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Estimating the carbon dioxide (CO,) storage capacity of deep saline aquifers is important for identifying
those most suitable for sequestration, and for planning the future development of CO, storage projects.
Currently, capacity estimates are highly uncertain due in part to uncertainty in the dominant constraint
on capacity: both the pressure buildup from injection and the space available to trap CO, have been
identified as constraints, but have not been rigorously compared to determine the conditions under
which each is more limiting. In this study, we evaluate their relative importance in an idealized aquifer
using simple, but dynamic models of how pressure rises during injection and how CO, becomes trapped
in the pore space. We show that there exists a crossover injection duration, T., below which pressure
constraints dominate, but above which the CO, migration becomes the more limiting constraint. We
illustrate this behavior by applying the models to the Fox Hills Sandstone.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Capturing CO, from power plants and storing it in underground
reservoirs can help abate anthropogenic CO, emissions from burn-
ing fossil fuels (MIT, 2007; Scott et al., 2013; Rogelj et al., 2013).
Some of the most promising storage reservoirs are deep saline
aquifers, which are layers of sandstone or carbonate located several
kilometers underground and saturated with saline water (Lackner,
2003). They are attractive places to sequester CO, because they are
widespread and their water is typically too saline for drinking or
agriculture (Orr, 2009).

An important measure of the suitability of a deep saline aquifer
for storage is how much CO, it can hold, called its storage capacity
(Bachu et al., 2007; Bradshaw et al., 2007). One way to calculate it
is based on the pore volume of an aquifer and how the injected
CO, would occupy it. For example, in the Carbon Sequestration
Atlas of the United States, storage capacity is calculated as the total
free-phase CO, that would occupy the pore space of an aquifer,
accounting for factors such as heterogeneity, residual water, and
sweep efficiency (National Energy Technology Laboratory, 2010).
In Dooley et al. (2004), it is calculated as the total CO, that could be
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dissolved in all the water in the pore space. We refer to these types
of capacities as volume limited.

While some studies use volumetric constraints, others use
pressure constraints (Zhou et al., 2008; Ehlig-Economides and
Economides, 2010). These studies calculate the storage capacity
as the maximum amount of CO, that can be injected before the
increase in pressure causes fractures or activates faults. Fractur-
ing and fault activation could induce seismicity, or could create or
enhance pathways by which CO, could leak from the target aquifer
(IPCC, 2005; Cappa and Rutqvist, 2011a,b; Morris et al., 2011). We
refer to storage capacities based on this type of constraint as pres-
sure limited.

One shortcoming of all of these methods to calculate capacity is
that they are based on a single constraint—either pressure or pore
volume. Since the most limiting constraint is unknown a priori, the
appropriate method to use is unclear a priori.

In a previous paper, we used numerical simulations and found
that the dominant constraint depends on the aquifer properties
and the properties of the injection scenario (Szulczewski et al.,
2012). Here, we consider a simpler system to develop analytical
expressions that clarify how different properties of the aquifer and
injection scenario affect the dominant constraint. The system is a
homogeneous, isotropic aquifer at the scale of an entire geologic
basin (Fig. 1). We consider this scale because large quantities of
CO, (100s of millions of metric tons) will have to be stored to sig-
nificantly reduce emissions. CO; is injected into the aquifer from a
line-drive array of wells, in which the wells are close enough that
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Fig. 1. We compare pressure and migration constraints on storage capacity in a
model system: a deep saline aquifer at the basin scale, into which CO, is injected
from a line-drive array of wells.

the pressure and CO, distribution along the line drive becomes
nearly uniform shortly after injection begins (Nicot, 2008). This
well geometry allows us to collapse the dimension along the line
drive and model the system in a cross section through the aquifer.
While the exact configuration and number of injection wells will
ultimately be impacted by economics, politics, and legal factors
(Dooley, 2011; Bachu et al., 2007), we neglect these issues to
focus on the physics of injection and trapping. After injection, CO,
migrates upslope or in the direction of the natural groundwater
through-flow (Juanes et al., 2010; MacMinn et al., 2010).

To evaluate pressure and volumetric constraints in this system,
we develop models for the pressure-limited and migration-limited
storage capacities. Since the smaller capacity comes from the more
limiting constraint, we compare the size of the capacities to eval-
uate the relative severity of the constraints. While the capacity
models are based on many simplifications, we expect results that
are at least of the correct order of magnitude, which are sufficient to
delineate the general conditions under which pressure or migration
is the more limiting constraint. Although we do not undertake them
here, the estimates of storage capacity are amenable to sensitivity
and uncertainty analyses (Szulczewski et al., 2012).

2. Migration-limited capacity

We calculate the migration-limited capacity as the mass of CO,
that can be trapped in an aquifer due to residual trapping. In resid-
ual trapping, CO, is trapped by capillary forces whenever it is
displaced by brine, as at the trailing edge of a plume of migrat-
ing CO, (Fig. 2) (Juanes et al., 2006). We neglect CO, that may
be trapped in carbonate minerals because mineral trapping occurs
over timescales that are much longer than those associated with
residual trapping (IPCC, 2005). For simplicity, we also neglect CO,
that may be trapped via dissolution into the brine, although this can
be an important contribution to the overall storage capacity (Gasda
et al, 2011; MacMinn et al., 2011).

The total mass of CO, trapped by residual trapping is controlled
by two factors: the fraction of total aquifer volume that is swept by
CO,, and the fraction of CO, thatis trapped in the swept volume. The
first factor is controlled by how CO, migrates in the aquifer. Since
it is buoyant and less viscous than brine, the CO, will preferentially
travel in a long, thin tongue along the caprock (Hesse et al., 2008).
This causes residual trapping to occur in only a small fraction of the
available pore space (Fig. 2). The second factor is a function of the
porosity and the residual gas saturation.

To calculate the mass of residual CO,, we use a simple but
dynamic model for how CO, migrates in an aquifer. The model

is a hyperbolic partial differential equation, and has been derived
in previous papers (Juanes et al.,, 2010; MacMinn et al., 2010;
Szulczewski et al., 2012). It is based on the following assumptions:

1. The interface between the CO, and brine is sharp (sharp-
interface approximation) (Bear, 1972).

2. Capillary pressure is negligible compared to typical viscous pres-
sure drops and hydrostatic pressure drops.

3. Vertical flow velocities are negligible compared to lateral flow
velocities (vertical-flow equilibrium, or the Dupuit approxima-
tion) (Bear, 1972; Yortsos, 1995).

4. The fluids are incompressible and Newtonian.

. Fluid properties are uniform and constant.

6. The aquifer is rigid, homogeneous and isotropic.

w

For the case in which CO, migration is driven solely by the natu-
ral hydraulic gradient in the aquifer, the fraction of aquifer volume
occupied by residual COy, &y, is (Juanes et al., 2010):

Ve r
= WHL; ~ (1—(I'/2)Q-T)M —(1-(I'/2))1-T)’

(1)

where W is the width of the well array, H is the aquifer thickness,
and Lg is the lateral extent of aquifer swept by CO, at the point
when it becomes fully trapped (measured perpendicular to the well
array). Therefore, WHLy is the volume of a box which just encloses
the plume of trapped CO-. The volume of aquifer actually occupied
by trapped CO, is Vg, which includes the volume of the rock and
connate water. Here, I" is the trapping coefficient: the ratio of the
pore volume occupied by residual CO, to the pore volume initially
occupied by COy, I =Sgr /(1 — Swc), where Sgr is the residual CO; sat-
uration and Sy, is the connate water saturation. M is the ratio of the
mobility of CO; to the mobility of brine: M = puwkjy /g, where iy
is the viscosity of brine, g is the viscosity of CO,, and kfy is the end-
point relative permeability to CO, (Oak et al., 1990; Bennion and
Bachu, 2008). For the case in which only buoyancy drives migration
of the CO, upslope, the volume fraction of an aquifer containing
residual CO, is given to a good approximation by (MacMinn et al.,
2010):

Ve r

= WHL; ~ 0.0M 1 0.49°

(2)

These fractions are typically called efficiency factors (Bachu et al.,
2007; Juanes et al., 2010).

With the efficiency factor, we calculate the storage capacity in
three steps. First, we rearrange the expression for the efficiency
factor to solve for the volume of aquifer occupied by trapped CO,,
Vg. Next, we require that the lateral extent of the trapped CO,,
Lg, exactly equals the lateral extent of the aquifer that is suitable
for CO, storage, L, which must be interpreted from the hydrogeol-
ogy (Section 5). This stipulation ensures that the trapped plume fits
exactly inside the aquifer. Finally, we convert the volume of aquifer
occupied by CO, to the mass of CO, in the pores by multiplying by
the porosity, ¢, the residual gas saturation, Sgr, and the CO, den-
sity, pg. The resulting equation for the migration-limited storage
capacity is:

Cim = LHWpg§Sgre. (3)

3. Pressure-limited capacity

We calculate the pressure-limited capacity to be the total
amount of CO, that can be injected before the pressure rise cre-
ates a tensile fracture in the caprock. While shear failure may
occur first, we choose tensile fracturing as the constraint for sim-
plicity: predicting tensile fracturing requires only the minimum
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Fig. 2. To calculate the migration-limited capacity, we model how CO, migrates in an aquifer. (A) During injection, the CO, migrates nearly symmetrically away from the
well array. It begins forming a gravity tongue because it is much less viscous than the brine. (B) After injection has stopped, the CO, migrates upslope due to buoyancy
or downstream due to groundwater flow in a more exacerbated gravity tongue. It becomes trapped at the trailing edge of the plume at saturation S, (light gray area). (C)
Eventually the plume becomes completely trapped, reaching a lateral extent L, and filling a fraction of the aquifer volume V;. By requiring that the plume extent equal the
aquifer extent, L, we can calculate the total amount of CO, that can be injected such that the trapped plume fits exactly inside the reservoir.

principal effective stress in the aquifer, while predicting shear fail-
ure requires the entire stress tensor, which is often unavailable in
practice (Zoback, 2007).

To calculate the pressure that would cause fracturing, we use
the effective stress principle:

o’ =0 — bp, (4)

where ¢’ is the effective stress, o is the total stress, p is the pore
pressure, and b is the Biot poroelastic coefficient, which we take
to be one. Ignoring the cohesive strength of the aquifer, which is
often negligible in practice (Zoback, 2007, p.121), a tensile fracture
occurs when the minimum principal effective stress is zero. This
indicates that the fracture pressure equals the minimum principal
total stress: pgac = 0'3. When this stress is vertical, we calculate it to
be the weight of the overburden:

Prac = (1 — @)pr&D + PppweD, (5)

where D is the depth to the top of the aquifer, and the porosity,
¢, rock density, pr, and groundwater density, pw, are assumed to
be constant with depth. When the minimum principal total stress
is horizontal, we approximate it using Poisson’s ratio, v (Zoback,
2007, p.281):

Pirac = 7= (1~ #)prgD + $pugD). (6)

To estimate the direction of the minimum principal stress, we use a
nationwide map of stress in the United States (Zoback and Zoback,
1980).

We use a simple model to determine how much CO, can be
injected before the aquifer pressure reaches the fracture pressure.
While there are many models of CO, injection (e.g.,(Mathias et al.,
2009; Birkholzer et al., 2009)), we develop a model for our ideal
system so that the pressure-limited and migration-limited capac-
ities can be compared (Fig. 1). In addition to assumptions in this
system discussed previously, we assume:

. Zero lateral strain and constant vertical stress (Wang, 2000).
. Pressure boundaries are far enough away that they do not affect
the pressure at the well array.
3. The compressibility of CO, at aquifer conditions is equal to the
compressibility of the aquifer brine.
4, The geomechanical effects of multiphase flow are negligible.

N —

The assumptions of zero lateral strain and constant vertical stress
in the aquifer allows the flow and poromechanics to be decoupled,
reducing the model to a diffusion problem (Fig. 3) (Wang, 2000).
Assuming that the compressibility of CO, is equal to the compress-
ibility of water results in an overestimation of the pressure rise
during injection since water has a lower compressibility than CO5,
but will likely provide results that are sufficiently accurate for this
study.

In our model system (Fig. 3), the evolution of pressure as a func-
tion of the lateral coordinate, x, and the injection time, t, is governed
by (Pinder and Gray, 2008):

Q

cop - ’uiwaxxp =08(x)

A t>0, (7)

—00 < X < 00,
where c is the bulk compressibility, k is the intrinsic permeability,
[w is the brine viscosity, and Q is the volume injection rate (Fig. 3).
The conditions at infinity are:

Plx—tc00 = 0, 8xp|x4>ioo - 0, t>0. (8)

Assuming that the pore pressure is initially hydrostatic, the initial
condition is:
p(x, t =0) = pwgD, —00 < X < 00. (9)

This equation admits a similarity solution in the variable x//t
(Mattheij et al., 2005, Ch.10):

B Q Kt —x2 1 1|
p(x, t) = pwgD + HWer pe exp (4Kt - 2|x|erfc( 4/ct) ,

(10)

where k = k/(uwc). The maximum pressure occurs at the well
array:

t
Pwell(t) = pwgD + %Vﬂ (11)

While this equation is based on continuous injection, it correctly
predicts the maximum pressure if injection stops at time T, since
the pressure drops immediately after injection stops.

We use the equation for pressure at the well array to derive an
expression for the pressure-limited storage capacity. We set the
well pressure at the end of injection, py.(T), to be equal to the

{co,

kcp, [hghp

< >
<

T

low p

Fig. 3. To calculate pressure-limited capacity, we model how the pressure in an
aquifer rises due to injection. Since we assume that the aquifer is homogeneous and
anisotropic, and since we neglect multiphase flow effects, the pressure rise (red) is
uniform along the thickness of the aquifer, H, and the model is one-dimensional in
the lateral direction. The key parameters are the permeability, k, the compressibility,
¢, and the brine viscosity, ptw. With the pressure model, we calculate how much
CO; can be injected before the pressure rise at the well array exceeds the fracture
pressure. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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fracture pressure, pg,c, and solve for the injection rate, Q. Since the
total volume injected at time T is QT, the storage capacity is pgQT:

ke
Cp :ngW\/m(pfm—pwgD)T”z. (12)

This equation shows that the pressure-limited capacity grows as
the square root of the injection time. While it was derived assum-
ing a constant injection rate, the same scaling occurs if we adopt a
ramp-up/ramp-down injection scenario, in which the injection rate
first increases linearly with time up to time T/2 and then decreases
linearly to zero at time T (Szulczewski, 2009).

4. Comparison of pressure and migration constraints

The more limiting constraint leads to the smaller capacity. As
a result, we compare the relative severity of the constraints by
comparing the capacities (Egs. (3) and (12)):

Cl _ L¢Sgr8 Nw
G (Dtrac — pwgD) V mkeT”

(13)

When G /Cp > 1, the pressure-limited capacity is smaller so pres-
sure constraints are more important than migration constraints.
This tends to occur when the aquifer is shallow and long, the per-
meability is low but the porosity is high, and the injection time is
short.Italso tends to occur when the viscosities of the CO, and brine
are more similar since the storage efficiency factor, ¢, is inversely
proportional to the mobility ratio, M.

When G /Cp <1, the migration-limited capacity is smaller and
migration constraints are more important. This tends to occur when
the aquifer is deep but not very long, the permeability is high but the
porosity is low, the injection time is long, and the fluid viscosities
are very dissimilar.

Since the pressure-limited capacity increases with the dura-
tion of the injection period, C,~+/T, while the migration-limited
capacity, Cp, is independent of time, there is generally a crossover
from pressure-limited to migration-limited capacity as a function
ofinjection duration. Equating the expressions for pressure-limited
and migration-limited capacities yields a formula for the crossover
time, T¢:

w LéSgre 2
c=—r | —m—=—— . (14)
7ke \ Pfrac — pwgD

5. Pressure and migration constraints in the Fox Hills
Sandstone

We demonstrate the competition between pressure and migra-
tion constraints in the Fox Hills Sandstone. This reservoir lies in the
Powder River Basin in Wyoming and Montana (Fig. 4). It consists of
continuous marine and non-marine sandstones with siltstone and
minor shale (Whitehead, 1996). The relevant geohydrologic data
for the reservoir are listed in Table 1.

The top boundary of the Fox Hills Sandstone is an extensive
caprock called the Upper Hell Creek Confining Layer (Hovorka et al.,
2003). It consists of lower-coastal-plain muddy sandstones. The
bottom boundary is an aquiclude composed of marine shale and
siltstone (Whitehead, 1996, Fig. 50). We identify lateral boundaries
at major faults, outcrops, places where the caprock contains more
than 50% sand, and places shallower than 800 m (Fig. 5A).

To determine how to orient the injection well array, we identify
the dominant direction in which CO, would migrate in the aquifer.
We use an expression derived in (MacMinn et al., 2010) to evaluate
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Fig. 4. We illustrate how both pressure and migration can constrain storage capac-
ity in the Fox Hills Sandstone, an aquifer in Montana and Wyoming identified as a
potential CO, storage reservoir. The depth contours show that the aquifer is asym-
metric, with a gently sloping eastern margin and a steeply dipping western margin
(Hovorka et al., 2003).

the relative strength of migration due to groundwater flow and
slope:

% _ (ow pi])gkkrg sin 9’ (15)
f Mg

where N; is the strength of upslope migration, Ny is the strength of
groundwater flow, 8 is the aquifer slope, and U is the Darcy velocity
of the groundwater. In the Fox Hills Sandstone, this ratio is about
20, indicating that the dominant migration direction is upslope. As
a result, we orient the injection well array parallel to the aquifer’s
depth contours (Fig. 4).

With the well array in this orientation, we set the length of the
aquifer, L, to the distance between the two lateral fault boundaries.
Substituting the aquifer length and the data from Table 1 into Eq.
(3), we calculate the migration-limited capacity to be about 3 metric
gigatons of CO, (GtCO,). We draw the areal extent of the trapped
CO, and the corresponding well array in Fig. 5B.

We calculate the pressure-limited capacity with Eq. (12) and
data from Table 1. Comparing this capacity to the migration-limited

MONTANA MONTANA J
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3
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footprint of trapped CO,

A. Aquifer boundaries B. CO, footprint

Fig. 5. (A) We set the eastern boundary of the Fox Hills Sandstone where the top of
the aquifer becomes shallower than 800 m (Hovorka et al., 2003), the approximate
depth at which CO, changes from a supercritical fluid to a gas. We use this boundary
to ensure that CO; is stored efficiently in a high-density state. We set the remaining
boundaries at large faults (Whitehead, 1996, Fig. 56), places where the caprock has
more than 50% s and (Hovorka et al., 2003), and places where we interpret the reser-
voir to pinchout (Whitehead, 1996, Fig. 56). (B) The footprint of residually-trapped
CO, fills a large region of the aquifer within the established boundaries, extending
updip from the well array.



M.L. Szulczewski et al. / International Journal of Greenhouse Gas Control 23 (2014) 113-118 117

Table 1
Parameters for the Fox Hills Sandstone.
Parameter Symbol Value Data Source Reference
Residual CO, saturation Ser 0.3 Estimated Bennion and Bachu (2008) and Oak et al. (1990)
Connate water saturation Swe 0.4 Estimated Bennion and Bachu (2008) and Oak et al. (1990)
Endpoint relative permeability to CO; ki 0.6 Estimated Bennion and Bachu (2008) and Oak et al. (1990)
Compressibility (GPa~!) c 0.1 Estimated Wang (2000, Table C1)
Undrained Poisson ratio v 03 Estimated Wang (2000, Table C1)
Geothermal gradient (°C/km) Gr 30 Aquifer data Nathenson and Guffanti (1988)
Surface temperature (°C) Ts 10 Aquifer data National Climate Data Center (2010)
Depth to top of aquifer (m) D 1000 Aquifer data Hovorka et al. (2003, Map c1foxhillsg)
Net aquifer thickness (m) H 200 Aquifer data Hovorka et al. (2003, Map 4foxhills)
Length of model domain (km) L 100 Aquifer data Fig. 5
Width of well array (km) w 200 Aquifer data Fig. 5
Porosity [ 0.2 Estimated Freeze and Cherry (1979)
Caprock slope (degrees) 6 1 Calculated Hovorka et al. (2003, Map c1foxhillsg)
Darcy velocity (cm/year) U 10° Calculated Whitehead (1996, Fig.56), McPherson and Cole (2000)
Intrinsic permeability (mD) k 100 Calculated McPherson and Cole (2000)
Brine density (kg/m?) Pw 1000 Calculated Batzle and Wang (1992)
CO, density (kg/m?) Pg 500 Calculated CCS Technologies at MIT (2011)
Brine viscosity (mPa s) Hw 0.7 Calculated Batzle and Wang (1992)
CO, viscosity (mPas) g 0.04 Calculated CCS Technologies at MIT (2011)
Fracture pressure (MPa) Dfrac 10 Calculated Eq. (6); (Zoback and Zoback, 1980)

2 We calculate the Darcy velocity using Darcy’s law with a head gradient of 0.003 (Whitehead, 1996, Fig. 56).
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Fig. 6. The pressure-limited capacity grows with the square root of injection time
(dashed curve) [Eq. (12)], but the migration-limited capacity is constant (solid
curve). In the Fox Hills Sandstone, the capacity curves cross at an injection time
of about 100 years, indicating that pressure constraints are more limiting for injec-
tion times less than 100 years, but migration constraints are more limiting for longer
times.

capacity shows that, since the pressure-limited capacity grows as
T12, it is smaller than the migration-limited capacity for short
injection periods. However, it eventually becomes larger than the
migration-limited capacity at long injection periods, as shown in
Fig. 6. This indicates that pressure constraints are more limiting for
short injection periods, while migration constraints become more
limiting for long injection periods.
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