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Abstract

Geological CO, sequestration is an effective approach to mitigate greenhouse gas emis-
sions by permanently trapping CO, in the subsurface. A large portion of injected CO, is
trapped by capillary forces in pores and eventually dissolves into the reservoir brine due
to convective mixing to achieve permanent entrapment. In regions where convective mix-
ing is slow, non-convective transport can play an important role in redistributing resid-
ually trapped CO,, but the mechanisms and timescales for redistribution have yet to be
explored thoroughly. In previous work, we have shown that capillary pressure difference
among residually trapped gas ganglia can induce Ostwald ripening, thereby redistribut-
ing the separate-phase gas through diffusion despite the gas phase remaining trapped over
the entire course of equilibration. In this study, we show from a thermodynamic point of
view that other natural gradients in geologic formations— hydrostatic pressure, geothermal
gradients and capillary heterogeneity—can also redistribute CO, by non-convective trans-
port. Mechanisms for resulting non-convective transport include molecular diffusion, the
sedimentation effect and potentially the Soret effect. Results show that hydrostatic pressure
dominates redistribution such that the separate-phase gas is transported upward through
molecular diffusion and accumulates under the seal at the steady state. A typical timescale
for gas phase redistribution is 10 years/m; for a 100-m-thick formation, redistribution is
complete after ~ 107 years. Although non-convective transport is an extremely slow pro-
cess, it causes local accumulation of the gas phase and in some settings may remobilize the
trapped gas phase.

Keywords Residual trapping - Thermodynamic equilibrium - Non-convective transport -
CO, sequestration

1 Introduction

In a geological formation where a continuous gas phase migrates due to buoyancy forces,

formation brine imbibes into the trailing edge of the gas plume. During imbibition, the
gas phase at the trailing edge becomes disconnected into many individual gas ganglia that
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are trapped in the pore spaces. This trapping mechanism is referred to as residual trap-
ping (Roof 1970; Kumar et al. 2004; Mo et al. 2005; Hesse et al. 2006; Juanes et al. 2006;
Suekane et al. 2008; Iglauer et al. 2011; Krevor et al. 2012). Residually trapped gas widely
exists along the migration path of the gas phase in many natural geological formations,
such as oil and gas reservoirs, methane-rich undersea sediments and saline formations for
geological storage of CO, (Claypool and Kaplan 1974; Chatzis et al. 1983; Kumar et al.
2005; Lei and Seol 2020).

In the context of geological CO, storage, the long-term entrapment of residually trapped
gas enhances the security of CO, storage, since residually trapped CO, can immobilize
a large portion of injected CO,Pentland et al. (2011); Burnside and Naylor (2014). One
theory for the long-term fate of residually trapped CO, is that the separate-phase CO, will
eventually dissolve into the formation brine, a process that is accelerated by convective
mixing Bourg et al. (2015); Jiang and Tsuji (2015). Convective mixing originates from the
fact that the aqueous solution of CO, near the top of the aquifer is slightly denser than the
“fresh” brine underneathTeng et al. (1997). This density contrast drives the CO, solution to
sink and brings more “fresh” brine into contact with separate-phase CO,, thereby enhanc-
ing CO, dissolution Ennis-King et al. (2005); Riaz et al. (2006); Hassanzadeh et al. (2007);
Neufeld et al. (2010). Studies have shown that the timescale for onset of convective mix-
ing strongly depends on Rayleigh number, a combination of reservoir conditions and fluid
properties Ennis-King et al. (2003). For reservoirs with low permeability (k < 10 mD), dis-
solution of residually trapped CO, is likely to be a slow process, occurring in thousands of
years or longer after injection of CO,Riaz et al. (2006).

Non-convective transport of dissolved gas in the aqueous phase and its impact on the
separate-phase gas have drawn little attention. Examples of non-convective transport of
dissolved gas include molecular diffusion due to concentration gradients, sedimentation of
solute molecules in the gravitational field, the Soret effect due to heat flow in the system
Mashimo (1988); Goldobin and Brilliantov (2011). As shown in Fig. 1, convective mixing
mainly occurs in regions where the CO,-saturated brine is in significant contact with the
“fresh” brine; however, in regions containing a large amount of residually trapped gas, the
aqueous phase is saturated with dissolved CO,, and the contact with “fresh” brine is lim-
ited. In these regions, convective mixing will be extremely slow due to significantly lower
density contrast in the aqueous phase. We have previously shown that non-convective trans-
port due to Ostwald ripening in heterogeneous porous media can result in gas saturation
changes on the timescale of years Li et al. (2020). Over the long term, the impacts of non-
convective transport can accumulate and potentially play an important role in redistributing
the residually trapped gas. Since geological CO, storage aims at permanent entrapment of
CO,, it is important to understand these non-convective processes and assess their signifi-
cance for the security of CO, storage.

The first attempt to quantify non-convective transport in geological formations was
performed in a system containing brine and residually trapped methane bubbles Goldobin
and Brilliantov (2011). The authors show mathematically that in the presence of trapped
methane bubbles, methane molecules dissolved in the aqueous phase are out of thermody-
namic equilibrium, which create a driving force for non-convective transport of methane
molecules in the aqueous phase. The authors neglect its influence on the separate-phase
methane by simply treating the trapped methane bubbles as “infinite” sources. Recently,
several studies have shown that non-convective transport of dissolved gas can change the
distribution of residually trapped gas throughout the system, while the residual gas remains
trapped and immobile over the entire course of equilibration. One mechanism for gas redis-
tribution is Ostwald ripening due to capillary pressure difference among trapped gas. The
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Fig. 1 A conceptual illustration of a CO, sequestration aquifer and the system this study focuses on. Con-
vective mixing occurs in the regions where the mobile plume of CO, is in contact with a large amount of
“fresh” brine to enhance CO, dissolution into the aquifer. In regions where little “fresh” brine is avail-
able to induce significant convective mixing, we study the non-convective transport of CO, dissolved in the
aqueous phase and its impact on the long-term fate of residually trapped CO,. Non-convective transport
can result from hydrostatic pressure, geothermal gradients and capillary heterogeneity. By neglecting any
regional flow of groundwater, the studies system is reduced to a one-dimensional closed column with resid-
ually trapped gas throughout the system initially

gradient of capillary pressure throughout the system induces inter-ganglion diffusion of
gas molecules in the aqueous phase, causing trapped gas ganglia to grow or shrink. At
steady state, all the gas ganglia in the system approach the equilibrium capillary pressure
and coexist stably due to presence of the porous matrix (Garing et al. 2017; Xu et al. 2017;
de Chalendar et al. 2018, 2019; Li et al. 2020). Another mechanism for non-convective
transport is the sedimentation effect, where dissolved CO, molecules drift in the aqueous
solution due to gravity, making trapped gas bubbles aligned in the direction of gravity re-
equilibrate Xu et al. (2019).

These relevant studies have focused on only one specific type of non-convective trans-
port at a time, when in reality a number of non-convective processes are occurring simul-
taneously. In fact, many natural gradients in geological formations can cause thermody-
namic disequilibrium to potentially induce non-convective transport, including hydrostatic
pressure (Muskat 1930; Sage and Lacey 1939), geothermal gradients (Schulte et al. 1980;
Whitson et al. 1994; Padua 1999; Esp6sito et al. 2000; Galliero et al. 2016) and capillary
heterogeneity at the continuum scale Pini et al. (2012). In addition, simplifications such
as the ideal-solution assumption can yield results deviating significantly from that in real
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fluids. Therefore, current studies do not quantify the significance of non-convective trans-
port and its impact on residually trapped gas. These limitations necessitate a systematic
approach for evaluating non-convective transport from a fundamental perspective.

Despite the limitations of these studies, their conclusions suggest that residually trapped
gas may not remain trapped and disconnected over the long term, even without any con-
vective flow. At the pore scale, the mass of residually trapped gas ganglia is redistributed
through non-convective transport in the aqueous phase while the ganglia remain immobi-
leGaring et al. (2017), Xu et al. (2017), de Chalendar et al. (2018, 2019), at the continuum
scale, this redistribution results in saturation change of the gas phase throughout the system
Xu et al. (2019), Li et al. (2020). In regions where the saturation of residual gas increases,
these initially disconnected, residually trapped gas ganglia can aggregate and potentially
become remobilized and migrate into different locations in the storage reservoir. There-
fore, it is important to characterize non-convective transport in the presence of residually
trapped gas. Understanding how these processes in turn affect the distribution of residually
trapped gas and at what timescales in real geological systems are important problems to be
addressed.

To fill this knowledge gap, we develop a fundamental description of non-convective
transport of dissolved gas from a thermodynamic point of view, integrating the impact
of hydrostatic pressure, geothermal gradient, the sedimentation effect and capillary het-
erogeneity. In this paper, residual gas redistribution through non-convective transport is
demonstrated and characterized by numerical solutions within various systems. We report
the timescale for resulting gas redistribution and its influence on long-term gas migration
in geological formations. Lastly, we compare the relative significance of non-convective
transport and convective mixing.

2 Non-convective Transport in the Aqueous Phase Due
to the Gradients of Thermodynamic Potential

2.1 BasicTheory

As shown in Fig. 1, this study focuses on a two-phase fluid system in a porous medium,
where the aqueous phase is continuous and the gas phase is residually trapped. The gas
phase remains dispersed and immobile during the entire equilibration process. Therefore,
the gas phase is redistributed only through non-convective transport in the aqueous phase.
By neglecting any convective flow of the aqueous phase such as regional flow of ground-
water, the system is reduced to a one-dimensional vertical column. We take water and
supercritical CO, at reservoir conditions as an example fluid pair; however, this theory can
be equally well applied to any non-reacting binary mixtures that are mutually soluble.

2.1.1 Equilibrium Condition Under Isothermal Condition

We focus on the thermodynamic potential of CO, dissolved in the aqueous phase, which
consists mostly of free CO, molecules due to low pH in the aqueous phase Peng et al.
(2013). We assume that the residual gas and aqueous phases are at equilibrium, so that the
concentration of dissolved CO, is the CO, solubility at the local reservoir conditions. We
define the partial molar free energy of dissolved CO, as F‘éqoz. In the aqueous phase, the

criteria for equilibrium under isothermal condition in a centrifugal field (gravity in this
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case) can be written as Muskat (1930); Sage and Lacey (1939); Schulte et al. (1980); Whit-
son et al. (1994); Firoozabadi (2016)

dr =0, (1)
dP = —p, gdz, )
dFe, = d(1ith, +Mco52) = 0, 3

where T is temperature, P is pressure, p,, is the density of water, g is gravitational accelera-
tion, z is elevation, ;42(10 is the chemical potential of CO, molecules dissolved in the aque-
2

ous phase, and M, is the molar weight of CO, molecules.
The chemical potential is dependent on both composition and pressure, i.e.,

o o
ag  _ 2 2
dﬂC02 = < axcoz Pd)CcO2 + 3P

where x¢, is the mole fraction of CO, in the aqueous phase. The composition-dependent
part of the chemical potential can be written as

dp, (4)

*co,

=y + RTln(ycoszOZ), ®)

/42(]02 (xcoz) »

where y is the chemical potential of pure CO, as a reference, R is the gas constant, and
Yco, is the activity coefficient of CO,. Due to the low concentration of CO, in the aqueous
phase (approximately 2% in mole fraction) at reservoir conditions, the activity coefficient
can be approximated as a constant y = 55 508, Wthh is 1ndependent of concentration x¢,

perature and pressure. Therefore, the ﬁrst term in RHS of Eq. 4 can be written as

R
Xco, = —dXco,- 6)
P Xco,

/‘cnz

In the second term in RHS of Eq. 4,

equals to ‘70027 the partial molar volume of
Xco,
dissolved CO, according to the second law of thermodynamics Sage and Lacey (1939);
Goldberg (1953). Combining Eq. 2, the second term in RHS of Eq. 4 can be written as

i,
oP

Substitute Egs. 4, 6 and 7 into Eq. 3, we obtain the equilibrium condition, i.e.,

dP = =V¢o,p,,8dz. (7

Xco,

RT _
dF”c‘Z;, X ——dxcp, + (Mco2 - Vcozpw)gdz =0. (8)

0,

Equation 8 is the condition for sedimentation—diffusion equilibrium Archibald (1947),
Wales et al. (1948), Goldberg (1953), Williams et al. (1958), Mashimo (1988), Rasa et al.
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(2005), Fujita (2016), Perrin (2013). The term £abcco2 denotes molecular diffusion,

*co

driven by the concentration gradients of CO, 2in the aqueous phase. The term
(MCO2 - VCOZ pw)gdz denotes the sedimentation effect caused by a centrifugal field (gravity
in this case). In fields relevant to geology, the term “sedimentation” typically describes the
deposition of particles at the macroscopic level such as sand grains; in a broad sense, sedi-
mentation can occur in solutions of single molecules as well, such as aqueous solutions of
protein. In fact, sedimentation—diffusion equilibrium in a centrifugal field has become a
well-established method to accurately measure the molecular weight of protein, where the
centrifugal field is significantly exaggerated by ultracentrifugation Goldberg (1953), Teller
(1973), Cole et al. (2008), Zhao et al. (2013). At the equilibrium state, the concentration
profile of dissolved protein becomes non-uniform due to the balance between the sedimen-
tation effect and molecular diffusion.

Many theoretical studies in petroleum reservoirs have shown that on a spatial scale of
hundreds of meters, the sedimentation effect of molecules can lead to significant compo-
sition variation in hydrocarbon mixture Muskat (1930), Sage and Lacey (1939), Schulte
et al. (1980), Whitson et al. (1994), Lira-Galeana et al. (1994), Padua (1999), Espésito
et al. (2000), Galliero et al. (2016). In this study, we show mathematically that the sedi-
mentation effect can occur in the aqueous phase with dissolved CO, as well, where the CO,
molecules tend to sink to the bottom of the system.

Therefore, the aqueous phase that is initially out of equilibrium will equilibrate through
non-convective transport of dissolved CO, driven by the gradient of partial molar free
energy. The net flux of dissolved CO, can be described by the generalized form of Fick’s
law, i.e.,

q
7Dccp, dFZoz
RT dz

J=- ©))

where 7 is tortuosity for diffusion in porous media, ¢, is the CO, concentration in ”"n—(;l, and
J is the CO, flux in ;1"—;’5 Here, we use 7 = q§<1 - S"gg 3 to account for the reduced available
area open to diffusion, where ¢ is the porosity, S"gg is the average initial gas saturation.

Under isothermal conditions, the system approaches équilibrium by fulfilling Eqgs. 1, 2 and
3, and no geothermal gradients are present.

2.1.2 Steady State Under Non-isothermal Condition

When a geothermal gradient is imposed on the system, i.e., dT # 0, the problem falls into
the category of non-equilibrium thermodynamics. The difference compared to an isother-
mal system is that at the steady state, the entropy of the non-isothermal system continues
increasing due to the heat transferred into the system through geothermal gradients (Kem-
pers 1989; Firoozabadi et al. 2000; Firoozabadi 2016; Nikpoor et al. 2016). The condition
for the system to approach steady state becomes

dugy, g
2 = 2VT, 10
&z 0,8 = 75

where VT is the geothermal gradient. Here, we use the term “steady state” instead of “equi-
librium” to describe the state when the flux in the system does not vary with time.
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We compare the concentration term and the thermal gradient term in Eq. (4-26.1) in
Haase (1968) to obtain an explicit form, i.e.,

dT = RadT, (11

P»Xcoz

Dyern e . .

where a; = Dx”’”; is defined as thermal diffusion factor, x,, is the water mole fraction,
Coy*w

D, 18 the thermal diffusion coefficient, and D is the molecular diffusion coefficient.

Detailed derivation can be found in Online Resource. Equation 11 indicates that the chemi-
cal potential disequilibrium can result from a thermal gradient d7, driving the CO, mole-
cules to drift along the direction of the thermal gradient, known as the Soret effect (Kem-
pers 1989, 2001; Platten 2006; Rahman and Saghir 2014). It should be noted that the
significance of the Soret effect in CO,-water systems is still unclear. To the authors’ knowl-
edge, there are few experimental studies that measure the thermal diffusion factor a; in
such systems. Therefore, Eq. 11 merely illustrates that chemical potential disequilibrium
due to thermal gradients potentially serves as another mass transfer mechanism. In fact, the
impact of geothermal gradients is complicated involving multiple processes that can inter-
active with each other such as density-driven convection Wooding (1957); Donaldson
(1962). Complications of non-isothermal systems will be discussed in detail in Sect. 4.1.

2.2 The Role of Residually Trapped Gas in Thermodynamic Potential

When residually trapped CO, ganglia coexist with the reservoir brine, we assume that the
chemical potential of the dissolved CO, is at local equilibrium with the chemical potential
of the separate-phase CO, in the gas ganglionSuekane et al. (2008), i.e.,

ag _ ¢
Hco, = Hco, (12)

where ;4202 denotes the chemical potential of CO, in the gas phase. In other words, the con-
centration of dissolved CO, is at its local solubility, depending on local temperature and
the pressure in the adjacent CO, ganglia. This local equilibrium assumption suggests that
any spatial variation of chemical potential among residually trapped CO, ganglia will lead
to a chemical potential gradient in dissolved CO,, inducing non-convective transport of
CO, in the aqueous phase. For example, variation of capillary pressure among residually
trapped gas results in concentration gradients in the aqueous phase, inducing inter-ganglion
diffusion to redistribute the mass among residually trapped gas Xu et al. (2017), de Chal-
endar et al. (2018, 2019), Xu et al. (2019), Li et al. (2020).

In this study, we demonstrate that concentration variations caused by hydrostatic pres-
sure gradients induce non-convective transport. The chemical potential of residually
trapped gas ugCOZ(T, P) is determined by local temperature T and local gas-phase pressure
P, where the gas-phase pressure is P = P,, + P, the sum of local water pressure P,, and the
capillary pressure P.. As can be seen, the water pressure varies with depth z due to hydro-
static pressure, i.e., P,, = —p,,gz; under non-isothermal conditions, the temperature 7(z)
varies with depth as well. Although CO, in the two phases reaches equilibrium locally, it is
out of global equilibrium due to changes of water pressure and temperature with depth.
Therefore, in regions where the two phases coexist, the solubility of dissolved CO, will
vary with depth, inducing molecular diffusion of dissolved CO,, thus redistributing the
CO, until the system approaches an equilibrium or a steady state.
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By taking capillary pressure into consideration, we obtain an expression for the local
solubility of dissolved CO,, i.e.,

P.(S
%c0,(T(@), P(2)) = Xc0,0(T(2). P, (2)) + > (13)
dxco,

where Xco, 0 18 the CO, solublhty at the local reservoir condmon (T P, ) S,, is the satura-
in the aqueous phase.

Under reservoir conditions, the partmon coefficient is a strong function of pressure and
thus varies with depth Spycher et al. (2003). To accurately calculate CO, solubility while
reducing computational complexity, we compute one partition coefficient at each res-

CU';

ervoir pressure P, based on CO, partition data provided in Spycher et al. (2003). These
partition coefficients are then treated as constants for calculating the CO, concentration
change due to a change of capillary pressure. This approximation is reasonable since the
change of capillary pressure is on the order of 10° Pa, which is much smaller than the reser-
voir pressure P, (~ 107 Pa). Eq. 13 shows that the spatial distribution (z) and the capillary
pressure (PC) of residually trapped CO, ganglia determine the strength of molecular diffu-
sion. In turn, molecular diffusion can change the capillary pressure of gas ganglia by redis-
tributing separate-phase CO,, influencing the driving force for diffusion.

2.3 Relaxation of the Ideal-solution Assumption

As shown in Eq. 3, the direction and magnitude of the sedimentation effect is determined
by the partial molar volume of dissolved CO,, VCOz' Partial molar volume of a dissolved
substance is defined as the molar volume increase of the solution when adding an infini-
tesimal amount of the pure substance. It represents the “true” molar volume of the solute
accounting for the interaction between components in the solution. In solutions with strong
non-ideality, partial molar volume of a substance differs significantly from its molar vol-
ume at the pure state. Figure 2a compares the partial molar volume of dissolved CO, and
the molar volume of pure CO, at reservoir conditions. The data are generated by ECO2N,
an equation of state specifically designed for applications on geological CO, storage in
aquifers Pruess and Spycher (2007). ECO2N describes the thermodynamic properties of
CO,-water-NaCl system over a wide range of temperature (10 °C - 100 °C), pressure (up
to 600 bar) and salinity condition (up to saturated NaCl brine). The fluid properties within
this range achieve an excellent agreement with experimental data Spycher et al. (2003);
Spycher and Pruess (2005). As can be seen, the molar volume of dissolved CO, estimated
by ideal solution assumption deviates significantly from its true partial molar volume. The
partial molar volume of dissolved CO, is approximately constant within the interested pres-
sure and temperature range, since the properties of the aqueous phase seldom vary. There-
fore, here we only show the curve for partial molar volume at 50 °C for better visualization,
as other curves within the temperature range 50°C—90°C overlap this curve.

As a result, accurate quantification of the sedimentation effect relies on relaxation of the
ideal solution assumption. As we show in Fig. 2b, the ideal-solution assumption leads to
a negative CO, flux, suggesting that CO, would migrate upward under this circumstance.
This result is consistent with the conclusion in Xu et al. (2019), which concludes that CO,
molecules are “buoyant” in the aqueous phase, and thus the gas phase accumulates at the
top of the system under ideal solution assumption. However, Fig. 2b also shows that when
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Fig.2 a Comparison between the partial molar volume of dissolved CO, and the CO, molar volume esti-
mated by ideal solution assumption. The estimation under ideal solution assumption is the molar volume
of pure CO,. The ideal solution assumption leads to overestimation of the molar volume of dissolved CO,.
Here, we only show the curve for partial molar volume at 50 °C for better visualization, as other curves
within the temperature range 50°C - 90°C overlap this curve. b Comparison of the CO, fluxes in the aque-
ous phase due to sedimentation, calculated with or without ideal solution assumption. The flux is calculated
using Eq. 3 and Eq. 9 by assuming 7 = 1 and CO, concentration constant. The ideal solution assumption
leads to an “upward” CO, flux due to sedimentation; while in a more realistic solution accounting for non-
ideality, the CO, flux due to sedimentation is “downward”

relaxing the ideal solution assumption, the direction of the CO, flux due to sedimentation
is reversed to positive, and the magnitude of the flux is nearly a constant within the inter-
ested range of reservoir conditions. Therefore, the CO, flux due to sedimentation is down-
ward, which agrees well with the fact that CO, solution is slightly denser than pure water
Teng et al. (1997), Garcia (2001), Riaz et al. (2006).

3 Redistribution of Residually Trapped Gas
3.1 Mathematical Formulation of the Gas Redistribution Problem

As shown in Fig. 1, when neglecting any convection in the horizontal direction, the studied
system can be reduced to a one-dimensional column of porous medium which initially con-
tains residually trapped CO, ganglia and an aqueous phase at local equilibrium with the gas
phase. We focus on the redistribution of the gas phase; at the continuum scale, this redis-
tribution is manifested as change of the gas phase saturation. The gas phase is assumed to
remain immobile during redistribution such that the only mass transfer mechanism is non-
convective transport of dissolved CO, in the aqueous phase. The mass balance of CO, in
this column can be written as

0 d)SwpwaOZ + ¢SC02pC02yCOZ _aJ
ot M, Mo, C 0z

(14)
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where M, is the molar weight of the aqueous phase, S, is the saturation of separate-phase
CO,, and p, is the density of the separate-phase CO,. The two terms on the left hand side
represent the mass of CO, in the aqueous phase and in the gaseous phase, respectively. As
we show in the previous work Li et al. (2020), the derivative of the first term is small com-
pared to the second term, so that the first term is neglected during our calculation. Detailed
explanation can be found in Online Resource. Using Eq. 9 to represent the flux J, the mass
balance equation becomes

o [ #Sco,pco, \ o [ 7DPcco, OF g)z 5
or\  Mco, C oz RT 0z ) (15)
where the gradient of the partial molar free energy is represented by Eq. 3.

The top and bottom boundaries of the system are closed J(z = 0,L) = 0, where L is
the column height. The initial condition for the system is stable coexistence of residually
trapped CO, and the aqueous phase throughout the entire column. The initial distribution
of residually trapped CO, saturation is generated by macroscopic percolation simulation,
a reduced-physics approach to accurately quantify both residual trapping and capillary
heterogeneity trapping Ni et al. (2021) (see Online Resource for details). The generated
gas saturation maps have taken into consideration the impact of capillary heterogeneity
and hysteresis. The aqueous phase CO, concentration is linked to the gas phase saturation
through capillary pressure curves according to Eq. 13. We use a capillary pressure model
consistent with our previous study Li et al. (2020), which is shown in detail in Online
Resource. The current capillary pressure model is adopted here to represent the follow-
ing key features of residually trapped gas. First, pore-scale modeling of Ostwald Ripening
using conically shaped pore throats by de Chalendar et al. (2018) shows that for pore-filling
bubbles, a volume increase will push the bubble interface into local pore throats, leading
to an increase of capillary pressure. This trend in capillary pressure for growing bubbles
is consistent with the pore-scale analysis by McClure et al. (2016). Second, the capillary
pressure of residually trapped gas at the end of imbibition is on the same order of magni-
tude as the entry pressure of the rock Garing et al. (2017). At a low gas saturation, the cap-
illary pressure of residually trapped gas can vary within this range due to different spatial
distribution and connectivity of the gas phase McClure et al. (2016). To date, there are no
direct measurements available for the capillary pressure curves of trapped gas ganglia in
real rocks during Ostwald Ripening, and future work involving these measurements would
be beneficial.

In summary, the system represented by Eq. 15 and the above boundary conditions and
initial conditions can be solved numerically to obtain the redistribution process of residu-
ally trapped gas phase. The system is solved by an explicit Euler scheme in this study.
The physical properties of the example system studied here are representative of a typical
carbon sequestration reservoir Krevor et al. (2012); Pini et al. (2012), shown in Online
Resource.

3.2 Redistribution of Residually Trapped Gas
3.2.1 The Impact of Hydrostatic Pressure

In regions of the system where the two phases coexist, the dissolved CO, concentration
is determined by local equilibrium between the two phases. Under isothermal conditions,
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CO, solubility increases with depth due to hydrostatic pressure, creating a concentration
gradient in the aqueous phase. This concentration gradient induces an upward diffusive
flux of CO,. At the same time, the sedimentation effect creates a downward flux of dis-
solved CO,. The system approaches steady state when the two fluxes counterbalance each
other throughout the column.

Figure 3 shows the redistribution of residually trapped gas in a homogeneous column
under isothermal conditions. As can be seen, the CO, concentration gradient induces an
upward diffusive flux in the aqueous phase to transport CO, toward the top of the column.
As a result, the gas phase accumulates at the top of the column underneath the seal. The
increase in gas saturation under the seal leads to an increase in capillary pressure, raising
the local CO, concentration at the top of the system (Eq. 13). The gas phase is eventu-
ally depleted at the bottom of the column, where the CO, concentration drops below local
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Fig. 3 Redistribution of the gas phase due to non-convective transport in a homogeneous system under iso-
thermal condition. a The evolution of the gas phase saturation and the capillary pressure profile during
redistribution of the residual gas phase. b The evolution of CO, concentration profile during redistribution

of the residual gas phase. The entry pressure profile and capillary pressure curves can be found in Online
Resource
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solubility under water pressure. The net concentration gradient decreases with redistribu-
tion of the gas phase; at steady state, the concentration gradient counterbalances the sedi-
mentation effect such that the net flux of CO, becomes zero. The saturation profile of the
gas phase achieves capillary-gravity-sedimentation equilibrium to minimize the CO, par-
tial molar free energy gradient in the two-phase zone. Therefore, due to the sedimentation
effect, the steady-state CO, concentration gradient is nonzero. For the system shown in
Fig. 3, the steady state is reached in approximately 2.5 x 107 years.

In this work, we only focus on the non-convective transport and neglected any mobi-
lization of the gas phase. It should be noted that in regions where the gas phase satura-
tion increases, the gas phase is highly likely to become mobile at some point. Although
gas-phase mobilization is beyond the scope of this study, characterization of resulting gas
mobilization is an interesting topic for future research and is underway as our ongoing
study.

3.2.2 The Impact of Capillary Heterogeneity

Evolution of the gas saturation in heterogeneous systems is similar to that for a homogene-
ous system, but local variations in capillary pressure can temporarily and locally acceler-
ate or counteract the upward flux of CO,. Figure 4 shows redistribution of the residual
gas phase in a heterogeneous system under isothermal conditions. The reservoir conditions
are the same as for the homogeneous case shown in Fig. 3. As can be seen, although the
CO, solubility gradient due to hydrostatic pressure is similar to the homogeneous case, the
non-uniform capillary pressure profile imposes additional concentration gradients between
layers, initiating local redistribution of the gas phase. Concentration gradients due to capil-
lary heterogeneity are reduced over time, depending on the thickness of the layers and the
contrast in rock properties. Eventually, concentration gradients due to hydrostatic pressure
regain its dominant role in transporting the gas phase to the top of the column. The steady-
state distribution of the gas phase follows capillary-gravity-sedimentation equilibrium sim-
ilar to the homogeneous case shown in Fig. 3. The overall timescale for the heterogeneous
system to reach steady state does not differ significantly from that for the homogeneous
case, due to the same dominant driving force.

It should be noted that the main assumption here is that the gas phase remains immobile
during the entire course of evolution. In one-dimensional systems considered here, migra-
tion of the gas is limited in the vertical direction; mobilization of the gas phase in two-
dimensional models may induce convective flow and thus potentially change the behavior
of gas redistribution. This is an interesting topic and is currently undertaken as our ongoing
study.

3.2.3 The Impact of Geothermal Gradients

Figure 5 compares the steady state of residual gas redistribution in a non-isothermal case
with a geothermal gradient of 25 °C/km with the isothermal case shown in Fig. 3. The
properties other than the geothermal gradient are the same in both cases. As shown in
Fig. 5 a, c and e, the timescale for equilibration is ten times longer in the non-isothermal
cases. Although the two cases exhibit a similar pattern during saturation evolution, and the
steady-state distribution of the gas phase in both cases follows capillary-gravity-sedimen-
tation equilibrium, comparison of Fig. 5b and d shows that the initial CO, concentration
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Fig.4 Redistribution of the gas phase due to non-convective transport in a heterogeneous system under iso-
thermal condition. a The evolution of the gas phase saturation and the capillary pressure profile during
redistribution of the residual gas phase. b The evolution of CO, concentration profile during redistribution

of the residual gas phase. The entry pressure profile and capillary pressure curves can be found in Online
Resource

gradient in the aqueous phase is 50% smaller than in the isothermal case. The redistribu-
tion process is decelerated by this reduced driving force due to the geothermal gradient.
The reduction of CO, solubility gradient originates from the opposite dependence of sol-
ubility on pressure and temperature. When the geothermal gradient is sufficiently large, the
solubility at the top will eventually exceed that at the bottom, altering the direction of the
solubility gradient. In this case, the net flux of non-convective transport of CO, becomes
downward, causing the gas phase to accumulate in the lower portion of the system. For the
reservoir condition given in the example case in Fig. 3 (75 °C and 25 MPa), the geothermal
gradient sufficient to reverse the CO, solubility gradient is 40°C/km. In a shallower reser-
voir, the required geothermal gradient could be smaller. See Online Resource for details.
However, in a realistic scenario where the mobilization of the gas phase is taken
into consideration, the gas phase is highly likely to become mobile when its saturation
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Fig.5 a Steady-state saturation distribution and b steady-state CO, mole fraction in the aqueous phase of
the homogeneous, isothermal case shown in Fig. 3. ¢ Steady-state saturation distribution and d steady-state
CO, mole fraction in the aqueous phase of a homogeneous, non-isothermal case with a geothermal gradient
of 25°C. Other parameters of the non-isothermal case are the same as the isothermal case. e Evolution of
CO, saturation at different elevations in both the isothermal case and the non-isothermal case. Redistribu-
tion of the gas phase exhibits the same pattern in both cases; however, the time scale of redistribution in the

non-isothermal case is 10 times longer since the geothermal gradient reduces the CO, concentration gradi-
ent in the aqueous phase

increases. At some point, the gas phase accumulating in the lower portion would flow back
to the top due to buoyancy forces. Nonetheless, a geothermal gradient can mitigate the
upward diffusive flux and thus can delay the upward migration of the gas phase.

3.3 Comparison of Non-convective Fluxes

Figure 6 compares the direction and magnitude of the driving forces for molecular diffu-
sion and sedimentation. As can be seen, non-convective transport under isothermal condi-
tion is dominated by molecular diffusion driven by CO, solubility gradients due to hydro-
static pressure. Under typical reservoir conditions for CO, sequestration, the net driving
force under isothermal condition is negative to create an upward net flux, causing the gas
phase to accumulate in the upper portion of the system. The upward net flux decreases
as the depth of the reservoir increases. In non-isothermal system, the upward net flux
of CO, decreases or even reverses downward due to a geothermal gradient. Therefore, a
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Fig.6 Comparison of the driving forces for molecular diffusion and the sedimentation effect at different
reservoir conditions under a isothermal conditions and b non-isothermal conditions. The net flux of non-
convective transport is upward under isothermal conditions, dominated by molecular diffusion due to CO,
solubility gradient; however, geothermal gradients can reduce or even reverse the net flux

geothermal gradient can mitigate this upward migration of trapped gas by reducing the
contribution of molecular diffusion by decreasing the solubility gradient. The impact of
the Soret effect is not included in this section due to its high uncertainty involving lack of
experimental data and complex molecular interactions. Detailed discussion on complexity
of the Soret effect is shown in Sect. 4.1.

On the other hand, the flux due to the sedimentation effect remains nearly constant due
to negligible variation in CO, partial molar volume under reservoir conditions relevant
to CO, sequestration. Under isothermal conditions, the impact of sedimentation effect is
small compared to molecular diffusion. The flux due to the sedimentation effect is down-
ward, forming a counter-flux to balance molecular diffusion due to CO, solubility gradient.
In a recent study exploring the impact of sedimentation on gas-phase redistribution Xu
et al. (2019), the authors adopted the ideal-solution assumption by using the molar volume
of pure CO, to replace its partial molar volume. They therefore concluded that the CO, flux
due to sedimentation is upward, causing the gas phase to accumulate in the upper portion
of the system. As we show in Figs. 2 and 6, in reality, the ideal-solution assumption is a
poor predictor of the partial molar volume for the CO,/water system at reservoir pressure
and temperatures, and in fact, the sedimentation is downward.
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4 Significance of Residual Gas Redistribution Due to Non-convective
Transport

4.1 Complexities Under Non-isothermal Conditions

In addition to molecular diffusion and the sedimentation effect, non-isothermal systems
may induce an additional flux of non-convective transport as shown in Eq. 10, which
describes the mass flux of CO, induced by the geothermal gradient dT # 0. This phe-
nomenon, also known as the Soret effect, occurs when a non-uniform temperature pro-
file feeds energy into the system, which creates a heat flow that can separate differ-
ent species in the aqueous phase Haase (1968); Garriga et al. (2002); Groot and Mazur
(2013); Eslamian (2012). According to Eq. 11, the driving force for diffusion due to the
Soret effect is co-determined by the geothermal gradient VT and the thermal diffusion
factor ay. The characteristics of non-convective transport due to the Soret effect relies
on accurate measurement of the value of a;.

To our knowledge, no experimental data are currently available on a;, in water-CO,
systems. One approach to determine a is to perform Monte Carlo molecular simulation
of water-CO, systems, which is beyond the scope of this study. Most available exper-
imental measurements of a; focus on hydrocarbon fluids, aqueous solutions of alco-
hols and polymers Emery and Drickamer (1955), Tichacek et al. (1956), Shukla and
Firoozabadi (1998), Ning and Wiegand (2006), Stadelmaier and Kohler (2009), Esla-
mian (2012), which can seldom be directly generalized to water-CO, systems. Both the
sign and magnitude of @, differ significantly from mixture to mixture due to complex
molecular-level interactions between species. For reference, @, in water—ethanol sys-
tems at 25 °C ranges from -0.5 to +0.29, and a; in water—methanol systems at 40 °C
ranges from -0.46 to 1.17 Tichacek et al. (1956).

In fact, solute transport in non-isothermal systems can become extremely com-
plicated due to coexistence of other processes, such as convective flow due to Ray-
leigh-Benard instability. In this case, the assumption of non-convection used in this
study needs to be relaxed. The impact of geothermal gradients on solute transport and
redistribution of residually trapped CO, remains an interesting topic for future study.
Nonetheless, geothermal gradients can significantly reduce the rate at which trapped
CO, accumulates underneath a seal.

4.2 Timescales for Residual Gas Redistribution

To quantify the timescale for residual gas redistribution due to non-convective trans-
port, here we develop the concept of the “gas depletion rate.” As can be seen in Figs. 3,
4 and 5, the gas phase begins to be depleted from the bottom of the system, forming
a gas-depleted zone containing only the aqueous phase. Figure 7a tracks the temporal
location of the boundary between the gas-depleted zone and the two-phase zone. As
can be seen, the boundary moves at an approximately constant speed before reaching
equilibrium. In the heterogeneous case, the velocity of the boundary fluctuates weakly
due to capillary heterogeneity, while the overall velocity remains similar to that for the
homogeneous case. This result serves as additional evidence that capillary heterogeneity
has a local rather than global effect on the system.
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Fig.7 a The temporal elevation of the boundary between the gas-depleted zone and the two-phase zone
during redistribution of residual gas. The cases shown here correspond to cases in Figs. 3, 4 and 5. b Deple-
tion time per unit length 7, = % under different reservoir conditions. All the data points are under isothermal
conditions. Depletion time for three different values of average initial gas saturation is shown here, suggest-
ing that the timescale for gas redistribution also depends on the total amount of residually trapped gas in
addition to reservoir condition. Within reservoir conditions relevant to CO, storage, the timescale is on the
order of hundreds of thousands years per meter of upward migration

The slope of the line in Fig. 7a is the velocity of the boundary of the gas-depleted
zone v, which can be obtained by combining and Eq. 9 and 15. We substitute pCOZSZ‘&(ﬁ
for m¢,, which is the average amount of CO, in the gas phase initially in place. There-
fore, the velocity of the boundary v when it moves to location z can be estimated by:

J TDCCOZ du

V= -7 Tini dz 16
Mco, bpco,S¢o RT dz (10

The time required to deplete the gas phase in a unit length is simply the inverse of the
depletion rate, i.e., 1, = % This depletion time can be used as a characteristic time to meas-
ure the timescale of gas redistribution. Figure 7b shows the depletion time under different
reservoir conditions relevant to CO, sequestration. As can be seen, both reservoir condi-
tions and saturation of residually trapped gas can determine the timescale of gas redistribu-
tion by determining the magnitude of driving forces and the total amount of gas. Under iso-
thermal conditions, the timescale for residual gas redistribution is on the order of 10° years
per meter. This time scale agrees well with the cases reported in Figs. 3 and 4, where the
depletion time per unit length is approximately 5 X 10° years per meter. For a typical CO,
sequestration reservoir shown in Figs. 3 and 4 with a 50-meter-thick gas-depleted zone, one
can expect that the gas redistribution will approach equilibrium in 25 million years. This
extended time period suggests that gas redistribution due to non-convective transport is
extremely slow such that the residually trapped gas can remain stably trapped for millions
of years.

A study on the impact of gravity-induced flux on gas redistribution Xu et al. (2019)
reported a gas depletion rate on the order of thousands of years per meter in a demonstra-
tive case, which is ten times faster than the rate we predict. Three factors explain the order
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of magnitude differences between our results. First, the transport mechanisms investigated
in these two studies are different. In our study, the transport mechanism is a combination of
molecular diffusion due to hydrostatic gradients and a downward sedimentation effect due to
gravity in a non-ideal solution, while Xu et al. (2019) studied an upward sedimentation effect
in an ideal-solution setting. Second, the model in Xu et al. (2019) is calculated for a very shal-
low and high-temperature CO, storage reservoir (10 MPa and 60 °C), where the CO, density
is 325 kg/m?>. Under these conditions, the driving forces for non-convective transport are much
higher than would be expected for a typical CO, storage reservoir such as that used in our cal-
culations (25 MPa and 75 °C, 717 kg/m?). The low density of the gas phase contains less CO,,
which also contributes to accelerating the gas phase redistribution. Third, their hypothetical
pore geometry for demonstrative purposes accelerates gas redistribution as a secondary factor.
In our work, the model is based on actual properties of a Berea sandstone, which is a com-
monly used analogue for CO, storage studies Krevor et al. (2012), and more realistic pressure
and temperature for CO, storage, leading to a larger timescale for gas redistribution. The time
scale derived from our model is representative of realistic scenarios for CO, storage.

4.3 Comparison Between Timescales of Convective and Non-convective Transport

Dissolution of CO, due to convective mixing is another mechanism affecting the long-term
fate of stored CO,Bourg et al. (2015). While non-convective transport mechanisms lead to
accumulation at the top of the storage reservoir, convective mixing can gradually reduce the
CO, accumulated under the seal. Therefore, comparison between the timescales of the two
competing mechanisms is relevant to long-term security of CO, storage. The characteristics
and timescales of convective mixing vary significantly at different stages of the process. There
exist various methods to decompose convective mixing into multiple flow regimes Emami-
Meybodi et al. (2015). Here for simplicity, we pick three time points to mark the beginning,
the middle and the late stage of convective mixing as characteristic times, which are the onset
of instability, end of early convection Hassanzadeh et al. (2007) and convective shutdown-
Hewitt et al. (2013), respectively.

Figure 8 shows the timescale comparison between convective mixing and gas-phase redis-
tribution due to non-convective transport. Here, the progress of convective mixing is charac-
terized by the above three time points, where the parameters used in these calculations include
reservoir thickness H = 100 m, temperature 7' = 75 °C, brine density difference Ap = 10 kg/
m?, water viscosity y,, = 3.8 x 10~* Pa s, diffusion coefficient D = 5 x 10~ m%/s and poros-
ity p = 0.2. Two examples of CO, storage projects are shown on the same plot Bickle et al.
(2007), Strandli (2015). As can be seen, the timescales of convective mixing and non-convec-
tive mixing are approximately the same order of magnitude in reservoirs with low permeabil-
ity (k < 10 mD). In reservoirs with higher permeability (k > 10 mD) such as the Illinois basin
and Sleipner, convective mixing is orders of magnitude faster than non-convective transport.
Only after the convection shuts down will non-convective transport dominate redistribution of
dissolved CO,.

5 Implications for Geological Gas Migration and Conclusions
This study demonstrates that non-convective transport through the aqueous phase will

redistribute residually trapped gas, driven by disequilibrium of partial molar free energy
potentials. From the perspective of geological storage of CO,, residually trapped gas is
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Fig.8 Timescale comparison between CO, dissolution due to convective mixing and CO, redistribu-
tion due to non-convective transport. Three key characteristic times are adopted here to describe the pro-
gress of dissolution, including onset of instability, end of early convectionHassanzadeh et al. (2007) and
convective shutdownHewitt et al. (2013). The parameters used in these calculations include reservoir
thickness H = 100 m, temperature T = 75 °C, brine density difference Ap = 10 kg/m®, water viscosity
u, = 3.8 x 107 Pas, diffusion coefficient D = 5 x 10~ m%s and porosity ¢ = 0.2

expected to be redistributed in the storage reservoir at a rate of approximately 10° years
per meter. This extremely slow redistribution rate suggests that residually trapped CO, will
remain immobilized for over many hundreds of thousands of years when no convective
flow of the gas phase is considered. However, during redistribution of the gas phase, in
some portions of the reservoir, CO, saturations will increase, causing remobilization of the
trapped gas. This could accelerate the accumulation of CO, underneath the seal.

The mechanisms for gas migration studied in this work may also contribute to second-
ary basin-scale migration of natural gas. Secondary migration refers to the movement of
natural gas in a porous reservoir toward the trap after leaving the organic-rich source rock
Schowalter (1979). A widely accepted theory of secondary migration states that the natural
gas moves updip in the form of a continuous phase driven by buoyancy, leaving “residual
stains” along the migration pathways. Although a residual gas trapping along the migration
pathways has been demonstrated in laboratory experiments Horseman et al. (1999), little
field evidence for residual gas is evident in core samples taken along possible gas migration
pathways. The lack of evidence for residually trapped gas is rationalized by the hypothesis
that gas only migrates in a meter-thick layer below the dipping seal and whatever residual
gas is left behind is dissolved and diluted by formation water Schowalter (1979); McAu-
lifte (1979). Gas redistribution due to the diffusion processes discussed in this work may
also contribute to the absence of the residual gas along natural gas migration pathways. In
addition to diffusing into the formation water, gas-phase redistribution may aggregate the
disconnected residual gas, which may re-initiate convective flow for the trapped gas phase
at some point. Considering that the timescale for the diffusion-induced gas redistribution
is relatively short compared to the geological timescale for natural gas migration, this new
mechanism could potentially accelerate secondary migration of natural gas.

To summarize, this study quantifies redistribution of residually trapped gas due to
non-convective transport from a fundamental perspective. Non-convective transport of

@ Springer



250 Y.Lietal

residually trapped gas results from the thermodynamic potential disequilibrium due to
hydrostatic pressure, geothermal gradients and capillary heterogeneity. The mechanisms
of resulting mass transfer include molecular diffusion, the sedimentation effect and poten-
tially the Soret effect. Mathematical modeling shows that molecular diffusion induced by
hydrostatic pressure dominates the gas-phase redistribution by transporting CO, upward.
Eventually, the gas phase accumulates under the seal. The timescale for redistribution
under isothermal conditions is on the order of 10° years per meter of upward migration
at the reservoir scale. Geothermal gradients can somewhat mitigate the accumulation of
the gas phase by reducing the solubility gradient of dissolved CO,. In addition, geological
heterogeneity leads to faster non-convective redistribution at a local scale, but in the long
run, concentration gradients caused by the hydrostatic pressure gradient dominate the long-
term redistribution of CO,. It is shown that the residually trapped gas phase could remain
trapped over an extended time period when no convective flow of the gas phase is consid-
ered. However, accumulation of the gas phase due to capillary heterogeneity may remobi-
lize some of the trapped CO, and thus significantly accelerate the redistribution process.
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