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Summary. We present an approach for estimating CO, storage capacity at the basin scale,
based on the principle that the CO5 plume must be contained in the geologic formation. We
develop a sharp-interface mathematical model for the post-injection migration of a plume of
CO2 in a deep saline aquifer. We obtain analytic estimates of the maximum plume migration
distance and migration time for complete trapping. The model accounts for the combined effect
of aquifer slope and regional groundwater flow, whose interplay leads to nontrivial behavior in
terms of trapping efficiency. We use our analytical model to estimate the storage capacity from
capillary trapping at the geologic basin scale. Since the methodology is based on the fluid dy-
namics of CO, migration, the estimates are basin-specific, and reflect the correct dependencies
on the fundamental parameters of the system. We illustrate how to apply the model to a target
formation in the Powder River Basin, in the United States.

1 INTRODUCTION

Carbon capture and storage has emerged as one of the key technologies for the abatement
of CO, emissions, and meeting the energy demands in a carbon constrained world!. Deep
saline aquifers are attractive geological formations for the injection and long-term storage of
CO,!. Even if injected as a supercritical fluid—dense gas—the CO, is buoyant with respect to
the formation brine. Several trapping mechanisms act to prevent the migration of the buoyant
CO, back to the surface, and these include': (1) structural and stratigraphic trapping: the
buoyant CO, is kept underground by an impermeable cap rock, either in a closed, non-migrating
system (static trapping), or in an open system where the CO, migrates slowly (hydrodynamic
trapping)?; (2) capillary trapping: disconnection of the CO, phase into an immobile (trapped)
fraction®*; (3) solution trapping: dissolution of the CO, in the brine, possibly enhanced by
gravity instabilities>; and (4) mineral trapping: geochemical binding to the rock due to mineral
precipitation’.
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The greatest challenge for carbon capture and storage is the massive scale at which it must
be deployed to have an impact on atmospheric CO, emissions. In the U.S. alone, capturing and
storing just 15% of current emissions requires injecting about one gigatonne per year (Gt/yr) of
CO,, arate of injection that should be sustained for at least several decades. At typical reservoir
pressure and temperature conditions, this corresponds to an injection volume on the order of
35 million barrels per day; about twice the oil consumption in the US. Even if injection takes
place at dozens of geographically-distributed sites, the storage of this amount of CO; must be
studied and modeled at the scale of geologic sedimentary basins (hundreds of kilometers), as
opposed to the pilot scale (hundreds of meters) or the local reservoir scale (kilometers).

Two fundamental issues are those of injectivity and capacity. These two issues are related,
but are different. By capacity we mean the amount of CO, that a geologic formation can hold,
without consideration of the flow rates at which injection takes place. By (basin-scale) injec-
tivity we mean the maximum flow rate over a given period such that the formation does not
fail geomechanically—for instance, by fracturing of the caprock or by activation of previously
sealing faults.

Here, we concentrate on capacity estimation. At present, this is done at the basin scale by
applying a “storage coefficient”, such that the mass of CO, that can be injected is given by®:

C = pco,dVrkE, (1

where C is the capacity (mass of CO, that can be stored), pco, is the CO, reservoir density, ¢ is
the porosity, V7 is the total volume of aquifer (net thickness times area), and F is the storage
coefficient. Currently, the storage efficiency coefficient £ is obtained as a multiplicative factor,
which reduces the capacity due to connate water saturation and loss of swept volume due to
buoyancy, stratigraphic heterogeneity, etc.®

Here, we provide an alternative definition of the storage efficiency coefficient. We obtain
it from the physics of CO, migration during and after injection. The principle for capacity
estimation is simple: the plume must fit in the geologic basin. We make several simplifying as-
sumptions in order to obtain a migration model that can be studied analytically. While some of
these simplifications are fairly restrictive, the methodology allows one to incorporate the differ-
ent storage mechanisms explicitly, and to quantify the effect of the various physical parameters
(fluid viscosities, medium permeability, residual CO, saturation, aquifer slope and groundwater
flow velocity, etc.) on storage capacity.

2 MATHEMATICAL MODEL OF CO; MIGRATION

We are interested in large CO- storage projects, and therefore in the evolution of the CO,
plume at the geologic-basin scale—a schematic of the basin scale geologic setting is shown in
figure 1. We assume that the CO, is injected simultaneously through a linear arrangement of
a large number of wells. The plumes from neighboring wells will merge as the radius of the
plumes around wells approaches the inter-well spacing. We model the single resulting plume
as two-dimensional in the z-z plane, with some width W in the y-direction equal to the length
of the well array.
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Figure 1: Injection of COs into a saline aquifer at the basin scale. (a) In cross-section, the CO; is shown in gray, the
groundwater in white, and the caprock as a thick line. Arrows indicate the direction of groundwater flow. Typical
horizontal and vertical scales are indicated—note that the vertical scale of the aquifer is greatly exaggerated. (b)
From a bird’s-eye view, the plumes from the individual wells merge together as the CO, spreads away from the
well array (black dots).

We take the aquifer to be homogeneous, with an arbitrary tilt angle relative to the horizontal
and a net groundwater flow to the right. We take the fluids to be incompressible and Newtonian,
with constant and uniform properties within the aquifer. The fraction of pore space occupied by
trapped or residual CO, after the bulk is displaced is the residual gas saturation, Sy,. Similarly,
some fraction of pore space may be occupied by immobile groundwater; this is known as the
connate water saturation, Syc.

We employ a sharp-interface approximation, neglecting the width of typical gradients in
saturation (i.e., the capillary transition zone or “fringe”’) compared to typical length scales in
the horizontal and vertical directions, and we further neglect the capillary pressure compared
to typical hydrostatic and viscous pressure drops®!?. We divide the domain into three regions
of uniform CO, and groundwater saturation with sharp interfaces corresponding to saturation
discontinuities. As illustrated in figure 2, Region 1 is the mobile plume of CO,, containing
mobile CO, with a saturation S, of connate groundwater; Region 2 is the region from which
the plume has receded, containing mobile groundwater with a saturation S, of trapped CO,;
and Region 3 contains mobile groundwater with no CO,.

We make the Dupuit or “vertical equilibrium” approximation and neglect the vertical flow
velocity compared to the horizontal flow velocity. This is justified when the characteristic ver-
tical length scale is much smaller than the characteristic horizontal one, as is generally the case
for aquifers.

The complete derivation of the model under these assumptions is given elsewhere !> The
plume migration equation, in dimensionless form, is:

~ On of 0 0

onl
R5+Nfa—§+Nsa—§[(l—f)n}—Nga—g[(l—f)na—g]—0, (2)

where 7 = hy/H is the dimensionless plume height (normalized by the aquifer thickness H),
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Figure 2: A schematic of the plume during post-injection migration, as the mobile COs is pushed to the right by
a combination of groundwater flow and aquifer slope, leaving trapped COs in its wake. We divide the domain
into three regions of uniform CO, and groundwater saturation, separated by sharp interfaces corresponding to
saturation discontinuities. Region 1 (dark gray) has a saturation 1 — S, of mobile CO5 with a saturation Sy, of
connate groundwater; Region 2 (light gray) has a saturation S, of trapped CO5 and a saturation 1 — .S, of mobile
groundwater; Region 3 (white) contains only groundwater. The aquifer has a total thickness H, and the thickness
of Region i, ¢ = 1,2, 3, is denoted h;(z,t). Groundwater flows naturally through the aquifer from left to right
with velocity U,,; the aquifer has permeability k& and porosity ¢, as well as an arbitrary angle of tilt ¢ measured
counterclockwise from the direction of gravity.

7 = t/T, is the dimensionless time (normalized by the duration of the injection period, 7. = T;),
and £ = /L. is the dimensionless distance (normalized by the characteristic length L. =
QiT;/2(1 — Syu.)pH, where Q; is the integrated volumetric injection flow rate [L?T~']). The
accumulation coefficient is discontinuous,

- |1 if on/or > 0,

R = 3
1-T ifdn/or <0, ©)

where I' = S, /(1 — Sy,.) is the capillary trapping number, which measures the fraction of CO,
that is left behind at the trail of the plume. The fractional flow function is

Mn

f(n):m,

4)
where M = \;/)\;3 is the mobility ratio between Regions 1 and 3 (usually much larger than
one, due to the high viscosity contrast between brine and CO- at reservoir conditions).

The flux terms in equation (2) have the following physical interpretations: the first is advec-
tive in nature, capturing the motion of the CO, due to groundwater flow through the aquifer;
the second is also advective, capturing the motion of the CO, due to the tilt of the aquifer; and
the third is diffusive, capturing the upward spreading of the CO, against the caprock due to
buoyancy. The constants N (flow number), N, (slope number), and NV, (gravity number) are
given by

f_%Qii/T Ns—f—insinﬁ, Ng—Z—ZFLCOSQ?LEC. (5)
where Q = U, H is the integrated groundwater flow velocity [L*T1], & = ApgkA,/[(1 —
Swe)@] is the intrinsic velocity of buoyancy-driven flow, Ap = p,, — p, is the density difference
between the groundwater and the CO,, ¢ is the force per unit mass due to gravity, and £ and ¢
are the intrinsic permeability and porosity of the aquifer, respectively.

4
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Without loss of generality, we choose Ny > 0—thus groundwater flow is always to the right
by convention. Aquifer slope can be either positive (N, > 0) for counterclockwise aquifer tilt
or negative (N, < 0) for clockwise aquifer tilt.

Numerical simulations of equation (2) show that the essential features of the plume shape
and migration are dominated by advective effects and capillary trapping, even for non-negligible
values of N, compared to Ny and N,''"'*. Therefore, we neglect the spreading term, which
leads to a first-order hyperbolic conservation law.

3 SUMMARY OF ANALYTICAL RESULTS: STORAGE EFFICIENCY

The hyperbolic model can be solved analytically for all combinations of groundwater flow
and aquifer slope, accounting fully for the shape of the CO, plume at the end of the injection
period'>. A detailed derivation of the analytical solution is given elsewhere '?; here, we simply
summarize the results.

We are primarily interested in the storage efficiency, that is, the volume of CO, stored per
unit volume of aquifer “used.”® We define the storage efficiency ¢ as

o Veo, QiT;

Vi HLp(1—Su.)¢’ ©)

where Vo, is the volume of CO; injected and V7 is the total volume of aquifer used; we define
V7 to be the total pore volume available for CO storage in a rectangle of thickness H and length
Ly, where Ly total extent in the z-direction of the fully trapped CO, 14, Taking & = Ly /L.
and using L. as defined in §2, we have that ¢ = 2/¢r. The storage efficiency takes a value
between 0 and I', and is inversely proportional to the dimensionless plume footprint.

The storage efficiency can be readily evaluated from the solution to the migration equation
as a function of N;/N 7 M, and I', and this can be done quickly and at high resolution over
a large range of parameters owing to the analytical nature of the solution. In figure 3 below,
we plot the storage efficiency as a function of N;/N for a typical value M = 15, and several
values of I

The storage efficiency always decreases with M—this is because increasing M strength-
ens the “tonguing” of the plume during both injection and post-injection migration. Similarly,
the storage efficiency always increases with I'—this is because more COs is left behind upon
imbibition, and so the plume becomes fully trapped over a shorter migration distance. Partic-
ularly relevant is the fact that the maximum efficiency (which can be obtained analytically and
is equal to £y,0x = I'/M) is achieved for a large negative value of Ny/Ny ~ —M + 1, that
is, when slope dominates over groundwater flow, and the flow direction is down dip. This is
a nontrivial result: figure 3 shows that while the storage efficiency is essentially the same for
slope-only (N; /Ny = 0) and flow-only (N; /Ny — £00), a gentle down-dip flow can provide a
multiple-fold increase in storage efficiency, up to a factor 1/T".
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Figure 3: Storage efficiency, €, as a function of N, /N ¢ for several values of I', as indicated, at M = 15.

4 APPLICATION TO THE POWDER RIVER BASIN

We apply our model to estimate the storage capacity from capillary trapping of the Fox Hills
Sandstone, which extends throughout almost the entire Powder River Basin, between Montana
and Wyoming, in the United States!®. Starting from the Black Hills Uplift in the east, the
formation gently dips to the west over most of the basin, but steeply rises before the Bighorn
Mountains at the west margin. In the north-south direction, the depth is fairly constant except
at the borders of the basin where the formation rises (figure 4). The thickness of the formation
is largest in the south and tends to decrease to the north. The Fox Hills Sandstone is Upper Cre-
taceous in age. Its composition differs in detail in different areas, but in general it consists of
commonly massive, fine- to medium-grained sandstone with siltstone and minor shale, which
are sometimes interbedded. The formation is conformably overlain by an extensive top seal
called the Upper Hell Creek Confining Layer, and conformably overlies marine shale and silt-
stone. Porosity and permeability data for the formation are very limited, but at least one study
indicates a porosity of about 0.2 and a permeability of about 50mD. The flow direction over
most of the basin is south to north, as shown in figure 4.

Next, we determine the effective boundary of the Fox Hills Sandstone where the plume is
to be contained. An obvious boundary is determined by an outcrop of the formation. We also
exclude areas that contain active faults, and those where the caprock contains over 50% sand
and may leak CO,. The resulting effective boundary is shown in figure 4. We also indicate the
area that is deep enough for injection, such that the COs is in supercritical state.

The next step is to establish the direction of plume migration. This is based on whether
the regional groundwater flow is collinear with aquifer slope or, if it is not, which of the two
advection mechanisms (flow or slope) dominate. In the area of interest—the southern section of
the formation—the flow direction is roughly perpendicular to the up-dip direction (see figure 4).
Based on hydrogeological data, we estimate values of Ny ~ 0.3 and Ny ~ 0.015. Since N, ~
20Ny, we choose the up-dip direction as the flow direction, and use a value of NV, /N § — 00.
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Figure 4: Application of the analytical model to the estimation of storage capacity of the Fox Hills Sandstone,
in the Powder River Basin. Left: outcrops of the target formation and the caprock, as well as other effective
boundaries that delineate where the CO5 plume footprint should be contained. Right: Groundwater flow direction,
and area (shaded in light gray) where the CO5 plume will be allowed to migrate.

Table 1: Results from the storage capacity calculation for the Fox Hills Sandstone

Scenario Efficiency factor Capacity (gigatons)
Less trapping 0.006 2.3
Average trapping 0.020 7.0
More trapping 0.031 11.0

Other parameters of the model are set by average values in the area of interest: aquifer thick-
ness H ~ 120 m, CO, density pco, ~ 540 kg m~3, mobility ratio M =~ 5. We assign values
to the remaining variables (connate water saturation Sy, residual CO; saturation .S,,., endpoint
relative permeability £;, ), based on laboratory data for analogue formations, and according to
three different scenarios from less trapping to more trapping '°.

The results from our storage capacity calculation for these three different trapping scenarios
are given in table 1. They range from 2 Gt to 11 Gt. It is important to note that only one target
formation is considered, and only a fraction of the basin is utilized.

5 CONCLUSIONS

We have presented an approach for estimating CO, storage capacity at the basin scale, based
on the principle that the CO, plume must be contained in the geologic formation. Since the
methodology is based on the fluid dynamics of CO, migration, the estimates are basin-specific,
and reflect the correct dependencies on the fundamental parameters of the system. The model
is purely analytical, and accounts for the combined effect of aquifer slope and regional ground-
water flow, whose interplay leads to nontrivial behavior in terms of trapping efficiency.

Our model is currently restricted to the mechanism of storage by capillary trapping (residual
trapping). It makes many assumptions that allow us to arrive at an analytical model. Some of
these assumptions are not always justifiable and therefore does not have universal applicability.

We are currently extending the model to account for dissolution from convective mixing ',
and we are applying the methodology to a number of basins in the continental United States.
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