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INTRODUCTION

Fossil fuels (petroleum, coal, and natural gas) account for about 85% of the primary energy
consumed worldwide. All predictors suggest a decreased share of fossil fuels in the total energy
mix (from 85% to about 79%), yet the absolute consumption of fossil fuels will increase by
another 36% in the next 25 years.

Fossil fuel reserves exceed several generations at current rates of consumption. However,
there is an increasing concern with rising CO, levels in the atmosphere and its implications
on climate change. The United States emits 6.8 billion tons of CO, every year—enough to fill a
10-m deep pool with the size of New York City—780 km*—with liquid CO,. The annual world-
wide CO, emission is six times higher. Based on present trends, the energy challenge and the
environmental consequences of CO, will reach a critical point within the next 20—30 years. The
cost of carbon capture and storage will range between 1% and 2% of the gross domestic product
(for reference, the worldwide military expenditure is ~2.1% of the gross world product).

The energy challenge is not about reserves, at least not in the short term, it is about the large
anticipated increase in demand within the next generation, the current dependency on fossil
fuels and climate implications, and the geographic mismatch between resources and demand.
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The situation is aggravated by the disparity in timescales for phenomena that affect national
decisions (e.g., the 4-year political cycle), to timescales for phenomena that affect energy infra-
structure and the environment (e.g., 50-year design life for energy infrastructure and the
100,000 year half-life of some radioactive isotopes in high-level nuclear waste).

The long-term geological storage of vast quantities of CO, is a relatively new scientific and
technological challenge. This manuscript explores underlying coupled hydro-chemo-mechanical
processes, potential emergent phenomena, and implications to monitoring. Salient properties
such as density, interfacial tension, and capillary forces are reviewed first, followed by the anal-
ysis of coupled hydro-chemo-mechanical processes, including acidification, mineral dissolution,
and mechanical implications. These foundations guide the analysis of CO, storage in saline
aquifers, coal seams, depleted reservoirs, and in the form of hydrates. The chapter ends with a
review of monitoring and leakage-sealing strategies and the identification of the most important
dimensionless ratios that govern CO, geo-storage.

MIXED FLUID PHENOMENA

Density

The physical properties of CO, depend on pressure—temperature PT conditions. CO; is a gas
at normal temperature and pressure, it changes into a liquid state at moderate pressures
~6.4 MPa at 298 K, and becomes supercritical when the temperature is higher than 304.1 K and
the pressure is greater than 7.38 MPa (Fig. 17.1). At typical reservoir PT conditions:

¢ CO, is less dense than brine, hence, buoyant forces develop in CO,—brine multiphase
systems. Fig. 17.2 shows typical pressure and temperature profiles onshore and offshore, and
the corresponding variation in CO, density estimated using an equation of state (Peng and
Robinson, 1976; Span and Wagner, 1996).

* CO, is five to >10 times less viscous than water, as shown in the viscosity versus depth
trend for onshore and offshore conditions in Fig. 17.2 (for example: picox~50 X 10 ®Paes at
20 MPa and 360 K; Fenghour et al., 1998).

Water—CQO,—Mineral Interaction: Interfacial Tension and Contact Angle

The wettability of reservoir rocks and minerals controls CO, invasion and lateral spread,
residual water saturation, caprock breakthrough pressures, and leakage. The Young—Laplace
equation prescribes the capillary entry pressure P. = Pco,-P,, of CO, into originally water-filled
pores as a function of the CO,—water interfacial tension o, the contact angle ¢ formed by the
water—CO, interface on the mineral surface, and the minimum pore size d along a percolating
path across the medium (Espinoza and Santamarina, 2012):
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FIGURE 17.1 CO, Phase diagram. Pilot CO, injection projects are superimposed on this plot. Unless reported in the
original sources, the PT conditions are estimated as: P=+y,z, T =T, (4°C) + 30°C/km X z (CO, hydrate phase bound-
ary from: Sloan and Koh, 2007; Takenouchi and Kennedy, 1965). Source: Modified from Espinoza, D.N., Kim, S.,
Santamarina, |.C., 2011. CO, geological storage—geotechnical implications. KSCE ]. Civil Eng. 15, 707—719.
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FIGURE 17.2 Mass density and dynamic viscosity of CO, and brine as a function of depth and corresponding PT
conditions. CO, is lighter and less viscous than water and brine. Source: Modified from Espinoza, D.N., Kim, S., Santamarina,
J.C., 2011. CO, geological storage—geotechnical implications. KSCE ]. Civil Eng. 15, 707—719.
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where the 1{-factor reflects the pore shape () =4 for cylindrical tubes and ) =2 for parallel
plates). Experimental data indicates that breakthrough in homogeneous media happens along
pores which are larger than the mean pore size, d > d,;s, (Espinoza and Santamarina, 2010).

The CO,—water interfacial tension is pressure dependent, and it follows a quasi-linear
inverse relationship with the PT-dependent mass density of CO,, from 72 mN/m for CO, gas at
standard pressure and temperature, to ~30 mN/m for liquid CO,, and it remains almost con-
stant thereafter (Chalbaud et al., 2009).

Wettability, i.e. contact angle 6, is more variable and difficult to predict. The contact angle
formed by the CO,—water interface on mineral surfaces varies for different minerals:
0~85°—95° on oil-wet amorphous silica, #~50°—120° on coal, §~40°—60° on mica, #~40° on
water-wet amorphous silica and calcite surfaces, and 6~ 8°—30° on organic shale surfaces (note:
angle measured through the water phase in all cases (Guiltinan et al., 2017; Espinoza and
Santamarina, 2010; Chalbaud et al., 2009; Chi et al., 1988)).

The Young-Dupré equation relates the contact angle 6 to the interfacial tensions o: cosf =
(04-01)/ op, (Rotenberg et al, 1983; Fig. 17.3). Therefore, the contact angle in
water—CO,—mineral systems is affected by changes in interfacial tensions o, o4, and oy with
pressure, temperature, and salinity: average net increase in the contact angle on a silica surface is
18° = 2° with an increase of pressure from 0.1 MPa to 25 MPa, and average net increase is 20° * 2°
for an increase in ionic strength from 0 M to 5 M (Jung and Wan, 2012).

(A)
f Fluid
Oy
| Liquid 0
s Solid b'/s Ors i

FIGURE 17.3 Interfacial tensions o and contact angle 6. (A) Definitions: surrounding fluid f, fluid droplet / and solid
substrate s. (B) Changes in the interfacial tension ¢ and contact angle 6 with increasing pressure from 0.1 to 18.5 MPa—
water droplet surrounded by CO, on CO,-wet substrate. Source: Modified from Espinoza, D.N., Santamarina, |.C., 2010.
Water-CO,-mineral systems: interfacial tension, contact angle, and diffusion—implications to CO, geological storage. Water
Resour. Res. 46, W07537.
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Buoyancy and Capillarity: CO, Plume Thickness

The balance between the overpressure generated by the buoyant CO, plume (yg-vco2)Hco,
and the capillary entry pressure P. required to invade the storage reservoir (Young—Laplace
equation) determine the quasi-static lateral spread of the CO, plume in the absence of structural
or stratigraphic features. Therefore, the CO, plume thickness Hco, (m) is a function of the inter-
facial tension between the CO, and brine, oz (mN/m), the characteristic pore diameter in the
storage reservoir, d., [m], and the unit weights of CO, and brine, vco, and vg:

40ﬂ

Hco =—— -+
€0 den ('YB - ”/coz)

(17.2)

For example, the plume thickness is Hco, =3 m in a reservoir with characteristic pore size
dep, =10 pm (assumed: o =30 mN/m and vg-yco, = 4 kN/m? for P = 10 MPa and T = 40°C).

Clearly, there is a tradeoff between injectivity (facilitated in larger pore size reservoirs) and
capillary trapping and CO; pool thickness (more effective in smaller-pore-size reservoirs). We
can anticipate that the thickness of CO, plumes in flat layered sediments will be typically thin-
ner than Hcp, <10 m, and impose small overpressures typically <40 kPa (see also Bielinski,
2007; Hesse et al., 2006; Pruess, 2011).

The excess pressure required during CO; injection will gradually vanish after injection stops.
The asymptotic long-term CO, pressure within the reservoir results from buoyancy and capil-
lary entry pressure at the plume boundaries. Fig. 17.4 illustrates long-term CO, pressures for
horizontal caprocks and geometric traps.

(A) Horizontal seal layer (B) Geometric trap
z Z
Caprock
P ./-\ Caprock .
\Aﬁf ¢ Hco, A
CO, CO, Hco,
Long term: Long term:

(capillarity vanishes along lower boundary)

40'ﬂ
@A: Py, =782+ . @A: Poo, = 7821+ Hog, (18— 700,

FIGURE 17.4 CO, pressure Pco, (A) Horizontal caprock upper boundary. (B) Geometric trap. Note: depth to
caprock-storage reservoir boundary z;(m), CO, plume thickness Hco,(m), CO, pressure Pco,(Pa), brine vz and CO; 7co,
unit weights (N/ m?), interfacial tension between CO, and brine oq(N/m), and characteristic pore size in the storage res-
ervoir: dg,(m). Source: Modified from Kim, S., Santamarina, ].C., 2014. CO; geological storage: hydro-chemo-mechanical analyses
and implications. Greenh. Gas. Sci. Technol. 4, 528—543.
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Interparticle Capillary Forces

Fine-grained seal layers are sensitive to capillary forces (i.e. suction s), and can experience
swelling during wetting or volumetric contraction and even desiccation cracks during drying
(Espinoza and Santamarina, 2012; Sanchez et al., 2005; Shin and Santamarina, 2011). An increase
in the suction As leads to a decrease in the void ratio Ae =-(x;/s)As, proportional to the sedi-
ment compressibility xs (Alonso et al., 1990). High specific surface area in clays such as mont-
morillonite is more prone to volumetric contraction.

CHEMO-HYDRO-MECHANICAL PHENOMENA

Water—CQO,, Solubility, Acidification, and Diffusivity

CO, dissolves in water to form aqueous carbon dioxide CO,(aq). The solubility of CO, in
water xcp, (mol/L) can be estimated using Henry’s law (Espinoza et al., 2011):

xco, = ku ey, Pco, (17.3)
where the Henry’s coefficient is k;~107"° = 0.0347, and the fugacity coefficient ¢z, =<1 can be
estimated using an equation of state. Water at room temperature and at 0.1 MPa contains
Xco,~0.03—0.04 mol/L. The solubility of CO, in water increases by two orders of magnitude
Xco,~1-2 mol/L at reservoir PT conditions, and it can reach 1-2 moles of CO, per liter of
brine. On the other hand, water dissolves into CO, as well; for example, ~0.05 mole of water
dissolves per kg of CO, at 10 MPa and 285 K (Spycher et al., 2003).

Aqueous carbon dioxide mixes with the water to produce carbonic acid and ionizes in a step-
wise progression:

CO,(g) =CO,(aq) Henry's law (17.4)
CO;,(aq) + H,O(1) =H,CO3(aq) =H" + HCO; (aq) log Ky = — 6.35
HCO; (aq) =H"' + CO5 (aq) log K = —10.33

The final result is ion bicarbonates, an increase in H*, and a decrease in pH. At reservoir PT
conditions acidity can reach pH~ 3.

The diffusivity of water into liquid CO, is high and can reach D~2-20X10"®m?/s at
7—25MPa and 305 = 10 K (Espinoza and Santamarina, 2010). On the other hand, the diffusivity
of supercritical CO-in-water is Da2 X 1078 m?/s at 313 K (Funazukuri et al., 1992; Liong et al.,
1992).

Changes in Interparticle Electrical Forces

Caprocks and seal layers react to changes in the pore fluid chemistry. In particular, the sur-
face charge of clay minerals is pH-dependent: low pH promotes protonation, leading to posi-
tively charged surfaces (Lyklema, 1995; Santamarina et al., 2001; Stumm, 1992). Hydrated ions
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are attracted to charged clay surfaces, form a diffuse counterion cloud, and give rise to electro-
static repulsion among contiguous particles. In addition, CO, is a nonpolar, low-permittivity
fluid. Hence, a change in electrical interparticle forces is expected as CO, fills the pore space.
The implications include a reduction in the osmotic repulsion and a three fold increase in the
Hamaker constant for clay—CO,—clay compared to clay—water—clay (Espinoza and
Santamarina, 2012).

Mineral Dissolution and Precipitation

The dissolution reaction equilibrium constant denotes the concentration of produced species
relative to the concentration of reactant species at steady state conditions, i.e. a function of min-
eral solubility (note: representative chemical reactions and typical reaction rates are summa-
rized in Espinoza et al., 2011). The solubility of minerals in water depends on pH (Stumm and
Morgan, 1996), temperature, pressure (i.e. CO, solubility and pH), and concentration of other
species (Fredd and Fogler, 1998a; Pokrovsky et al., 2005).

For example, consider a 1-mm spherical grain made of calcite, anorthite, and kaolinite sub-
merged into water acidified by 1 mole of dissolved CO, per liter (pH ~ 3). Silicates yield more
dissolved cations (pH up to 8) than carbonates (pH up to 5) but the reaction rate is much slower
(Gunter et al., 2000). In fact, the time required to dissolve the 1-mm grains is 4 hours for calcite,
16 years for anorthite, and 226 years for kaolinite (based on dissolution rates in Espinoza et al.,
2011 and assuming that the system is far from equilibrium).

An idealized CO, storage reservoir can be analyzed into four different concentric zones
around the CO, injection well according to the prevalent chemical reactions (Fig. 17.5; Kim and
Santamarina, 2014a). The far-field Zone I is not affected by CO, injection and brine saturation
remains at Sg = 1. Acidified brine dominates Zone II and mineral dissolution prevails over pre-
cipitation; loaded with dissolved CO, and minerals, denser brine experiences convection, and
sustains further dissolution (Hassanzadeh et al., 2007; Riaz et al., 2006). Brine acidification by
CO, dissolution, water dissolution into CO,, mineral dissolution, and salt precipitation coexist
in the transitional Zone III. The continuous influx of “dry” CO, in Zone IV around the injection
well, displaces brine first and then dries the residual brine; salt precipitates and CO, saturation
approaches Sco,~ 1.

Permeability Changes

Changes in interparticle forces and compaction, salt precipitation, and mineral dissolution
change the porosity and pore connectivity, and alter the permeability (Phillips, 2009).

1. Compaction. The Kozeny—Carman type equation (Carman, 1956) anticipates a power-law
relationship between normalized porosity ¢/ ¢, and normalized permeability k/k, for
porous/granular media during compaction: k/k, = (¢/,)" where k, is the permeability at a
known porosity ¢, (Ren and Santamarina, 2018). The exponent ranges between o =3 and 6
for sediment compaction (Mohamed and Nasr-El-Din, 2012; Wellman et al., 2003).

2. Precipitation. Consider a pore network filled with brine. Nonwetting CO, invades at a
constant flow rate until it percolates the pore network (algorithm described in Kim, 2012).
Network simulation results show a quasi-linear trend between the decrease in CO,
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FIGURE 17.5 Zones around a CO, injection well (see also Azaroual et al., 2007): from the far-field: Zone I (Sz=1),
Zone II (0.95=Sg=1), Zone III (0.2 =55 =0.95), and Zone IV (Scp,~ 1, Sp~0). Symbols: M, Mineral; B, Brine; and CO,
Saturations: Sco, for CO, saturation, and Sg for brine. Source: Modified from Kim, S., Santamarina, ].C., 2014a. CO, geologi-
cal storage: hydro-chemo-mechanical analyses and implications. Greenh. Gas. Sci. Technol. 4, 528—543.

permeability and the residual brine saturation Sg (Kim and Santamarina, 2014a). The
theoretical-maximum decrease in CO, permeability in a capillary tube bundle model is
~35% when the available dissolved salt precipitates in the tubes. However, when
precipitation is limited to brine at its residual saturation 0.3 < Sg < 0.5, the decrease in CO,
permeability is <20% as the invasion of CO, and brine displacement take place along the
largest interconnected pores. While the decrease in permeability is relatively small for
continuous injection, intermittent injection will cause cyclic brine invasion back into Zone [;
cyclic invasion and drying may cause gradual salt accumulation and an additional decrease
in permeability (Miri and Hellevang, 2016; Peysson et al., 2014).

SCIENCE OF CARBON STORAGE IN DEEP SALINE FORMATIONS



CHEMO-HYDRO-MECHANICAL PHENOMENA 391

3. Dissolution. Dissolution may experience positive feedback:
seepage — dissolution — porosity — seepage, and lead to localization and channeled flow. The
timescales for advection .4, and diffusion ¢, within a characteristic length L, and the
chemical reaction time f,;, can be combined to form two dimensionless ratios:

Damkohler number Da = fato _ @ (17.5)

rtn OUave
tdiff _ UaveLen

Peclet number Pe=
tadv D

(17.6)

where & is the reaction rate (s~ '), U,(m/s) is the average pore velocity, and D(m?/s) is the
molecular diffusion coefficient.

The plot in Fig. 17.6 summarizes observed dissolution patterns as functions of the
Damkohler number Da (Fredd and Fogler, 1998b; Golfier et al., 2002). Water with dissolved CO,
travels through a carbonate system and causes compact nonlocalized dissolution in the far field,
but it localizes into a few enlarged flow channels near the inlet.

The coefficient of variation in pore size COV is larger in fractured rock masses than in
sediments (Phadnis and Santamarina, 2011; Wellman et al., 2009). Pore network simula-
tions show that media with higher pore size variability COV will experience higher flow
localization and fewer channels will carry most of the flow (Fig. 17.7; Kim and
Santamarina, 2015); thus, pore size variability exacerbates the consequences of mineral dis-
solution and flow channeling. Proper upscaling is required to capture localization effects at
the continuum-scale.

Stress Changes—Mechanical Implications

Mineral dissolution within the reservoir (Zones II and III) can lead to changes in effective
stress, shear failure, compaction, and potential “undermining” of the caprock. These conse-
quences are explored next.

1. Decrease in K, with dissolution. Experimental and numerical results show that the grain
dissolution at zero lateral strain affects the ratio K, = 0},/o,” between the horizontal ¢, and
the vertical effective stresses o, (Cha and Santamarina, 2014; Shin and Santamarina, 2009).

Dominant channels

(Ramified wormholes) ) .
— — —  Compact dissolution

1 1 ! ! ! Da = tadvection

10-° 10-° 10~ 10-3 1072 treaction

FIGURE 17.6 Dissolution patterns observed as a function of the Damkéhler number Da. Note: results obtained using
pore-network simulations (Da =1.5X 107> to Da =1.5X 10°) after 1000 flushed pore volumes of CO,-dissolved water.
Source: Modified from Kim, S., Santamarina, ]J.C., 2015. Reactive fluid flow in CO, storage reservoirs: a 2-D pore network model
study. Greenh. Gas. Sci. Technol. 5, 462—473.
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for different pore-size variability. Source: Modified from Kim, S., Santamarina, ].C., 2015. Reactive fluid flow in CO, storage
reservoirs: a 2-D pore network model study. Greenh. Gas. Sci. Technol. 5, 462—473.
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FIGURE 17.8 Evolution of lateral stress coefficient K during dissolution. (A) Pressure solution—2-D DEM simulation
(Source: Modified from Cha, M., Santamarina, |.C., 2014. Dissolution of randomly distributed soluble grains: post-dissolution k-
loading and shear. Geotechnique 64, 828—836), and (B) laboratory tests: 10% salt (Source: Modified from Shin, H., Santamarina,
J.C., 2009. Mineral dissolution and the evolution of k. |. Geotech. Geoenviron. Eng. 135, 1141—1147).

Grain mass loss due to mineral dissolution can produce a pronounced horizontal stress drop
under zero lateral strain conditions (Fig. 17.8), and the state of stress may reach the Coulomb
failure envelope. Lateral displacement becomes negligible when the affected layer thickness
is much smaller than the plume lateral extent. In the absence of re-precipitation, sediments
are more compressible after dissolution; the increase in compressibility correlates with the
extent of dissolution.

2. Formation of shear bands during dissolution. Studies of grain dissolution using discrete element
numerical simulations show the spontaneous formation of shear bands and displacement
localization when dissolution is proportional to interparticle forces. Fig. 17.9 presents
snapshots of contact force chains and strain fields during pressure solution. There are
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FIGURE 17.9 Localized deformation and shear bands as a consequence of grain size reduction (normal-force depen-
dent) to mimic pressure solution (2-D DEM simulation). (A) Contact force chains, and (B) strain field. (Note: strain field
computed as the gradient of accumulated displacements from the beginning of dissolution). Source: Modified from Cha,
M., 2012. Mineral Dissolution in Sediments. Georgia Institute of Technology, Atlanta, USA.

marked force chains inside the shear bands at a characteristic angle of ~50°—60° with the
shear band. These strong force chains form and buckle as force-dependent dissolution
progresses. Dissolution is faster in the shear bands than in the wedges. The emergence of
shear discontinuities during pressure solution under zero lateral strains may explain the
nontectonic origin of shear discontinuities and polygonal fault systems observed in marine
sediments and lacustrine deposits (Cartwright et al., 2003; Shin et al., 2008, 2010). By analogy,
CO,-driven mineral dissolution may lead to the formation of similar discontinuities in a
storage reservoir under zero lateral strains.

3. Bending Failures. Dissolution within CO, geo-storage reservoirs could undermine the caprock
in Zones II and III. Under the weight of the overburden, the seal layer will follow the
reservoir and may eventually experience bending and/or shear failure. Clearly, potential seal
layers must be continuous and ductile to deform without developing high-permeability
pathways (De Paola et al., 2009; Downey, 1984).

Note that this section itself is focused on stress changes due to mineral dissolution, rather
than thermally and/or hydraulically induced stress change during the injection of nonisother-
mal CO,.

STORAGE: TRAPPING MECHANISMS

Natural accumulations of CO, in the Earth’s upper crust range from CO, pools (e.g.,
Ladbroke Grove and Katnook Gas Fields in southeastern Australia; Watson et al., 2004) to the
massive carbonate deposits worldwide (i.e. sun-fueled, biogenic CO, capture and storage).
Clearly, we can count on physical, biological, and chemical trapping mechanisms to keep CO,
within geological formations (Dooley et al., 2006; IPCC et al., 2005; Jaccard, 2005). Physical trap-
ping mechanisms include structural and stratigraphic trapping beneath seal layers or caprocks,
hydrodynamic trapping by slow aquifer currents, and capillary trapping. Chemical trapping
mechanisms involve the dissolution of CO, in water, mineralization, CO, adsorption on coal
and rich-organic shales (includes the use of CO, in enhanced oil recovery), and CO, hydrate
formation.

SCIENCE OF CARBON STORAGE IN DEEP SALINE FORMATIONS
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Stratigraphic Traps

The caprock acts as a structural trap and resists the short-term excess injection pressures, and
the long-term pressure gradient caused by the buoyant CO, (Fig. 17.10). As noted earlier, the
buoyant supercritical CO, creates modest static overpressures in flat accumulations, and it can
reach 0.27—0.4 MPa for a 100-m interconnected column of COs.

The measured CO, breakthrough pressures are less than ~6.2 MPa in mudrocks and less
than ~11.2 MPa in evaporite rocks (Espinoza and Santamarina, 2017). These breakthrough mea-
surements suggest that percolating paths connect pores larger than >15nm in mudrocks and
>9 nm in evaporites.

(A) ,
CO,, capture, compression and injection Caprock-reservoir Capillary tube
! =+ interface analogy
—————————— A
Brine, :
1 Puty 1
o |
Section A-A A |
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FIGURE 17.10 Caprock sealing. (A) The pressure difference across the caprock caused by the buoyant CO, is
resisted by CO,—water capillary menisci. Viscous forces oppose CO, buoyancy after breakthrough. (B) Hydraulic gradi-
ent i, for the upward flow through the caprock with different CO, densities. Source: Modified from Kim, S., 2012. CO,
Geological Storage: Hydro-Chemo-Mechanically Coupled Phenomena and Engineered Injection. Georgia Institute of Technology,
Atlanta, GA, USA; and Espinoza, D.N., Santamarina, ].C., 2017. CO, breakthrough—caprock sealing efficiency and integrity for
carbon geological storage. Int. . Greenh. Gas Control 66, 218—229.
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Pathways filled with percolating CO, phase and the caprock permeability determine post-
breakthrough CO, transport (Fleury et al., 2010; Gherardi et al., 2007). The low viscosity of CO,
and the low water—CO; interfacial tension enhance the risk of leakage. Let us consider an over-
pressure AP =Hco, (v, —7co,) caused by a CO, plume of thickness Hco, The gradient i,
across the caprock of thickness H-(m) takes into consideration differences in elevation and pres-
sure in terms of the total head Ahr:

. Ahr _ (Hco, _ 7Yco,
=1 _(Hc (1= (17.7)

The estimated hydraulic gradient for most sites currently under consideration is quite small
and would rarely exceed i, <10 (Fig. 17.10). The permeability K., (cm/s) for typical seal rocks
ranges between 107" cm/s and 107 "* ecm/s in the absence of discontinuities. Then, estimated
transport velocities v = k - i;, are very low and will remain lower than 10~ *~107% m/year.

The seal layer efficiency can be summarized in terms of two dimensionless ratios to evaluate
trapping and transport conditions:

e DPeclet number: 10”° < Pe <10 ° for the anticipated hydraulic gradients i, < 10 (a ratio of cross-
layer advective flow to cross-layer diffusion). Therefore, diffusion-controlled reactive
transport prevails over advective transport in the caprock.

o Sealing number Sl (ratio between the capillary entry pressure and the overpressure at the
caprock—reservoir interface): For a pore sized <0.1 pm (most seal rocks without
discontinuities), and an anticipated CO, column height Hco, = 100 m, the sealing number is
S1>4, and CO, containment is anticipated. The same dimensionless ratio applies to lateral
capillary trapping.

Coal and Shale: CO, Adsorption and CH,4 Desorption

The fabric of organic-rich phases in coal and shale consists of a microporous disordered
organic frame. These small pores (d~10""—10"% m) allow the adsorption and desorption of
gases, including CO,, CH4, and N,. The high specific internal surface of the microporous
structure can retain 1—10 m®/m?® of adsorbed gases. Thus, coal seams and organic-rich shales
are potential sources of CH,4 and sinks for CO, (Busch et al., 2008; Kang et al., 2011).

Fluid transport through coal and shale combines diffusion and slow advection (Ceglarska-
Stefanska and Zarebska, 2002). In fact, global flow is dominated by high-permeability pathways
such as fractures (Espinoza et al., 2016).

Volumetric strains ¢, are associated with adsor};tion, desorption, and gas replacement,
and can range from £,~107% in shale to £, >10"? in coal—Fig. 17.11 (Chen et al., 2015;
Shovkun and Espinoza, 2017). The associated changes in permeability can exceed two orders
of magnitude (Pan and Connell, 2012): (1) permeability increases during primary methane
production due to desorption-induced shrinkage, cleat opening, shear fracturing, and
dilation (Espinoza et al., 2015; Palmer and Mansoori, 1996; Scott et al., 2012); (2) conversely,
permeability decreases during CO, injection due to adsorption-induced swelling and cleat
closing.
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FIGURE 17.11 Sorption amounts and induced strains in unjacketed coal and organic-rich shale samples subjected to
CHy pressure. Higher affinity of CO, over CHy in organic-rich pores favors CO,—CH, exchange. Source: Modified from Chen, T.,
Feng, X.-T., Pan, Z., 2015. Experimental study of swelling of organic rich shale in methane. Int. ]. Coal Geol. 150, 64—73; and
Shovkun, 1., Espinoza, D.N., 2017. Coupled fluid flow-geomechanics simulation in stress-sensitive coal and shale reservoirs: impact
of desorption-induced stresses, shear failure, and fines migration. Fuel 195, 260—272.

Qil: Enhanced Oil Recovery (EOR)

The oil and gas industry has developed technologies for CO, injection and enhanced oil
recovery (EOR). CO, dissolves in crude oil (typically alkanes with less than 13 carbon atoms at
reservoir conditions with P>10MPa and T >320K), lowers the viscosity of the crude oil,
“swells” the oil phase, and promotes oil recovery (Blunt et al., 1993; Chung et al., 1988; Lake
et al., 2014). A barrel of such incremental oil requires about 0.1 to 0.4 tons of CO, to produce
(Martin and Taber, 1992).

Prevailing operational and technical challenges include the availability of CO, in large quanti-
ties and at economical rates, and improving the sweep efficiency. Viscous fingering, geological het-
erogeneity, and preferential flow along fractures (natural or induced) limit the sweep efficiency.
The Cranfield project combines CO,-EOR and permanent CO, storage (Lu et al., 2013). Typically,
water alternating CO, schemes are used to overcome these problems (e.g., Lake et al., 2014).
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Hydrates — CO,—CH,4 Exchange

Hydrate formation is a salient characteristic of water—CO, interaction at elevated pres-
sure. The phase boundary is PT-dependent, and cuts across the gas—liquid CO, transi-
tion before supercritical conditions (Fig. 17.1). Hydrate formation is anticipated under PT
conditions found offshore and beneath the permafrost.

Methane hydrate is a potential energy source (estimated accumulation: >500—10,000 Gt
of carbon worldwide; Collett, 2002; Ruppel and Pohlman, 2008). Methane can be recovered
from hydrate-bearing sediments by depressurization, heating, or chemical injection. In par-
ticular, the injection of CO, into hydrate-bearing sediments triggers the release of CH4 and
the simultaneous entrapment of CO, (Ota et al., 2005a; Zhou et al., 2008). Hence, CH4—CO,
replacement addresses two critical needs at once: energy source and CO, storage.

The extent of CH;—CO, replacement and its efficiency is affected by a number of factors
which include pressure and temperature, specific surface area of the hydrate phase, fluid
expansion after replacement, and associated changes in effective stress (Jung et al., 2010).
Experimental results show that the CH;—CO, replacement rate increases with rising CO, gas
pressure until the CO; liquefies, and remains constant thereafter (McGrail et al., 2007; Ota et al,,
2005b). The replacement ratio increases when a mixture of CO, and N, is used for CH,
exchange because the small N, molecules boost occupancy and replacement (Park et al., 2006).
CH4—CO; replacement occurs locally and advances gradually, so that the overall hydrate mass
remains solid (Jung and Santamarina, 2010), and there are no significant changes in the global
stiffness of hydrate-bearing sediments during replacement (Espinoza and Santamarina, 2011).

STORAGE EFFICIENCY

The CO, saturation and storage efficiency increases in geologic traps where thick CO, columns
accumulate: buoyancy determines the overpressure, i.e. the capillary pressure difference between
CO; and water P. = Pcop-Py,. Then, the CO; saturation is estimated from the drainage “capillary pres-
sure versus water saturation” curve of the storage horizon.

The storage efficiency E in reservoirs with subhorizontal caprocks can be very low, in part
due to injection fingering, spatial variability of rock properties and ensuing bypassed rock
volumes (note: storage efficiency is the volumetric ratio of pore space occupied by CO, com-
pared to the available pore space). Typical expected efficiencies are E<0.05 (NETL, 2010;
Okwen et al., 2010).

Storage efficiency has important implications on reservoir size. The CO, storage capacity
Gco,(Gton) of a reservoir is a function of its areal extent A, (km?), the mean plume thickness
Hco, (determined by the capillarity so that Hco, = Hg where Hy is the thickness of the reservoir
layer), porosity ¢, and CO, density pco,(kg/m>)

GCOZ =E- (p'At 'Hco2 : pCOZ (178)

Considering a worldwide sequestration target of Gco, =750 Gt CO, over the next 50 years
(15 Gt CO,/year; Espinoza et al, 2011) and supercritical storage conditions (density
pco, = 600 kg/m®) in typical reservoirs (column height Hco, = 10 m, porosity ¢ = 0.2, high stor-
age efficiency factor E = 0.055), the estimated storage area will be ~ 1,000,000 km?, which is sim-
ilar to the land-surface area of Texas or France.
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Engineered Injection

We may be able to engineer CO, injection to attain a higher sweep efficiency. Possible
options include: increasing CO, viscosity, sequential fluid injection, bio-clogging, and decreas-
ing the capillary factor, o - cosf, as will be illustrated below.

Experiments with long-chain nonionic surfactants with hydrophilic heads and CO,-philic tails
show that the CO,—water interfacial tension falls from o4~50 mN/m to oy~4 mN/m at a pres-
sure of P=7 MPa (Kim and Santamarina, 2014b). The contact angle formed by a water-surfactant
droplet resting on a quartz substrate and surrounded by CO, increases from 6~20° at
P=0.1MPa to §~70° at P =10 MPa. Lower interfacial tension oy and a higher contact angle ¢
combine to produce a marked decrease in the capillary factor oy - cosf. Experimental CO, injection
tests in pore micro-models and complementary network model simulations demonstrate that the
sweep efficiency of CO, invasion can be effectively enhanced by lowering the capillary factor
oq - cosf) (Fig. 17.12). In particular, the sweep efficiency may be doubled by the addition of surfac-
tants (Kim and Santamarina, 2014b).

MONITORING

The coupled hydro-thermo-chemo-mechanical processes described above and ensuing emer-
gent phenomena demand careful monitoring during injection as well as in the long term.

Monitoring methods take advantage of the differences between physical properties (mass
density, bulk stiffness, electrical resistivity and dielectric permittivity), the detection of bypro-
ducts from chemical reactions or the consequences of coupled process (from temperature to
upheaval-subsidence and microseismicity). Salient observations follow.

Pressure and Temperature

Pressure and temperature monitoring above and within the injection horizon provides valu-
able insights into the reservoir response to CO, injection, and the evolution of the CO, plume
(e.g., Hovorka et al., 2013). Underlying phenomena that produce a pressure or temperature
response include:

® Pressure: fracture and shutoff, poroelastic effects, thermal changes, mid-term CO,
redistribution, dissolution in host materials, and structural changes associated with salt
precipitation, dissolution, and swelling.

e Temperature: depressurization cooling as the injected CO, invades the formation away from
the injection well (Joule—Thomson effect; Han et al., 2010), depressurization near leak points,
and phase transitions (liquid—gas, hydrated formation/dissociation, and CO,—CH,
replacement).

Elastic Waves

The bulk modulus K,;; of the sediment can be estimated from the Biot—Gassman equation
(Espinoza et al., 2011):
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FIGURE 17.12 Pore-network simulations of engineered CO, injection: CO, invasion pattern and sweep efficiency for
different capillary factors oy - cosf. There are 10 network realizations for each capillary factor. Note: 50 X 50 pore network
model, initial pressure difference between the inlet and the outlet is AP;, =200 kPa, and constant flow rate is imposed
Grot = 2.8 mm°®/s. Note: simulations highlight the interplay between governing processes and can be readily upscaled.
Spatial variability and the geo-plumbing of natural reservoirs exacerbate low sweep efficiencies. Source: Modified from

Kim, S., Santamarina, ].C., 2014b. Engineered CO, injection: the use of surfactants for enhanced sweep efficiency. Int. J. Greenh.
Gas Control 20, 324—332.

-1
Ka\*| (Sw , Sco,\,1-¢ K
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where the subindices represent the mineral skeleton, sk, the minerals that make the grains, g,
the brine, w, and the CO,. The density of the mixture is p,,;, = (1 = ¥)p; + ©(Sco,Pco, + SwPy)-
The compressional Vp and shear Vs wave velocities follow:

Vp= \/ <—K”‘"" Ty 3'GS"> (17.10)

Pmix
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Vo=, | Ok (17.11)
Pix

where Gy is the shear modulus of the mineral skeleton. The two most important effects of CO,
injection on elastic wave propagation include:

® Shear: Gy is more sensitive than K, to changes in effective stress associated with CO,
injection and overpressure, and to changes in stiffness due to dissolution (Mavko et al., 2009).
¢ Bulk: the bulk stiffness of CO, is an order of magnitude lower than that of water: Kco,~
0.1 Ky, (Span and Wagner, 1996). Therefore, Vp decreases as CO, saturation Sco, increases.

Electrical Resistivity Methods

Electrical conduction in a geological formation involves the movement of hydrated ions in the
pore fluid and in adsorbed layers. Surface conduction can be disregarded when the pore fluid has
a high ionic strength or when the porous medium has low internal surface area (note: this is the
case in potential CO, reservoirs, i.e., coarse-grained siliciclastics). Then, the electrical conductivity
of the CO, reservoir o, is the volume fraction of the brine go(l - Scoz) times its conductivity op.
Generalizing Archie’s law (Santamarina et al., 2001; Guéguen and Palciauskas, 1994):

Ores = {w" (1-Sco,)” ] o (17.12)

where ¢ is porosity, and « and 3 are fitting parameters. Clearly, o,.; decreases as the CO, satura-
tion Scop, increases.

Microseismicity

Changes in the effective stress or reservoir temperature accompanying CO, injection can trig-
ger the sudden release of elastic strain energy (Elsworth et al., 2016). The magnitude of such
seismic events is proportional to the shear slip area. The stored strain energy is proportional to
rock stiffness, and the seismic characteristics of the geological formations (Bauer et al., 2016;
McGarr, 2014). Although microseismic events are difficult to interpret, passive emissions con-
tribute valuable information within a comprehensive injection monitoring strategy.

Surface Heave

Initially, the reservoir expansion caused by small injection volumes has only a local effect.
However, as CO, injection continues, the surface heave begins to track the reservoir heave once
the lateral extent of the reservoir L,,; exceeds two to four times the burial depth z,,;. There are
two components of reservoir heave (the following analysis applies to Lyes/zyes > 4—see alterna-
tive analyses and simulation in Kim and Hosseini, 2015; data in Verdon et al., 2013. Refer to
Fig. 17.4 for schematic illustration of long-term CO, pressure):

® Reservoir expansion. Buoyant CO, within the reservoir horizon increases the fluid pressure,
decreases the vertical effective stress ¢,” and the formation expands. The stress drop ranges
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from Ao.” = (vg-vco,)*Hco, at the top of the plume to Ao.” = (7p-7co,)*¢*Hco, at the bottom
of the plume, where Hco, is the plume height. Then, the surface heave due to the expansion
of the reservoir ¢, is the integral of the vertical strain,

57 = JHCOZ (7B - 7C02)(90 + 1) H%:Oz z
z

e.dz= A O.03gHC02 (17.13)
0 Msk 2 V?,

* The estimate on the right assumes linear elasticity to express the drained constrained
modulus M —vertical stiffness under zero lateral—in terms of the reservoir shear wave
velocity Vs, extracted from geophysical surveys (note: g = gravity).

® Unloading and expansion of lower layers. The Boussinesq elastic solution for a circular
reservoir predicts that the heave of layers below the reservoir horizon will be proportional
to the reservoir diameter L,., the effective stress change at the bottom of the plume
Ao,” = (yg-yco2)*¢*Hco,, and inversely proportional to the mean stiffness of the underlying
formation E,. Then,

HCOZ Lres

égelow _ 2
1%
sb

A0 Lyes (1-12) = (78 — Yco,) PHco, Lres
E, Ey

(1-v%) ~0.02¢ (17.14)

Analogous to the previous equation, the estimate on the right permits the evaluation of heave
from shear wave velocity data in subjacent layers V,. The areal extent L,.s in mature reservoirs
is much greater than the CO, plume thickness Hco,; then, Eqs. 17.13 and 17.14 predict that the
heave of layers beneath the reservoir will determine the surface response, and the surface heave
will continue to increase as the areal extent increases even if the plume height remains constant.
For example, consider a reservoir with lateral extent L,;=4000m, plume thickness
Hco,=10m, V,=1500m/s, and V4 =2000 m/s; the anticipated reservoir heave is
8/ =0.01 mm, while the heave caused by subjacent layers is 6" =1.9 mm). Heave estimates
help select measurement systems, such as GPS, EDM, and/or InSAR. A properly engineered
surface monitoring system provides valuable information to track the evolution of the reservoir
(Feigl and Thurber, 2009; Newman et al., 2006).

LEAK SEALING

The spatial heterogeneity of the caprock defines paths of least resistance for CO, leaks
(Cavanagh and Haszeldine, 2014; Meckel et al., 2015). Conductive fractures and abandoned
wellbores are preferential paths for CO, leakage (Cartwright and Santamarina, 2015; Chiodini
et al., 1995).

Several strategies have been proposed to address the risk of CO, leakage (Réveillere et al.,
2012): (1) control the CO, overpressure; (2) enhance CO, immobilization in the form of dissolu-
tion or capillary trapping; (3) form a hydraulic barrier beneath the overlaying layer; and (4)
modify the hydraulic properties of the fractures. Approaches to control the latter have consid-
ered microbial clogging (Bryant and Britton, 2008; Cunningham et al., 2009), the injection of
polymer gels (Sydansk et al.,, 2005), or suspensions of submicron clay particles to fill cracks
(Kim and Santamarina, 2013). A pronounced decrease in leakage rates was attained as fractured
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shale specimens were subjected to successive sealing treatments; for example, shales with hair-
line cracks experienced an increase in the breakthrough pressure from ~30kPa before treat-
ment to more than P~1 MPa after the injection of clay slurries (Kim and Santamarina, 2013).

CLOSING COMMENTS: THE RANGE OF DIFFERENT PROCESSES

This chapter identified concurrent hydro-chemo-thermo-mechanical processes that affect the
short- and long-term response of geological CO, storage sites. We explored mixed-fluid phe-
nomena, reactive fluid-formation interaction, and associated changes in permeability and effec-
tive stresses.

Coupled processes affect all forms of CO, geological storage, from stratigraphic trapping to
chemo-physical interactions in coal, shale, EOR, and CH4—CO, exchange in hydrates. Simple
scaling relationships facilitate first-order spatial and temporal analyses of coupled processes in
CO, geological storage. Table 17.1 summarizes important dimensionless ratios for processes
described in this chapter (see related analyses and implications in Kim and Santamarina, 2014a,
b; Espinoza and Santamarina, 2017).

TABLE 17.1 Governing Dimensionless Ratios for Geologic Carbon Storage (Kim and Santamarina, 2014a;
Espinoza and Santamarina, 2017; Kim and Santamarina, 2014b)

Dimensionless ratio Expression Physical interpretation
Mobility number M M=o Ratio between CO, and water viscosities. Susceptibility to viscous

Heo fingering
Capillary number C = % Ratio between viscous and capillary forces

of
. kAvHco, . . I -
Rayleigh number Ra Ra= oD Ratio between convection rate and diffusion rate. Susceptibility to
Hp convective instability

A~k . . . . .

Bond number B B= 7 Ratio between conditions for gravity-driven CO, advective flow and
opeos capillary trapping
. 4oqcost . .
Sealing number SI (also: Sl= T Hee A Ratio between capillary breakthrough pressure and buoyant CO,
trapping €O 2T yerpressure
number for reservoir)
Stability number St St= HU—ZAfy Ratio between initial vertical effective stress at depth z and overpressure
co,
L

Damkohler number Da = "=t Ratio between advection time and time for chemical reactions

Uave

el . e I

Peclet number Pe= 7”15 & Ration between diffusion and advection times

Note: jicoz, CO, viscosity; i, water viscosity; g, flow rate; oy, interfacial tension; 6, contact angle; v;, unit weight; A, \g-co,; k,
permeability; o, porosity; D, coefficient of molecular diffusion; Hco,, CO, pool thickness; d.;, characteristic pore size; o', vertical
effective stress; «, kinetic rate of chemical reaction; L, characteristic length; v,,,, average flow velocity.
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These dimensionless ratios help to identify regimes and controlling processes that require
further analysis before diving into complex simulations that involve a large number of constitu-
tive equations and parameters. This approach leads to more robust analyses and the design of
more efficient monitoring strategies.

Coupled processes and ensuing emergent phenomena demand careful monitoring and data
analysis during injection and long-term storage, as measured parameters are inherently affected
by all concurrent processes.
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