govern the overpressure evolution generated by CO, injection and how this
overpressure affects the caprock geomechanical stability. We find that fluid pressure increases sharply at the
beginning of injection because CO; has to displace the brine that fills the pores around the injection well, which
reduces the relative permeability. However, overpressure decreases subsequently because once CO; fills the pores
around the injection well, CO, can flow easily due to its low viscosity and because the relative permeability to CO,
increases. Furthermore, the pressure drop that occurs in the capillary fringe due to two-phase flow interference
decreases as the CO» plume becomes larger. This overpressure evolution induced by CO> injection, which remains
practically constant with time after the initial peak, is very beneficial for maintaining caprock stability. Thus, the

sealing capacity of the caprock will be maintained, preventing CO, leakage to occur across the caprock.

1 Introduction

Despite the known necessity to significantly reduce
atmospheric carbon dioxide (CO,) concentration, CO,
emissions continue increasing worldwide. The rate of
increase is such that climate models predict a rise in the
mean temperature of the Earth that may have very
negative effects on the environment. Governments are
aware of these potential negative effects and have
recently reached an agreement at the COP21 meeting in
Paris to take the necessary measures to avoid a
temperature increase higher than 2 °C with respect to the
pre-industrial temperature. According to the International
Energy Agency (IEA), to achieve such objective, CO,
emissions should be reduced by more than half with
respect to the current CO, emissions by 2050 [1].
Furthermore, the TEA considers that geologic carbon
storage should contribute with one fifth of the total
reduction, which represents storing around 8 Gt of CO,
per year in deep geological formations by 2050.
Currently, only a few Mt of CO, are stored each year,
mainly in pilot test sites [2, 3]. Thus, a tremendous
amount of work has to be done before geologic carbon
storage can become a real solution.

Geologic carbon storage consists in capturing CO,
from point sources, such as industries or hydrocarbon
based power plants, transporting the captured CO, to the
injection well and finally injecting CO, in deep saline
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formations, where it will be permanently kept away from
the atmosphere. CO, forms a plume around the injection
well, displacing the formation brine laterally [4, 5]. CO,
is the non-wetting phase and is partially miscible in brine
[6]. Brine with dissolved CO, is denser than brine
without dissolved CO,, which leads to convection cells
that enhance CO, dissolution [7-9], leading to safer
storage. Furthermore, CO, is a very compressible fluid: it
is a gas in the atmosphere, but at pressures greater than
7.38 MPa and temperatures above 31.04 °C CO, becomes
a supercritical fluid. The transition to a supercritical fluid
usually occurs at a depth of around 800 m [4]. CO, will
be stored in sedimentary formations deeper than this
depth because the high density of supercritical CO,
makes the storage efficient in terms of volume. Still,
supercritical CO, is lighter than the resident brine and
thus, it tends to float. For this reason, a low-permeability
and high entry pressure rock, known as -caprock,
overlying the storage formation, is required. This caprock
provides a hydrodynamic trap for CO, that prevents CO,
from migrating upwards (Figure 1). Apart from a liquid-
like density, supercritical CO, has a low gas-like dynamic
viscosity, which is around one order of magnitude lower
than that of brine. Therefore, CO, flows more easily than
brine. Furthermore, CO, injection generates overpressure,
reducing the effective stresses, which induces
deformations and brings the stress state closer to failure
conditions.
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Figure 1. Schematic representation of geologic carbon storage.

One of the main concerns of geologic carbon storage
is whether the caprock sealing capacity and faults
stability will be maintained [10]. Since CO, tends to
migrate upwards due to buoyancy, maintaining the
caprock sealing capacity is crucial to avoid CO, leakage
[11]. Nevertheless, sedimentary basins usually present
sequences of permeable formations alternated with low
permeable rocks that may act as secondary caprocks [12].
In such cases, CO, trapping in secondary caprocks would
hinder CO, from reaching freshwater aquifers or the
surface even though leakage occurred across the primary
caprock. On the other hand, maintaining fault stability is
important to avoid inducing felt seismic events [13].
Even though fault reactivation will not lead to CO,
leakage [14, 15], it may induce earthquakes that may be
felt by the local population. Felt seismicity induced by
fluid injection in deep geological formations has led to
the closure of several geo-energy related projects (e.g., a
geothermal project at Basel, Switzerland [16], the
seasonal gas storage project of Castor, Spain [17] and a
wastewater disposal project at Guy-Greenbrier, Arkansas
[18]). Thus, felt induced seismicity should be avoided to
achieve a successful deployment of geological carbon
storage.

To predict the geomechanical response of rocks, first,
the fluid pressure distribution and evolution needs to be
known. Overpressure evolution is well known in single
phase flow, presenting a linear buildup with the logarithm
of time. However, overpressure becomes more complex
both in space and time for two-phase flow, like in CO,
injection in deep saline formations. Despite this
complexity, several studies have aimed at developing
analytical solutions of overpressure. Fluid pressure
evolution was calculated analytically by Mathias et al.
[19] based on the analytical solution of Nordbotten et al.
[20] for the CO, plume position. Vilarrasa et al. [21] also
derived the fluid pressure evolution resulting from the
analytical solutions for the CO, plume position of
Nordbotten et al. [20] and Dentz and Tartakovsky [22],
and incorporated a correction in these solutions to
account for CO, compressibility. In all cases, fluid
pressure was predicted to monotonically build up with
time as a result of CO, injection at a constant mass flow
rate. However, a semi-analytical solution that made more
realistic assumptions yielded a fluid pressure evolution
that peaks shortly after the beginning of injection, but that
slightly decreases subsequently [23]. This semi-analytical
solution accounts for the buoyancy of CO, within the
injection well, which leads to (i) a CO, plume that may

not reach the bottom of the storage formation and (ii) a
CO, injection rate that is not uniformly distributed along
the whole thickness of the injection well. To validate
these analytical and semi-analytical solutions, CO,
injection in the field is needed.

The experience with overpressure evolution in CO,
injection sites is quite limited. However, a few pilot tests
have already performed CO, injection. For example, at
Ketzin, Germany, CO, pressure underwent a sharp
increase at the beginning of injection, but it became
practically constant shortly afterwards [24]. Thus,
overpressure evolution in the field is more similar to that
predicted by the semi-analytical solution of Vilarrasa et
al. [23] than to that derived from other analytical
solutions. Numerical solutions also predict the sharp
increase in injection pressure at the beginning of injection
followed by a progressive pressure drop [25-29].
Nevertheless, little attention has been paid to understand
the driving mechanisms of overpressure evolution
induced by CO, injection.

The objective of this paper is to numerically
investigate how overpressure evolves when injecting CO,
in deep saline formations and to analyze how this
injection affects to caprock stability. In the following
section, we explain the numerical model and capillary
properties that we use. Next, we explain how injection
pressure evolves when CO, is injected through a vertical
well. Then, we present the geomechanical implications of
overpressure on the caprock integrity. Finally, we
summarize and draw the conclusions of this study.

2 Methods

CO, injection in deep geological formations is a two-
phase flow problem that requires solving the mass
conservation of each fluid phase [30]

a(wgapa)+v_(

a=c, 1
o W (1)

Palle)=Tas
where ¢ [L’ L] is porosity, S . [-]1s saturation of the
a -phase, p, [M L] is density of the « -phase, ¢ [T] is
time, q, [L® L? T"] is the volumetric flux, r, M L°T
]] is the phase change term, i.e., CO, dissolution into
water and water evaporation into CO,, and « is either
CO,-rich phase, ¢, or aqueous phase, w.

Momentum conservation for the fluid phases is
expressed using Darcy’s law

kk
4o =~ - (Vpa + pagVZ), a=cw, (2)

o
where & [L*] is intrinsic permeability, k., [-]11s the o -
phase relative permeability, x, [M L' T" is the « -
phase viscosity, p, [M L' T?] is the o -phase pressure
and g [L T?] is gravity.
To account for geomechanics, the momentum balance

of the solid phase has to be solved. Neglecting inertial
terms, it reduces to the equilibrium of stresses
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V-6+b=0, (3)

where ¢ [M L™ T?] is the stress tensor and b [M L2 T?]
is the body forces vector. The stress-strain relationship,
assuming elasticity, is given by Hooke’s law

o, L,
£—§I+E(c ol l), )

where € [-] is the elastic strain tensor, ¢’ [M L' T?] is
the effective stress tensor, o, = (0'; +o), +o. )/3 ML’

T?] is the mean effective stress, I [-] is the identity
matrix, K=E/3(1-2v)) [M L' T?] is the bulk
modulus, G=E/2(1+v)) [M L' T? is the shear

modulus, £ [M L T?] is the Young’s modulus and v [-]
is Poisson ratio.

We model CO, injection at a constant mass flow rate
through a vertical well. Due to the symmetry of the
problem, the model is axisymmetric. We include in the
model the storage formation, the caprock and the
baserock (Figure 2). The top of the storage formation is at
a depth of 1500 m. We assume isothermal conditions,
with a constant temperature of the storage formation
equal to 60 °C, which corresponds to a surface
temperature of 10 °C and a geothermal gradient of 33
°C/km.

7,=33.9 MPa P=14 MPa
] | ! | ] !
Initial stress state 6’,=0.50",
# 100 m 1
5 | Caprock
==
= = Storage formation — T=60 °C 100m
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no flow
= = e =
Axisymmetric model 20 km

Figure 2. Schematic representation of the numerical model for
simulating CO, injection in an extensive deep saline formation.

The storage formation is assumed to be a permeable
sandstone and the caprock and baserock a low permeable
shale. The properties of these rocks are detailed in Table
1. The retention curves of the rocks (Figure 3) follow a
van Genuchten model [31]

A

1

_ - -4

Sew — SW Srl — 1+(pc pw) , (5)
Sis =Su Po

where p, [M L' T?] is the entry pressure, A [-] is the
shape function of the retention curve, S,, [-] is the
effective water saturation, §,; [-] is the residual liquid

saturation and S, [-] is the maximum liquid saturation.

The relative permeability of the storage formation
follows a power law of effective saturation, with a cubic
law for water and a power equal to 6 for CO,, which
reproduces the higher multiphase flow interference
effects for CO, than for water that are usually measured
in the laboratory [32] (Figure 4).

Table 1. Material properties of the storage formation, the
caprock and baserock.

Storage Caprock and
Property formation baserock
Permeability, & (m?) 107" 10°"®
Gas entry pressure, p, 0.02 5
(MPa) '
van Genuchten A4 (-) 0.6 0.3
Residual liquid saturation, 0.3 04
Srl (_) ’ ’
Maximum liquid saturation, 10 10
Sls (_) ' ’
Relative water permeability, $3 g6
krw (_) ew ew
Relative CO, permeability, o 6
krc (-) (1 - Sew) (1 - Sew)
Porosity, ¢ (-) 0.1 0.01
Young’s modulus, £ (GPa) 10 5
Poisson ratio, v (-) 0.3 0.3
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10°
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Figure 3. Retention curve of the storage formation and the
caprock. The high permeable storage formation is characterized
by a low entry pressure and a small slope of the retention curve,
indicating that the pores significantly desaturate for small
increases in the capillary pressure. In contrast, the low
permeable caprock presents a high entry pressure and a high
increase in the capillary pressure is needed to desaturate the
pores (note the logarithmic scale of the vertical axis).

We inject 1 Mt/yr of CO, during 1 year. Since the
model extends laterally 20 km, the pressure perturbation
cone, which is slightly larger than 10 km after 1 year,
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does not reach the outer boundary during the injection
time. Thus, the outer boundary condition does not
influence the results and the storage formation in our
model is an infinitely acting aquifer.
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0.2

Relative permeability (-)
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Figure 4. Relative permeability to water and CO, of the storage
formation.

We simulate CO, injection in a deep saline formation
using the finite element code CODE_BRIGHT [33, 34],
extended for CO, injection [25]. CO, density is calculated
using the cubic Redlich-Kwong equation of state with the
parameters proposed for CO, by Spycher et al. [6]. CO,
viscosity is calculated according to the empirical
expression developed by Altunin and Sakhabetdinov
[35]. The mesh is made of structured quadrilateral
elements. Radially, the size of the elements is of a few
cm close to the injection well and increases progressively
up to 3000 m next to the outer boundary. Vertically, the
storage formation is discretized with 5 m thick elements.
The element size grows in the caprock and baserock from
5 m at the contact with the storage formation to 25 m far
away from it. We performed a mesh sensitivity analysis
to ensure that results are not influenced by further
refinements.

3 Results

3.1. CO; injection pressure evolution

Figure 5 shows the overpressure evolution at the injection
well induced by injection of 1 Mt/yr of CO,. CO,
injection pressure is characterized by an initial peak
followed by a slight decrease in overpressure. The sharp
increase at the beginning of injection is caused by the
very low relative permeability to CO, that occurs as the
pores around the injection well start to desaturate (recall
Figure 4). Initially, the capillary fringe, where two-phase
flow effects are dominant, completely surrounds the
injection well (Figure 6a). As long as the capillary fringe
surrounds the injection well, the low relative permeability
values act as a negative skin effect of the injection well,
causing the sharp increase in injection pressure.
However, as CO, injection continues, the capillary fringe
is displaced away from the injection well and CO,

eventually fills the pores around the injection well,
reaching the residual liquid saturation. At this stage, the
relative permeability to CO, approaches unity and since
the viscosity of supercritical CO, is one order of
magnitude lower than that of brine, CO, flows easily
through the well-connected pores filled with CO, and
overpressure starts to drop (Figure 6b). Due to buoyancy,
CO, tends to nmigrate upwards and advances
preferentially through the top of the storage formation.
As the capillary fringe is displaced away from the
injection well, the pressure drop that occurs through it
progressively decreases (see the magnitude of the arrows
in Figure 7). While the retention curve and relative
permeability curves have a small effect on the magnitude
of the induced overpressure, the retention curve controls
the CO, distribution within the CO, plume and the extent
of the CO, plume [36]. Overall, overpressure induced by
CO, injection tends to slightly decrease with time after
the initial sharp increase.

2.0

1.5

1.0

0.5

Overpressure (MPa)

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Time (yr)

Figure 5. Overpressure evolution as a result of injecting 1 Mt/yr
of CO,.

Figure 6. Cross section of an axisymmetric CO, plume (a) at
the beginning of injection, coinciding with the peak in
overpressure caused by the low values of the relative
permeability in the capillary fringe and (b) once the CO, has
filled the pores in the vicinity of the injection well and can flow
easily due to its low viscosity, which induces a slight decrease
in overpressure as the capillary fringes moves away from the
injection well. Note that CO, tends to advance preferentially
through the top of the storage formation due to buoyancy.
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Figure 7. Fluid overpressure at the top of the storage formation
as a function of the distance from the injection well for several
injection times. Note that the pressure drop at the capillary
fringe (indicated with an arrow) decreases as the capillary fringe
moves away from the injection well.

3.2 Caprock geomechanical stability

Fluid pressure evolution has a direct effect on the caprock
geomechanical  stability. Even though the Ilow
permeability of the caprock prevents overpressure from
propagating quickly into the caprock, the portion of the
caprock that is close to the interface with the storage
formation undergoes an overpressure similar to that of the
storage formation, but delayed. Since overpressure
induces a reduction in the effective stresses, the stress
state evolves towards failure conditions (Figure 8). The
initial sharp increase in injection pressure shifts the Mohr
circle towards the failure envelope. However, the
horizontal stresses increase in response to overpressure,
which causes a decrease in the size of the Mohr circle. As
a result, the caprock remains stable, being still some
margin before failure conditions are reached. In the long-
term, after the peak in overpressure, caprock stability
slightly improves as a result of the slight decrease in
overpressure. Thus, the most critical situation occurs at
the beginning of injection. Consequently, it may be
advisable to progressively inject CO, at the beginning of
injection to avoid inducing a sharp increase in
overpressure as the pores around the injection well get
filled with CO,.
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Figure 8. Stability evolution of the lower portion of the caprock
next to the injection well as a result of injecting 1 Mt/yr of CO,.

This overpressure evolution induced by CO, injection
significantly differs from that generated by water
injection. Recently, the feasibility of geologic carbon
storage to significantly reduce CO, emissions has been
put in doubt because it was compared with wastewater
disposal [37], which is inducing a large number of large
earthquakes (magnitude greater than 4) in the central US
[38]. However, the geomechanical response of CO,
injection will be completely different to that of
wastewater disposal, making geological carbon storage a
safe option for mitigating climate change [15, 39].

4 Summary and conclusions

CO; injection in deep geologic formations implies a two-
phase flow in which the relative permeability plays a
major role on the fluid pressure evolution. Overpressure
induced by CO, injection peaks at the beginning of
injection caused by the low values of the relative
permeability to CO, as the pores start to desaturate.
However, once the pores surrounding the injection well
get filled with CO, and the residual liquid saturation is
reached, the relative permeability to CO, approaches one
and since the viscosity of supercritical CO, is one order
of magnitude lower than that of brine, overpressure
reaches a maximum and starts decreasing slightly.
Additionally, the pressure drop that occurs in the
capillary fringe due to two-phase flow interference
decreases as the capillary fringe is displaced away from
the injection well. The fact that overpressure does not
continuously increase with time is beneficial to maintain
the caprock integrity. Thus, the caprock sealing capacity
is not altered and CO, leakage across the caprock does
not take place. The peak in overpressure at the beginning
of injection coincides with the least stable situation. To
minimize the initial changes on the caprock stability, a
good practice would be to progressively inject CO,, so
that the pores around the injection well slowly fill with
CO, and the peak in injection pressure would be avoided.
Overall, CO, injection induces an overpressure that can
be easily controlled to avoid damaging the caprock or
reactivating faults, which makes geologic carbon storage
a feasible option to significantly reduce CO, emissions to
mitigate climate change.
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