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Abstract:

CO; geological storage in saline formations faces a persistent challenge of low storage
efficiency (typically ~3%-10%), limiting effective pore space utilization. This limitation
mainly arises from capillary-controlled multiphase flow, where pore-scale processes govern
plume distribution and trapping. However, capillarity is commonly treated as an intrinsic
rock—fluid property rather than a controllable parameter. This perspective introduces a
capillary management framework that enables process-dependent control of interfacial
tension and wettability to optimize both drainage and imbibition. By engineering capillary
conditions, the framework enhances pore accessibility during injection and promotes
residual trapping during fluid redistribution. Recent laboratory studies, together with
analytical evaluation, indicate that modifying relative permeability through capillary control
could potentially improve storage efficiency from ~5% to ~7%-8% under representative
conditions. Analytical evaluation further indicates that these improvements result from
reduced mobility ratio and enhanced saturation states. Capillary management therefore
provides a new pathway for actively controlling subsurface multiphase flow and improving
the performance of geological CO, storage.

1. Introduction

Globally, the deployment of carbon dioxide (CO;) geo-

namics within the reservoir, controlled by the interplay of
viscous, gravitational, and capillary forces (Nordbotten et
al., 2005). Near the injection well, flow is primarily viscous-

logical storage remains significantly below projected targets,
with many planned projects not reaching implementation due
to economic and techno-operational constraints (Zhang et
al., 2024). For storage in saline formations, storage efficiency
(&), defined as the fraction of pore space effectively occupied
by COg, is typically on the order of a few percent (~3%—
10%) (Okwen et al., 2010). As a key controlling parameter,
improving storage efficiency directly increases the usable
storage capacity of a formation and potentially reduces the
cost per unit of CO, stored (Tangparitkul et al., 2025).
Storage efficiency is governed by the CO; plume dy-

dominated due to imposed injection rates (Q), while gravita-
tional segregation becomes more pronounced with increasing
distance, influencing vertical plume migration. Plume behavior
is therefore commonly managed through injection strategies
that promote viscous forces and improve sweep efficiency
near the wellbore. However, away from the injection region,
flow behavior becomes increasingly governed by capillary
heterogeneity and pore-scale interactions, which control fluid
distribution and trapping mechanisms, particularly residual
and solubility trappings (Akamine et al., 2024; Ramadhan et
al., 2024; Thanasaksukthawee et al., 2025b; Han et al., 2026).
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Despite these challenges, capillarity is typically treated
as an intrinsic rock—fluid property rather than a controllable
design parameter, limiting the achievable storage efficiency
under conventional approaches. In the current perspective,
capillary management is introduced as a framework to ac-
tively engineer pore-scale capillary systems, particularly in the
capillary-dominated regime. By enabling process-dependent
modification of capillary behavior, this approach provides a
pathway to enhance storage efficiency in geological forma-
tions.

2. Capillary control of storage efficiency

Mechanistically, storage efficiency is controlled at both
reservoir and pore scales, with capillarity linking the two. At
the reservoir scale, the efficiency is governed by the spatial
distribution of the CO, plume, which determines the extent of
pore space effectively utilized during injection and trapping as
discussed above. This distribution is controlled by (i) the ratio
of gravity to viscous forces and (ii) the mobility ratio. The
former can be expressed as I' = 27ApKK,,, B>/ (1,,Q), where
Ap is the density difference between CO; and brine, K is the
absolute permeability, k;, is the brine relative permeability,
B is the reservoir thickness, and u,, is the brine viscosity
(Nordbotten et al., 2005; Okwen et al., 2010). The mobility
ratio is given by A = kol /(knwllg), Where ky, and p, are
the relative permeability and viscosity of CO,, respectively.
Among these parameters, the k, governs both plume spreading
and fluid mobility, thus controls vertical segregation and sweep
efficiency. More importantly, &k, is not an independent pa-
rameter, but emerges from pore-scale displacement processes
governed by capillary forces.

At the pore scale, fluid displacement and the evolution of
fluid saturation govern storage efficiency, characterized by the
maximum CO, saturation established during injection (Spax)
and the residual CO; saturation retained after imbibition (S;).
During drainage, CO, displaces brine and establishes Spax,
governed by capillary entry conditions and fluid connectivity
within the pore network, which determine the extent of pore
space accessed during invasion. During imbibition, brine re-
enters the pore space and redistributes the previously trapped
CO,, resulting in residual trapping (S;) through capillary
instabilities such as snap-off (Singh et al., 2017). These two
consecutive processes govern the fragmentation and immobi-
lization of the CO, phase, thereby defining the saturation states
that control storage efficiency: Smax determines the extent of
pore-space utilization established during drainage, while S;
determines the fraction retained as immobilized CO, after
imbibition, so that € is directly governed by both.

These two displacement processes impose inherently con-
flicting capillary requirements. Conditions that favor efficient
drainage promote invasion into smaller pores and higher Spax
(Seok et al., 2023), thereby improving pore accessibility during
injection, but may suppress capillary trapping during imbi-
bition. Conversely, conditions that enhance residual trapping
could increase CO, immobilization and S;, but limit the extent
of pore space accessed during drainage. This ‘asymmetry’
indicates that a single and/or static capillary condition cannot

simultaneously optimize both displacement processes, thereby
constraining storage efficiency and highlighting the need for
a “capillary management approach”.

3. Capillary management framework

A capillary management framework is proposed to regu-
late CO, distribution and trapping through process-dependent
control of capillary forces. Rather than treating capillary
conditions as fixed properties of the rock—fluid system, the
framework enables their adjustment in accordance with the
displacement regime. This approach recognizes that storage
efficiency can be improved by actively controlling capillary
behavior, allowing the system to transition between conditions
that favor pore accessibility and those that enhance trapping.
Within this framework, capillarity is treated as a ‘controllable’
parameter governing both the extent of pore utilization and the
efficiency of CO, immobilization.

Capillary management can be implemented by controlling
key parameters that govern capillary forces, primarily the CO;-
brine interfacial tension (o) and wettability (represented by
the three-phase contact angle: 0), which determine capillary
pressure and fluid connectivity at the pore scale. During
drainage, reducing ¢ lowers capillary resistance and facilitates
CO; invasion into smaller pores, enhancing pore accessibility
and increasing Smax. In contrast, during imbibition, conditions
that increase effective capillary forces, through higher ¢ or
less CO;y-wet behavior, promote capillary instabilities such
as snap-off, leading to increased residual trapping and S;.
By adjusting these parameters in a process-dependent man-
ner, capillary conditions can be tuned to meet the distinct
requirements of each displacement regime. This establishes ¢
and 6 as practical control variables for engineering capillary
behavior, enabling storage efficiency to be improved beyond
the constraints of fixed rock—fluid properties.

Some previous research has explored the role of o on
capillary behavior using both numerical and experimental
approaches. Pore-scale simulations examined two-phase flow
through sequential drainage and imbibition processes, demon-
strating that o governs the morphology and stability of
residual CO; clusters formed during imbibition (Jiang et
al., 2015). Higher values promote snap-off and increase S;,
while lower values favor more continuous phase distribution
and reduced residual trapping. These results indicate that
capillary-controlled trapping behavior can, in principle, be
tuned through interfacial conditions. Experimental investiga-
tions by Kim and co-workers further confirm that reducing
o using surfactants enhances CO; invasion and improves
injectivity by increasing fluid connectivity and accessibility
to smaller pores (Seok et al., 2023; Kim et al., 2025).
However, these studies focus primarily on improving Smax
during drainage, without addressing the corresponding impact
on residual trapping (S;) during imbibition.

More recent work demonstrates that the trade-off between
improving Sp,x during drainage and enhancing residual trap-
ping (S;) during imbibition can be overcome through process-
dependent control of ¢ (Thanasaksukthawee et al., 2025a).
Experimental studies using switchable surfactant systems show
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Fig. 1. Analytical demonstration of storage efficiency enhancement through capillary management across scales. (a) Relative
permeability (k,) curves for CO,-brine systems without (blue) and with (red) surfactant additive during drainage (solid lines)
and imbibition (faded lines), adapted from Thanasaksukthawee et al. (2025a). (b) Corresponding storage efficiency (€) calculated
using the analytical model of Okwen et al. (2010) based on the modified &, relationships. (c) Influence of k, on mobility ratio,
expressed as ky,/kn, as a function of normalized saturation (S,,/Smax)-

that interfacial conditions can be altered between displacement
processes, enabling low o during drainage to enhance CO;
invasion and higher ¢ during imbibition to promote residual
trapping. Core-scale measurements indicate that such control
leads to simultaneous increases in both Sy.x and S;, with
corresponding improvements in k, relative to non-switchable
systems. This behavior represents a reversal of capillary condi-
tions between displacement processes, providing experimental
support for the capillary management framework at the labora-
tory scale and demonstrating that the conflict between drainage
efficiency and trapping effectiveness can be resolved through
controlled capillary manipulation.

Wettability alteration could also provide a pathway for cap-
illary management. Experimental studies using nanoparticle-
based treatments have shown evidence that shifting rock
surfaces toward more water-wet conditions could enhance both
CO; invasion and residual trapping, with a pronounced in-
crease in Syax but a slight increase in S; (Jha et al., 2023). The
magnitude and direction of such effects depend on the under-
lying wetting regime, ranging from strongly water-wet to CO;-
wet conditions (Iglauer et al., 2015). Such improvements are
likely attributed to enhanced fluid connectivity and capillary
instabilities associated with the wettability change. However,
the study considered only a single wettability state throughout
the displacement regimes, without process-dependent control
between drainage and imbibition. Further work should explore
dynamic control of wettability to achieve greater storage
efficiency.

To demonstrate the capillary management framework, an
analytical study was conducted by integrating pore-scale k,
data with a reservoir-scale storage efficiency model. Relative
permeability curves for drainage and imbibition obtained from
Thanasaksukthawee et al. (2025a) (Fig. 1(a)) were used as
input to the analytical solution of Okwen et al. (2010), in
which storage efficiency is governed primarily by A and S;.
The results (Fig. 1(b)) show that capillary modification leads
to consistent improvements in storage efficiency during both
displacement processes, increasing from 5.7% to 7.6% during
drainage and from 4.0% to 5.5% following imbibition under

representative conditions. Assuming a constant U, /l,, the
reduction in A is primarily attributed to a decrease in the
relative permeability ratio (ky,/ky,), see Fig. 1(c). Notably,
this reduction is more pronounced at lower saturations, where
mobility contrast strongly governs plume spreading. These
results demonstrate that capillary management could enhance
storage efficiency by simultaneously improving saturation
states and reducing A, thereby providing a direct mechanistic
link between pore-scale control and reservoir-scale perfor-
mance.

Extending this pore-scale link to reservoir-scale perfor-
mance, however, involves uncertainty that should be acknowl-
edged. The analytical estimates above assume a homogeneous
formation, whereas real saline aquifers exhibit pronounced
sub-meter to inter-bed heterogeneity from depositional fabric,
mineralogy variation, and diagenesis. Such heterogeneity can
either promote or impede capillary trapping: small-scale cap-
illary barriers may divert the CO, plume into preferential flow
paths and reduce effective sweep, while heterogeneity-induced
trapping at facies boundaries can enhance the immobilized
CO; fraction beyond homogeneous-model predictions (Saa-
datpoor et al., 2010; Krevor et al., 2015; Kim et al., 2021; Han
et al., 2026). Combined with gravity segregation (discussed in
Section 1), these formation-scale effects mean that reservoir-
scale numerical simulation under representative geological
inputs is required to fully quantify the gains from capillary
management.

4. Outlook and future directions

Translating capillary management into field-scale applica-
tion likely depends on developing chemical systems capable of
controlling CO,—brine—rock interfacial properties to be prefer-
entially functional. Key challenges include stability at elevated
temperature and pressure, and compatibility with formation
fluids and minerals. Current approaches have progressed to-
ward static or partially reversible capillary modification but
do not yet provide reliable process-dependent control between
drainage and imbibition. In addition to the limited availability
of suitable chemical systems, experimental investigation is also
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constrained by time-intensive experimentation, highlighting
the need for pore network modeling to explore capillary-
controlled displacement and guide the design of functional
chemicals for managing capillary systems.

Capillary management should be considered within an
integrated subsurface framework, where interfacial properties
evolve with reactive transport and geomechanical processes.
By influencing mobility, plume stability, and trapping, capil-
lary control can impact reservoir-scale performance beyond
pore-scale displacement. The concept is broadly applicable
to systems involving multiphase flow and fluid trapping, not
limited to CO; storage, but also including CO;-enhanced
oil recovery and underground hydrogen storage. Ultimately,
engineering capillarity shifts subsurface storage from passive
characterization to active control, providing a new dimension
for optimizing storage efficiency and enabling control of the
‘hard-to-control’, or even the ‘uncontrollable’.
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