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SUMMARY

Global energy consumption will increase in the nddttades and it is expected to
largely rely on fossil fuels. The use of fossil lBies intimately related to CQOemissions
and the potential for global warming. Geological QMrage aims to mitigate the global
warming problem by sequestering £@nderground. Coupled hydro-chemo-mechanical
phenomena determine the successful operation agdtéom stability of C@geological
storage.

This research explores various coupled phenomeeatifies different zones in
the storage reservoir, and investigates their iwagbns in CQ geological storage.
Spatial patterns in mineral dissolution and preatpn are examined based on a
comprehensive mass balance formulation-@@solved fluid flow is modeled using a
novel technique that couples laminar flow, advextand diffusive mass transport of
species, mineral dissolution, and consequent pbamges to study the reactive fluid
transport at the scale of a single rock fractulee methodology is extended to the scale
of a porous medium using pore network simulatianstudy both C@reservoirs and
caprocks. The two-phase flow problem between imilliscCO, and the formation fluid
(water or brine) is investigated experimentallyug’tests on shale and cement specimens
are used to investigate GOreakthrough pressure. Sealing strategies ar@mdto plug
existing cracks and increase the LOreakthrough pressure. Finally, &®ater-
surfactant mixtures are evaluated to reduce the-wdder interfacial tension in view of
enhanced sweep efficiency. Results can be usedetttify optimal CQ injection and
remediation strategies to maximize the efficient€ 0, injection and to attain long-term

storage.
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CHAPTER 1

INTRODUCTION

Fossil fuels have been a major energy source sirecéndustrial Revolution. The
dependency on fossil fuels is expected to contiimuethe next several decades, until
alternative energy sources satisfy anticipated gghefemands. Carbon capture and
sequestration CCS has emerged as a potential dptitime more sustainable use of fossil
fuels in the near future. In CCS, carbon dioxide,@©captured at carbon emission
sources and injected into geological formations.oTkey criteria for the successful
operation of geological COstorage are injectivity and long-term system intggBoth
require careful understanding of complex hydro-chenechanically coupled
phenomena.

This thesis addresses emergent hydro-chemo-meehigincoupled phenomena,
their implications on C@geological storage, and the development of engate€Q
injection methods to improve sweep efficiency atataivity. The research approach is
based on analytical solutions, numerical simulajcand complementary experimental
studies. The research is organized into seven stiome chapters, followed by a chapter
where global conclusions are identified.

Chapter 2 explores geotechnical concepts and c¢atpins of CQ geological
storage. A comprehensive review of the water-@@neral system, reservoir conditions,
and the fundamentals of G@eological storage is followed by the identificati of
various hydro-chemo-mechanically coupled proces$ed may lead to emergent
phenomena and increase the probability of geoteahrhazards. This chapter was

developed in collaboration with D.N. Espinoza.



Chapter 3 identifies distinct regions in a £Gtorage reservoir and their
characteristic geochemical conditions. Each regsranalyzed at equilibrium. Mass
balance formulations that account for temperatpressure, brine salinity, mineralogy,
and porosity provide insight into the system resgorin different scenarios. The
discussion addresses the impact of dissolutionpagcipitation on injectivity and system
integrity.

Chapter 4 uses kinetic rate laws to investigateetolution of a saline aquifers
following CQO, injection. The finite element method is used todate reactive fluid
transport where Cg&dissolved water flows through a rock fracture plahhe simulation
couples laminar flow, selective mass transport pécges, mineral dissolution, and
consequent channel enlargement. Results help usrstadd the interactions between
processes and parameters such as advection, diffuspecies concentration, and
geometry at the pore scale during reactive flumhdgport. The model can be readily
extended to larger porous systems.

Chapter 5 develops a network simulation code foeservoir system based on
mineral dissolution and kinetic rate laws to upsgabre/joint scale results obtained in
Chapter 4. Simulations examine &@issolved fluid transport through a porous resgrvo
for different Damkodhler numbers, Peclet numbers] &eterogeneity of the porous
network. Network simulations provide informationchuas the distribution of species
concentration, the evolution of channel diametdowf rate, pressure field, and
permeability. Simulation results suggest that #servoir may experience either compact
dissolution or localized channel formation, depeagdin injection conditions.

Chapter 6 extends the previous study to the lomnpability cap rock layer.
Preliminary analyses show that transversely homeges diffusive transport prevails
over advective transport, hence, simulations asticted to 1-D conditions. Simulations

are conducted for two different mineralogies witidanember reactivities for typical



field situations: calcium carbonate and kaolini®@mulation results and analyses
highlight the interplay between mineral reactiwigsolution and diffusive transport.

Chapter 7 reports an experimental study designeaadmine the transport of GO
through formations selected as barriers. Plugsfrmuh shale or prepared with well
cement are tested to gain information on.®@akthrough pressures and the main
transport mechanisms. We devise a remediation rdetbcseal discontinuities in the
shale that can otherwise act as preferential path€0, leakage. Pressure tests after
remediation treatments demonstrate that micronysazticles can fill cracks and increase
the CQ-breakthrough pressure.

Chapter 8 explores engineering £jection strategies to prevent viscous
fingering and to improve sweep efficiency. This e begins with the evaluation of
modified interfacial tension between g@nd water when adding surfactants. Pore-scale
CO, injection experiments use a micro-model to providgights on parameters that
affect the sweep efficiency and the interface betwethe two fluid phases.
Complementary network simulations support experialembservations and show
different CQ displacement topologies.

Finally, salient observations from this thesis suexmarized in Chapter 9.



CHAPTER 2

CO, GEOLOGICAL STORAGE —

GEOTECHNICAL IMPLICATIONS

2.1 Introduction

Quality of life, in terms of education, infant mality, and life expectancy,
correlates with energy consumption. Global energynsamption will increase
dramatically in the next decades, and it is exmktidargely rely on fossil fuels because
of the available reserves, their low cost, the gtweent in current infrastructure, and the
still limited development of renewable energy. @utly, 90% of the total primary
energy sources in the world are fossil fuels, andenthan 85% in the USA (DOE, 2010).

The use of fossil fuels is intimately linked to teenission of CQ into the
atmosphere. The current concentration of,@Othe atmosphere is ~385ppm (parts per
million), which is almost twice the concentratioaftwe the Industrial Revolution (200
ppm - IPCC, 2001). Anthropogenic ¢@lobal emissions add to ~7 GtC/year (see Figure
2.1). The USA releases 1.59 GtC/yr and China 1.&&8y& — 2007 data (CDIAC, 2009).
Power plants account for ~40% of total £@missions. Once released into the
atmosphere, COenters into the global carbon cycle and interadth the ocean and
terrestrial sinks as shown in Figure 2.2.

The estimated net annual increase of,@0Oncentration in the atmosphere is
problematic since CQis a greenhouse gas. The mean surface tempehatsiiecreased
~0.6+0.2°C since the industrial revolution, and apteric models forecast as much as a
~3°C increase by 2100 if anthropogenic £Jgnissions continue current trends (Figure

2.3).



100

5
S 10
0
[¢b)
>
Q 1
O,
2 01
9
()]
K%
£ 0.01
o)
O
0.001
Figure 2.1

USA
a India
France
o
7 o ©. e Brazil
Ethiopia * o5 & =0

Congo DR \‘@SJQE
| . R
100 1000 10000 100000

Income per person [$ GDP/capita]
Annual C@emissions per person as a function of Gross Domest

Product (adjusted for inflation) for different cdtias. Data from the
Carbon Dioxide Information Analysis Center (wwwacliornl.gov) and
(www.gapminder.org).

Atmosphere (growth: 4.1 GtClyr)

A A A
1.4 7.3 0.4 2.7 2.3 GtClyr

Land use change Fossil fuel Cement
|
! v

) A AN 4 \ 4 : \ 4 —

CCs Land sink i Ocean sink
|
Figure 2.2 Anthropogenic perturbation of the cardmxide cycle — Values show the

annual contribution of various components (datenfrGlobal-Carbon-
Project, 2010).



3.0 For CO,:
L, predicted / 4| 850 ppm
o) —>
E 2.0 E /s r 600 ppm
= measured s
= :
g 1.0 1 ;
8 | —-
5 ; 400 ppm
(%] !
= 0.0 - E
o) I
o : —
o : =
-1.0 1 E 300 €
: Q.
|
: s >
i o7 1200 3
: 7 o
I :
A @
L - 10.0 I=
’_/:( u
! c
1 O
: £
I I I I 0.0 8
1900 1950 2000 2050 2100
Year
Figure 2.3 Past and extrapolated future, @@issions (data from: Pacala and

Socolow, 2004; World-Resources-Institute, 2010) glothal warming
predictions for different C&levels (data from: Solomon, 2007).

The UN Framework Convention on climate change haggested that the
atmospheric concentration of @Ghould not exceed 450ppm to prevent a major impact
on climate conditions. Several technologies havenbproposed for mitigating the
emission of CQinto the atmosphere (Table 2.1). Two clear opticaisfor reducing the
combustion of fossil fuels, and capturing the getext CQ followed by permanent

sequestration.



Table 2.1 CQEmission Mitigation Technologies
CO, emission . .
mitigation Advantages Difficulties CElpEiy et Y e
execution
technology

DIRECT - capture, transport, and final sequestrataf CQ generated from fossil fuel power plants

CO, geological
storage coupled or
not with fuel
switching

- Available injection
technology

- Large capacity

- May give additional
revenue by enhanced
hydrocarbon production

- Cost: it needs additiona
energy consumption ~20f
for carbon capture and
storage®

- Monitoring,
contamination, and liabili]

YoLarge capacity: 1910
GtCO,, mostly in saline
aquifers®

Ocean storage

- Easy and relatively
inexpensive.

- No porous media
involved

- Water acidification and
effects on aquatic lif€’
- Transportation to the sit

- Very large capacity >> £(
GtCG, (volume of the oced
gleeper than ~3,000m)

Chemical
carbonation

- Thermodynamically
stable

- Expensive and labor
intensive

- Very limited; for example
annual production of
concrete is ~15Gt concrete

INDIRECT - produce C&free energy, improve energy conservation andieffey, or increase CO
natural uptake

Alternative energy sourc

Renewables, Solar
Wind, Geothermal

- Almost C-free

- Small contribution to theg
energy portfolio

- Currently provide 4% of
the energy demarf8l

Nuclear fission

- Almost C-free
- Available technology

- Nuclear waste
- Non-commercial use of
nuclear power technology

- Currently provide 6% of
the energy demarf8l

Biofuels

- Consume bio-products i
excess, e.g. sugar cane g
corn

A gompetes with food
n
supply

- In Brazil ethanol account
for less than 5% of the
energy productiof?

Conservation and efficiency

Change in people’s|
habits - e.g. promotg
mass transit

- Almost no cost

- Requires time and poli

- Some countries are alrea|
T}fghly efficient.

More efficient end-
use energy
technologies and
appliances - HVAC

- In progress

- It needs market-
transforming policie&

- Efficient implementation
could reduce carbon
emissions from the buildin
sector to levels equivalent
those 20 years ago.

CO, surface uptake

Terrestrial uptake

- Relatively inexpensive

- Difficult to increase
natural sinks (trees, algasq
- Uncertainties about land
use in the futuré’

5 Currently at maximum
< Uptake about ~20% of
total emissions.

) (Heddle et al., 2003; Dooley et al., 2006)(IPCC, 2005)® (Golomb, 1993; House et al., 2006);
(IEA, 2009):;® (World-Resources-Institute, 2018};(Brown and Southworth, 2006} (Jaccard, 2005)

Suggested minimum storage time for L£@eological storage ranges between

1,000 and 10,000 years. This requirement is lesgdding than for nuclear waste in part



due to the expectation that future technologicaletigpments might find other methods
to mitigate global warming, and because of natefathate fluctuations such as the
average glacial cycle period of 28,000 years (Atigust al., 2004). Figure 2.4 shows a
comparison of time scales for different processésted to human activities and geologic
processes relevant to energy. The dramatic cortetsteen political, engineering, and

geological time scales add difficulty to short-tichecision making.
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Figure 2.4 Time scales of relevant energy-relatities and processes (Note: (1)
Estimation based on the capacity of forest to dbsarbon in the
atmosphere, 0.17GtC/yr; from IPCC, 2001).

The purpose of this manuscript is to explore gdutmal concepts relevant to
carbon dioxide geological storage. First, we revidw chemo-physical properties of
water-CQ-mineral systems, reservoir conditions, and thed&mmentals of C@
geological storage. Next, we explore various hycdremo-mechanical coupled processes
that may lead to emergent phenomena and increasertibability of geotechnical
hazards. Finally, we investigate potential geoptglsstrategies to monitor the evolution

of CQO, storage projects.



2.2 CO, Geological Storage and Reservoir Conditions

2.2.1 Volume Estimation

The injected C@ displaces the original fluids that fill the voids geological
formations. The volume of the geological formatMy,k affected by the injection of a
volume of CQ Vo2 is a function of the average porosity of the resiem:

1V
Viour = ——=2

¥ n

where the displacement efficiency coefficienyi0.6 in media with spatially correlated

1)

random porosity and can be very low0.1 if fingered invasion takes place. Let’s
assume a target sequestration of 4GtC/year (fiat &rénd based on present data — Figure
2.3). The total amount of GQo be sequestered in the next 50 years is 2000630
GtCO,. In a compressed statgcb~0.7 tonnes/r), this mass would occupy a volume
Veoz= 1,050 kni. The geological volume for storage would 4g~27,500kn for a
porosityn~0.2, and displacement efficiengy0.5. A 100m thick reservoir would extend

~325km in each direction.

2.2.2 CQ Trapping

The trapping mechanisms to keep £L@thin deep geological formations rely on
physical as well as chemical processes (IPCC, 2Déégard, 2005; Dooley et al., 2006).
Physical trapping mechanisms include structural stretigraphic trapping by cap rocks,
hydrodynamic trapping by slow aquifer currents, aagbillary trapping by interfacial
forces. Chemical trapping mechanisms include diggsi of CQ in water,
mineralization, C®@ adsorption on coal and rich-organic shales, and, G@rate
formation. Most trapping mechanisms and safe dedpmenditions are found and favored

at depth. We note that there are natural accunonsitf CQ in the Earth’s upper crust



where CQ has been contained for geological times such asL#dbroke Grove and

Katnook Gas Fields in southeastern Australia (Watdal., 2004).

2.2.3 Geological Formations

Stable sedimentary basins facilitate CsPorage, particularly when they are near
emission points. These basins are found in mostimms (IPCC, 2005). The USA,
Canada and Australia have extensive storage cgg@abley et al., 2006).

Favorable storage sites must have a thick accuionlaf permeable sediments to
maximize storage capacity and injectivity, overlayna highly impermeable seal or cap
rock (generally shale and evaporites).

The increase in effective stress with deptleads to low porosity fine grained
sediment barriers. Pore size depends on porosdyspgacific surface. In high specific
surface montmorillonitic shales, the mean pore siae be in the order of Ff
(Hildenbrand et al., 2002; Armitage et al., 20189igh pore fluid pressure at depth also
lowers the mass density difference between watdr@@, increases the solubility of
CQO; in water, and increases the adsorption of @oal.

The geological system should be structurally sim@lendidate storage sites are
assessed for reservoir size, depth and hydrogeolggplogy and petrophysical
characteristics of the reservoir and the seal oak, r surface temperature and geothermal
gradient, tectonic stability and faulting intensitgccessibility, infrastructure, and
proximity to major CQ sources.

Figure 2.5 shows schematic diagrams of various dtions for CQ geological
storage. The principal targets for &Qnjection are deep saline aquifers and
depleted/semi-depleted hydrocarbon reservoirs (whicherently include physical
barriers and cap rocks). Injection into coal seaersefits from the co-production of GH
Similarly, hydrate-bearing sediments can also laelus sequester Gvhile at the same

time releasing Chi(a pilot test in the Alaska North Slope is planfi@d2011, US DOE-
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NETL, project DE-NT0006553). Deep saline aquifars most abundant and could store
110 to 2700 GtC (Gale, 2004).

A A A A B )

N
7=0.3~1.1km 7=0.3~08 km
l l l T Elack Warrior l Alaska: 0.6 km
.|, T Basin: 0.6 km
z=0.7~35km z=1.7~4.5km z=0.5~3.7 km / [P SYIT——
Frio: 1.5 km Otway: 2 km Weyburn: 1.5 km / Hydrate Stability Zone|
1 Coal seam
Cap rock Cap rock
Deep Saline Aquifer Cap rock Oil Reservoir
Depleted Hydro-
Carbon Reservoir

@ (b) (© (d) €

Figure 2.5 CQ@storage alternatives. (a) Deep saline aquifejyDé@pleted
hydrocarbon reservoirs. (¢) G@nhanced oil recovery. (d) G@nhanced
gas recovery from coal bed methane. (e} CH, replacement in hydrate
bearing sediments. Depths shown for selected pilmects.

2.2.4 Pilot Projects

There are more than 50 gjection projects reported worldwide (NETL, 2010)
Figure 2.6 shows the mean pressure-temperaturatiomsdat these storage sites. Most

projects involve supercritical G@nd relatively small volumes.

2.2.5 Implementation

The injection of CQ underground can be implemented with technology
developed for petroleum and gas production. In, facid gas injection is routinely done
in Alberta, and C@enhanced oil recovery is a common practice imeskrvoirs around
the world, and there are more than ~5,000km of Qi@elines in North America (Dooley

et al., 2006) Still, the systematic geological storage of 8@l require improvements in
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risk assessment, adequate evaluation of regionphcdsgt and reservoir integrity,
matching emission sources with sinks, and enhammedtoring technology (Gale, 2004).
In addition to these technical difficulties, econoah, political, and legal obstacles have

hindered the adoption of carbon capture and se@iest (CCS) technologies.
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| Supercritical CO,
|
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T CO, Liquid |
o CO, Solid 2 -4 ! om0 At
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;' | e r
s 107 e AL L
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1 |
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Temperature [C]
Saline aquifer: CO,-EOR: CO,-ECBM:

B P-Trecord O Estimated value | o P-T record A Estimated value | ® P-T record O Estimated value

EGR: + CO,-CH, replacement: X

Figure 2.6 Pressure-temperature dependentpb@ses. Pilot C{njection projects
are superimposed on this plot. Unless reportelarotiginal sources, the
PT conditions are estimated &= gpw z T = T (4°C) + 30°C/km z

(CO, hydrate phase boundary from: Takenouchi and Kenriibs;
Sloan and Koh, 2008).
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2.3 Underlying Concepts and Implications

2.3.1 Geochemical Concepts

Properties of C@ The combustion of fossil fuels yields @@mong other byproducts.
For example, burning methane produces
CHs+2 O — CO, + 2 HO 2)

The physical properties of GQlepend on pressure-temperature P-T conditions.
The CQ phase diagram is shown in Figure 2.6.,@©a gas at normal temperature and
pressure, it turns into liquid at moderate pressur6.4MPa at 298K, and becomes
supercritical when the temperature is higher thagh B and the pressure is greater than
7.38 MPa. The mass densityf CO; varies widely, in fact, C@is heavier than seawater
at pressures above ~28MPa at 277.15Ko£1,035kg/m). Mass density can be
approximated with a cubic equation of state (Pemdj Robinson, 19769r using more
accurate but complex equations (Span and Wagn86)1%he mass densities of water
and CQ are plotted in Figure 2.7 for typical P-T condisopresent in onshore and
offshore applications.

Other important P-T dependent properties of ,C@clude high bulk
compressibility, typically an order of magnitudegtmer than that of water (Span and
Wagner, 1996), and very low viscosity, typically imes lower than that of wateas
shown in Figure 2.7u£0=10" Pa-s at 10MPa and 280K - Fenghour et al., 1998).
Water-CQ interaction and propertiesCO, dissolves in water to form aqueous carbon
dioxide CQ(aq). The solubility of C@in waterxco, [mol/L] can be estimated using
Henry's law

Xco2=kn ¢ Pcoz (3)
where the Henry's coefficient is approximatddy~10-“%=0.0347 and the fugacity
coefficientp<l can be estimated with an equation of state. Wateoom temperature

and at 0.1MPa containgo~0.03-t0-0.04 mol/L. That solubility increases byotarders
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of magnitudexco=1-t0-2 mol/L as pressure and temperature increaseeservoir

conditions, i.e., one to two moles of €ger liter of brine (Figure 2.8).
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Figure 2.7 Density and viscosity of @@nd water as a function of depth, both on-

Solubility of CO, [mole/kg water]

shore and off-shore (for an assumed seabed at h(® andT, are the
critical pressure and temperature for CRote: the density of liquid CO
exceeds the density of deep seawater when thedseatleeper than

3000m.
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Figure 2.8 CQ@solubility in water and pH. (a) GGolubility in 2m NaCl aqueous

solution (Note: an increase in salinity reduces G@ubility). (b) pH as a
function of dissolved C@(Note: Solubility data from Duan and Sun,
2003).
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Part of the aqueous carbon dioxide mixes with witgrroduce carbonic acid and

ionizes stepwise:

COx)(g) = COx(aq) Henry's law (4)
COy(aq) + HO(l) = H,COs(aq)= H" + HCOs'(aq) logKeq = -6.35
HCO; (aq) = H* + CO*(aq) logKeq = -10.33

The final result of adding C{o water is the production of ion bicarbonates, an
increase in A, and a decrease in pH. At reservoir conditions; @@solution in water
yields a pH= 3 (Figure 2.8).

Other relevant properties of the water-C&ystem include (a) solubility of water
in liquid and supercritical C£(~0.05 mol of water per kg of liquid G@t 10MPa and
285K - Spycher et al., 2003)p) high diffusivity of water into liquid C®(D~2-to-20x
10®m?s at 7-25MPa and 305+10K - Espinoza and Santama#ifi10), and (c) CO
hydrate formation at high pressure and low tempesaf{Figure 2.6; Sloan and Koh,
2008).

Water-CQ-Mineral interaction Table 2.2 summarizes representative chemicatiossg
typical reaction rates and related comments. Theliequm constant for dissolution
reaction denotes the concentration of producedispeelative to the concentration of
reactant species at steady state conditions, a.éunction of mineral solubility. The
solubility of minerals in water depends on pH (Staret al., 1996). Furthermore, the
reaction rate of minerals in G@ater depends on temperature, pressure (i.eg CO
solubility and pH), and the concentration of otlspecies (Fredd and Fogler, 1998;
Pokrovsky et al., 2005; Renard et al., 2005; Algeteal., 2009). Dissolution rates for
calcite CaCGQ;, anorthite CaALSKLOg, and kaolinite Al,SLOs(OH), are plotted as a
function of pH in Figure 2.9. Silicates yield madessolved cations (pH up to 8) than
carbonates (pH up to 5) but the reaction rate i€hmslower (Gunter et al., 2000).

Consider 1 mm spheres of calcite, anorthite, amdirkée submerged into water acidified
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by 1 mole of dissolved COper liter (pH~3). Using dissolution rates in Fig@® and
assuming that the system is far from equilibriutre time required to dissolve each

sphere is 4 hours for calcite, 16 years for antatlaind 226 years kaolinite.

Table 2.2 Mineral reactions with G@cidified water
Mineral Typical reaction Reaction rate Notes
i - i -Solubility of quartz does
SiOye) + 2H0 = H,SiO,
1) Silicated 0255) HZ T 1.26%101 mokm st not change with
= H +HsSIO, (White et al., 2005) concentration of
= H" + H,Si0* dissolved CQ
Anorthl-te: Anorthite:
Ca@zsbog@ +8H = |1.2x10° motm’s™ -Include feldspars, micas,
ca’ + 2'§|7 +2H,SiO,, |Oligiocalse: and clays.
Keq= 107" 1.2x10°® molm?s™ -Reaction rate is slow.
2) Aluminosilicate® Albite: -Yields more dissolved
Kaolinite: 3.6x10° molm?s* cations than carbonate.
Al,Si,05(0OH)4(s) + Kaolinite: -Results in pH up to 8.
14 15 a2l
6H' = 2A1%* + 2H,SIO, 10"-to-10" molm™s

+ H,0, K, = 16°° (Gaus et al., 2005)
’ [

CaCQu+ H = C&" +
HCOs, Keq = 108 -Faster than
aluminosilicates.
-Solubility depends on T|,
CaCQ + CO, + H0 = |chicite: P, Salinity, ionic

3) Carbonate %az *+ 2HCQ, Keq =10 11 6.10-3.2x16 mokmi?s* |concentration, and pH.
(Brosse et al., 2005) -Dissolution rate is fast,
but overall amount of
CaCQyg + H,0 = C&* + reaction is small.

HCO; + OH, Kgq= 10 ‘Results in pH from 3 to|5

8.48

Sources: (abrever, 1997; (b) Li et al., 2006; (c) Stumm ef 4096; Fredd and Fogler, 1998; Renard et al.,
2005; Algive et al., 2009

CO, adsorption on organic surface€oal and organic shales adsorb,GCarsen, 2004;
NETL, 2010). Langmuir-type sorption isotherms aoenmonly used to characterize the
kinetics of the reaction at pressures <10MPa (CskgaStefanska and Zarebska, 2002;
Mazumder et al., 2006). For reference, about ~1.snof CQ can be adsorbed per kg
of coal at 3MPa and 298K (37 &mf gas CQ at normal pressure and temperature per

gram of coal). A higher fluid pressure promoteshiigand faster uptake.
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Figure 2.9 Reaction rate log{[mol/m?/s]) for dissolution of calcit€aCQ,
anorthiteCaALSiOs, and kaoliniteAl,SLOs(OH), at temperaturg=40°C
and fixed concentration of aqueous carbon diox@@;[,q] = 1mol/L. For
calcite, ky=ka[H*]+ks[H2COs*] wherek,;=0.745mol/mi/s, k,=8.6x10
*mol/mf/s atT=40°C (Fredd and Fogler, 1998; Pokrovsky et al0520
Renard et al., 2005; Algive et al., 200Bpr anorthite,
ka=kn[H*1**+kiootkor[ OH1%3 wherek,=6.883x10'mol/m/s,
ki20=3.58x10"mol/mf/s, andkor=4.51x10"mol/m?/s atT=40°C (Li et
al., 2006) For kaolinite ks=ku[H*]**+ko{ OH1%® wherek,=2.79x10
Ymol/nf/s andkor=3.51x10"°mol/mf/s atT=40°C (Li et al., 2006).

Summary High fluid pressure and temperature bringd@to liquid or supercritical
phases and promote ¢®olubility in water and adsorption onto organicfaces. In the
presence of Cg& water acidifies and more intense and faster ralngissolution takes

place. Liquid and supercritical G@xhibit much lower viscosity than water.
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2.3.2 Mixed Fluid Conditions

Pressure dependent &nd 4. The water-C@interfacial tension decreases frd72 to
25mN/m as the pressure increases from 0.1MPa t@lRad4at ~298K, eventuallys
reaches a plateau at<P5t5mN/m in the supercritical state (Kvamme et al.020
Espinoza and Santamarina, 2010). Furthermibve,contact angle formed by the €0
water interface on mineral surfaces varies witlidflpressure in response to changes in
CO,-water interfacial tension: as the fluid pressunmereéases, the contact angle increases
on non-wetting surfaces such as oil-wet quartz @ad and slightly decreases in water-
wet quartz and calcite surfaces (Chi et al., 1888kson et al., 2006; Chiquet et al., 2007;
Chalbaud et al., 2009; Espinoza and Santamaririf))20

Changes in interfacial tensiofy and contact anglé will affect the capillary
pressure, the evolution of flooding, the residuatugation, relative permeabilities, and
capillary effects. In its simplest form, capillapressureAP. [Pa] is estimated from
Laplace’s equation:

ZrTS cosd (5)

AP, =P, - P, =

w

Breakthrough pressuréhe breakthrough pressuPan, when CQ percolates through a
porous medium depends on the mean pore size egdrasserms of specific surfa&
and void ratioe = expa- Cc log(p’/1kPa), the wettability of the minerals inetipresence
of water and CQ and the standard deviation in pore size distigoutWe can extend
Laplace’s capillary pressure equation to obtain th#owing expression for the
breakthrough pressure (Espinoza and Santamarita):20

S, pT,cosb
o
1kPe

P =W (6)

e.LkPa - Cc |Og

wherep’ is the in situ effective stress, and the fagtatepends on clay fabric and grain
size distribution; a value of 0.84< 0.08 applies to smectite clay barriers. The sgalin

capacity of cap rocks will depend on this breaktigio pressure; thereafter, the leak rate
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will be determined by the cap rock permeabilitya®, (Fleury et al., 2010; Pusch et al.,
2010).

Differences in mass density — Convection and sedihga CO; is lighter than water or
brine at reservoir P-T conditions (Figure 2.7). TB@end numbeB quantifies gravity-
driven CQ migration as a function of the mass density déifee f — pcoo) relative to

capillary forceslscod9) (Pennell et al., 1996):

B= (pw ~ Pco, )ngcoz
T, cosd

(7)

The mass density of the water with £i® solutionpso [kg/m?] is slightly heavier
than the formation water and can be estimated ffeenmass density of pure wajgy

[kg/m?] and the concentration of G@ waterxco, [mol/m?] as:

Psol = P+ MegpXcop ™ Xco2PuVy (8)
where mecoJkg/mol] is the molecular weight of GOandV, [m*mol] is the apparent
molar volume of dissolved GQas a function of temperature,,387.51-9.585- 16T
+8.740-10'T°-5.044-10T? (Garcia, 2001). For example, there is an incréas#ensity
Ap~ 10kg/n?, for water saturated with G@t 10MPa and 313Kk€oz~ 1,230 moles/f).
Dissolution-densification and gravity-driven flowillhcause convective transport which
will accelerate C@mixing in the reservoir water (Riaz et al., 20B@geafsey and Pruess,
2010).

Differences in viscosity: Fingeringfwo dimensionless numbers control the pattern of
fluid displacement: (1) the ratio of viscositigsbetween the invading fluidco, and the
displaced fluiduw, and (2) the capillary numbérwhich is the ratio between viscous and

capillary forces:

M = Heon (9)
Hy,
C — qﬂCOZ (10)
T, cosf
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whereq[m?¥s/nT] is the injection rateT{N/m] is the interfacial tension between water
and CQ, and6 is the contact angle formed by the water.G@erface and the mineral
surface. Stable displacement takes place wMet andC>1, viscous fingering when
M<<1, and capillary fingering whe@<<1 (Lenormand et al., 1988). Since the viscosity
of CO, is at least one order of magnitude lower than tifatvater at reservoir P-T
conditions (Figure 2.7)CO, may displace water from the pore space in the fofm
viscous fingers; in this case, the bulk volume edimentVyy involved in storage will
increase dramatically (Equation 1).

CO, lowers the viscosity of 0ilCO; dissolves in crude oil (typically alkanes with less
than 13 carbon atoms at reservoir conditions \W#i0MPa andl>320K), lowers the
viscosity of the crude oil, and favors oil recovéBjunt et al., 1993).

Summary Interfacial tension and the capillary entry pressfor CQ into a water
saturated seal cap rock decrease with pressuredi$éalution of CQin water increases
the density of water, promote gravity-driven flowdaaccelerate mixing. Pronounced
differences in viscosity between liquid or supdrcal CO, and water tend to promote

viscous fingering during C{njection.

2.3.3 Chemo-Hydro-Mechanical Coupling

Increased fluid pressure and fault reactivatidie increase in pore fluid pressure during
CO, injection can reactivate nearby faults if the estaf effective stress approaches
failure conditions (Rutqvist and Tsang, 2002; $ted Hillis, 2004).

Capillary-driven deformation The invasion of immiscible COin a water saturated
reservoir gives rise to capillary forces and canseasignificant volumetric deformation
in fine-grained sediments (Delage et al., 2008).

Fluid-driven fracture formation Hydraulic fracture can take place in both cohesiv
cemented and cohesionless-frictional sedimentsrriBje et al., 1972; Jaworski et al.,

1981; Zhai and Sharma, 2005). Particle-scale mestmsncompatible with the effective-
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stress dependent strength of sediments take imsideration capillary forces induced by
the tensile membrane between £ADd water, seepage drag forces, and skeletalsftoce
explain particle displacement and localization (&md Santamarina, 2010).

Effects of pH and permittivity on interparticle etiecal forces — Changes in clay fabric
Two fluid-mineral interactions anticipate changes interparticle forces after GO
injection: (1) water acidification changes the malesurface charge, and (2) the low
permittivity of CG, ('~ 2 to 3) compared to watet’ € 80) implies changes in van der
Waal's attraction (Obriot et al., 1993; Palominaddantamarina, 2005; Israelachvili,
2011). These fluid-mineral phenomena will alter gogiilibrium between van der Waal's
attraction and double layer repulsion forces atdlag platelet scale, cause changes in
clay fabric, and affect the seal capacity of cagkso

Reactive fluid transport — WormholeAcidified water dissolves minerals and enlarges
pores along transport channels (Emberley et ab42®/atson et al., 2004; Kaszuba et al.,
2005). The hydraulic conductivity may increase bfaetor of 10-to-100 (Verdon and
Woods, 2007), with even small changes in globabgity, as can be predicted using the
Kozeny-Carman model. Two dimensionless numbersrabtiite evolution of dissolution
patterns: Damkdohler number represents the rativd®t advection and reaction times
Da= «l/v (reaction rate[1/s], characteristic lengtiim], velocity v[m/s]), while the Peclet
number is the ratio between advection and diffusiore Pe=vI/D (diffusion coefficient
D[m?s]). The process is mass-transfer limited if ansical reaction is very fast
compared to mass-transfer kinetiba>>1 (e.g., more likely in the dissolution of
carbonates). Otherwise, the process is reactientraited Da<<1 (e.g., more likely if
the dissolution of aluminosilicates is involvedherl dissolution pattern during reactive
transport can be categorized as face/global dienlyDa>10° Pe<10®), dominant
wormholes Da>103, Pe>102), or uniform dissolution@a<10®) (Golfier et al., 2002). A

rapid mineral dissolution rate combines with théerent sediment heterogeneity to
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facilitate a dominant wormholes tendency (Fredd drapgler, 1998). Wormhole
formation would lead to marked G(@akage.

Dissolution — Horizontal effective stresskShear and tensile fractureSomplementary
analytical, numerical (DEM and FEM), and experinaém¢chniques show the effects of
mineral dissolution and ensuing particle-level vo&contraction on the evolution of the
state of stress under constant overburden at aézcal strain boundary conditions during
mineral dissolution. In particular, the stressaadt zero lateral straiko=c"r/o'y (Jaky,
1944; Mayne and Kulhawy, 1982) experiences a prooed decrease during mineral
dissolution, and it may reach the Rankine activlufa condition k on the Coulomb
failure plane (Shin and Santamarina, 20@&Jain localization along shear planes may
follow (Shin et al., 2008). Furthermore, mineradstilution causes sediment compaction,
and the cap rock may experience bending and tefadilee.

Coal swelling pressureCoal swells, its fluid conductivity decreasesd dhe effective
stress increases with the adsorption of,G8omerton et al., 1975; Pekot and Reeves,
2002; Mazumder et al., 2006). Eventually, £CH, replacement in coal may become
self-limiting because of coal swelling and redufredture porosity (Ceglarska-Stégka
and Zaebska, 2002).

Summary The trapping mechanisms of €@ geological formations rely on physical,
chemical, and mechanical processes identified alitaeh has different time and spatial

scales. We summarize potential implications on €f0rage in Table 2.3.
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Table 2.3 Coupling and emergent phenomena

Coupling Emergent phenomenon

- Relative hydraulic conductivities

- Differences in mass density and buoyancy

- Differences in viscosity and viscous fingering

- Fluid segregation

- Pressure dependent surface tension and contglet an
- Percolation and break through pressure

Multiphase
fluid
phenomena

- Reduction of oil viscosity by CO

- Dissolution followed by increased porosity andepsize

- Reactive transport and wormhole formation

Chemo- - Spatial changes in hydraulic conductivity

Hydro - Gravity-driven self mixing, C@diffusion, pendular water, mineral precipitation

- Coal CQ adsorption: reduced fluid conductivity and swejlpressure

- Hydrate formation and depressurization: fluidurok expansion, possible gas-driven
fractures

- Increased fluid pressure and lower effectivesstre
Hydro- - Fault reactivation; hydraulic fracture of the aapk

Mechanical | - Capillarity-driven contraction

- Fluid-driven fracture formation

- pH and permittivity effects on DLVO, changes laycfabric
- Pressure solution/precipitation

Chem(_)— - Mineral dissolution and sediment compaction
Mechanical . )
- Cap rock bending failure
- Decrease in horizontal effective stregsShear fractures in contraction
Chemo-
Hydro- - Combination of previous phenomena
Mechanical

2.4 Monitoring Strategies and Risk Assessment

CO, leakage from storage sites back into the atmosptiecreases the efficiency
of CO, storage. Faults and abandoned wells are prefatditw paths that add to the
slow transport and diffusion through otherwise cwrus strata (Calabrese et al., 2006;
Dooley et al., 2006; Leuning et al., 2008). Monitgris required to assess the movement
of CO, and to detect leaks. The design of a monitoringtesyy must consider the large
areal extent of C@storage reservoirs (on the order of 4kmnd account for spatial and
temporal variability.

Potential monitoring methods, most of them alreaalailable for other
applications, are summarized in Table 2.4. Theseitoing methods take advantage of

differences between physical properties (mass termilk stiffness, electrical resistivity
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and dielectric permittivity, and thermal charac#cs), the detection of byproducts from
chemical reactions, or coupled process effects sisclubsidence or micro-seismicity.
Tracers such a$C and SE may be included in the injected €® facilitate detection

(Leuning et al.,, 2008)The most common subsurface geophysical methodsidep

reservoir applications are based on elastic waopggation and electrical resistivity
(Kiessling et al., 2010; Nakatsuka et al., 201d)e Tollowing analysis expresses their
applicability to CQ geological storage. The bulk modulBgix of the sediment can be

estimated from the Biot-Gassman equation:

2 -1
B, =B, +|1-2% | ||y Seoz | 170 BS; (11)
B B, Becz) B, B

g w g
where subindices represent the skeletigrthe mineral that makes the gragshe water
w, and the C@ The density of the mixture is:
Prix = L= 05 +N(Sc00Pc00 + SuPs) (12)
Then, the compressiondp and shea¥s wave velocities are:

Ve = \/ ( 2 +p4/3 BBSK] (13)

v, = [Su (14)
pmix

whereGg is the shear modulus of the mineral skeleton.

The electrical conductivity of a geological fornmati depends on the
concentration and mobility of hydrated ions in gege fluid and the volume fraction of
fluid in the formation (Santamarina, 2001). Thesatjon of CQ displaces the electrolyte
(conductivity o) and the formation conductivity can be estimatsthg the Archie's

equation (Mavko et al., 2009):

Uform = Ufl [n(sperc - SCOZ)]’B (15)

24



whereSco=<Sere the maximum saturation of G@t percolationFigure 2.10 shows the
variation of P-wave velocityp[m/s] and electrical conductivity;orm as a function of the
CO, saturatiors;o,. Because Cgis non conductive and has a much lower bulk magulu
than water, botlwom and Ve decrease as the relative saturat®a, increases. While
forward predictions show a clear effect of £@h V, andowm, the inverse analysis is
hindered by measurement errors and error propagatience, the estimation &o;

from field measurements remains challenging.

' ‘ ‘ 1
- Porous medium:
Porosity ¢ = 0.42
= 087\ * V,(dry) = 1000m/s los _
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Figure 2.10  Reduction of P-wave velocity and eleat conductivityoiom=1/0orm With
CO, saturation for a sediment with porosity0.42. Ratio of P-wave
velocity computed with/p(Brine) = 1540m/syp(CO,)= 268m/s (at
T=40°C andP=10MPa), \k(dry sediment)=1000m/s, ang=0.1.
Electrical conductivity computed with an expongag for relative
saturation and porosity, and a percolation thres8al=0.7.
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Table 2.4

C@monitoring techniques

Method | Property measured Principle, comments and issues
1. SUBSURFACE MONITORING
- 2- .
Porewater CO,, HCOs, COs, DIC, major CQO, dissolves in water and changes water

geochemistry”

ions, pH, alkalinity, salinity, and
isotopes

geochemistry

Seismic technique®

P-wave velocity and amplitude

The bulk modulus of C&'s one order of magnitud
lower than that of water

Electromagnetic
techniques®

Resistivity and electromagnetic
waves

High impedance mismatch of electricainductivity,
and dielectric permittivity between G@nd
formation water.

Temperature signa?

Temperature

CO, causes non-isothermal events such as
expansion induced cooling of G@nd thermaheat
dissipation from C@dissolution

Infrared monitorind®

Infrared absorption

CO, gas shows characteristic absorption spectrd
for infrared waves.

m

2. NEAR SURFACE MONITORING

Analysis of near-surface
water®

Isotopic composition, tracers, bull
gas composition, and DIC

CGO, dissolves in water. A meaningful analysis
requires a thorough understanding of the
geochemical cycle at the site.

Surface analysis of soil
gas™

Composition of gas fluxes throug
the soil

]COZ leaks would eventually percolate through th
soil. Point measurements <iare accurate but

they lack spatial resolution

D

Near surface analysis 0
air compositiorf®

CO, concentration in the near
surface by infrared gas analyzer,
eddy correlation tower, and light
detection and ranging measure

gases. Local changes in turbulence and biologig
sources and sinks of G@ake the identification
difficult.

CO, from leaks readily mix with other atmosphetic

al

3. ON-SURFACE MONITORING

Time-lapse 3D reerctimL

seismic imaging”

P-wave velocity and amplitude

Takes advantage of low bulk modulus of CDis
routinely used in the petroleum industry and can
track the plume subsurface movement.

Gravity 19

Mass density

Cgis generally lighter than water

Ground displacement¥’

Subsidence and heave, vertical
displacement

CG;, injection alters pore pressure and effect on
effective stress, and therefore strata compreggil

Surface analysis of
carbon content in soft?

Carbon content binelastic Neutro
Scattering INS

Increased C@levels asphyxiate aerobic organisn

ns.

Remote sensing of air
composition!”

CGO, atmospheric concentration
by hyperspectral remote sensing
vegetative stress and long open (
infrared absorption

Z%%plicable at large scales

(1) Gunter et al., 2000; Emberley et al., 2004; Bitet al., 2008; (2) laboratory studies (Xuelet2005;
Shi et al., 2007; Lei and Xue, 2009) and pilots€Btaley et al., 2007; Daley et al., 2008; Onighile
2009; Bohnhoff et al., 2010); (3) Gasperikova ammvétsten, 2006; Nakatsuka et al., 2010; (4) Biklies
al., 2008; (5) Charpentier et al., 2009; (6) Oldegtet al., 2003; (7) Oldenburg et al., 2003; Legrét al.,
2008; (8) Strazisar et al., 2009; (9) Arts et2004; (10) Alnes et al., 2008; (11) Alnes et ab0;
Kempka et al., 2008; (12) Wielopolski and Mitra, 120
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2.5 Conclusions

The volume of the geological formation that is aeféel by the injection of CO
depends on geometric boundaries, spatial varigbiflaw conditions, and the emergence
of viscous fingering. The physical properties of {30ch as density, viscosity, interfacial
tension, and bulk compressibility vary with pregsand temperature conditions, and
must be properly modeled in numerical simulatiodsC®, geological storage. In
particular, the C@water interfacial tension decreases with fluid sgtge. Lower
interfacial tension reduces the capillary entrysptee for CQinto a water saturated seal
cap rock.

High CQ, injection pressures can induce fluid driven fraeesuand trigger
displacements along preexisting faults. The salybof CO, in water is high under
reservoir pressure conditions. The density of watereases with dissolved GOand
convective self-mixing takes place. Water acidiima in the presence of G@&nhances
mineral dissolution and alters the sediment falinen clay minerals prevail. Silicates
have solubility higher than calcite but the reattiate is much slower. The evolution of
dissolution and ensuing dissolution patterns dementhe interplay between the rates of
advection, diffusion, and dissolution. Dissolutionay cause settlement, change in
effective stress, and the formation of preferenttennels for fluid flow, particularly in
carbonates.

The presence of GOdecreases the fluid bulk modulus, mass densitg an
electrical conductivity. These changes supportapplication of geophysical methods
based on elastic and electromagnetic waves to orodéep storage reservoirs. While
forward predictions are manageable, inverse arglisi hindered by measurement
difficulties and error propagation. Hence, the manmg of CQ geological storage

remains challenging.
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CHAPTER 3

CO, GEOLOGICAL STORAGE: A MASS BALANCE ANALYSIS

AND IMPLICATIONS

3.1 Introduction

The injectivity of CQ and the integrity of the reservoir-caprock systare
affected by mineral precipitation and dissolutioa(s et al., 2008). Mineral
precipitation reduces porosity, lowers permeabilapd hinders the injectivity of GO
The CQ injection pressure can be increased to overcomectimpromised injectivity,
but this approach may cause hydraulic fracturethénreservoir (Rutqvist and Tsang,
2002; Streit and Hillis, 2004; Shin and Santamari2@l0). On the other hand, mineral
dissolution triggered by CQiriven brine acidification will increase permeatyilichange
the state of stresses in the reservoir (Shin anda8®rina, 2009), and cause caprock
bending.

In this manuscript, different zones in the resenariound injection wells are
identified in terms of the prevailing conditionsdaphenomena. Then, we analyze key
phenomena in each zone taking into account parassteh as temperature, pressure,
brine salinity, mineralogy, and porosity. These e.specific storage reservoir analyses

provide robust guidelines to understand short ang-kterm reservoir performance.

3.1.1 Zones

The CQ reservoir can be analyzed into four different zorm@ound a C®
injection well (Figure 3.1 - modified from an eadgnation by Azaroual et al. 2007). The
far-field Zone | is not affected by the GGnjection, and brine saturation §=1.

Acidified brine dominates Zone Il and mineral dission prevails over precipitation;
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loaded with dissolved COand minerals, denser brine experiences convediuh
sustains further dissolution in this zone (Weialet 1996; Riaz et al., 2006; Hassanzadeh
et al., 2007; Kneafsey and Pruess, 2010). The stnéngth in brine increases as water is
removed by the injected GQand salt precipitation may occur in Zone lll;fact, brine
acidification and brine dissolution into G©@oexist in the transition Zone Il and there is
partial compensation between mineral dissolutiod pirecipitation. The C@Osaturation
approache&:ox=1 near the injection well (Zone 1V) where the canbus influx of “dry”

CO; first displaces and dries all the residual brind eauses salt precipitation.

3.1.2 Geological Formations

Sandstones and carbonates are common candidatatifmmshfor CQ geological
storage (Gale, 2004; Dooley et al.,, 2006). Tablk fummarizes the mineralogical
composition of sandstone and carbonate formati@insgbconsidered for COstorage.
Sandstone reservoirs are made of oxides (e.g.,tzgumrd hematite), and some
aluminosilicates (e.g., various feldspars, micasl elays) and carbonates (e.g., calcite,
dolomite, and siderite). The dominant mineral i ttarbonate reservoirs is calcite,

followed by a small fraction of aluminosilicatesdariays.
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Ay—convection
_______ CO,in Water
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Figure 3.1 Zones around a g@jection well (modified from Azaroual et al., 200
M: Mineral, B: Brine, Sco2: saturation of CQ Sg: saturation of brine.
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Table 3.1 Mineralogical compositions (volume peatege) of reservoir sites for the
CO, geological storage

Sandstone Carbonate
Mineral (1) (2) (3) (4) (5) (6) (7) (8)
Quartz 58 70 77 60 75 80 30 0
Calcite 1.93 8 1.3 0 3 0 45 70
Dolomite 0 13.8 0 0 10
Siderite 0 0.2 0 0 0
Kaolinite 2.02 1 2.25 0
lllite 1 0 0 11 0 10 5 5
Oligoclase 19.8 0 0 15 0 0 7
K-feldspar 8.2 5 0.6 3 13 1 8
Albite 1 0.6 0 3 2 0 5
Anorthite 0 0.66 0 0 0 0
Na-smectite 4 0 2.25 0 0 0 0 0
Chlorite 4.55 0 0 11 0 0 4 0
Hermatite 0.5 0 0 0 0 0 1 0

(Data source'” Gulf Coast, Frio (Xu et al., 2008} Rose Run, Ohio (Zerai et al., 2006),
) Colorado Plateau, Utah (White et al., 2068} (" Arno River Plain, Italy (Biagi et al.,
2006),® Utsira, Sleipner (Hellevang, 2006}, Hettangium and Contorta, Germany
(Meyer et al., 2008)® Dogger, France (André et al., 2007))

3.2 Geochemical Analyses

Let's analyze the four different zones that devedopund injection wells at GO

storage sites (Figure 3.1), starting with the cositpan of the formation water.

3.2.1 Far-Field Zone |

The formation water in a geologic basin origindtesn the subaerial evaporation
of sea water, the subsurface dissolution of misenatiuding evaporates, membrane
filtration, and dilution by meteoric water (LanddaRrezbindowski, 1981; Connolly et al.,
1990; Pauwels et al., 1993; Hanor, 1994; Kharaka.e®006). The resulting formation

water is either &la-Cl or aNa-Ca-Cl type at most candidate sites for £50orage (Figure
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3.2). The pore fluid evolves towards equilibriumtiwihe formation minerals, but the

time interval may be insufficient for complete ddurium in relatively active systems

(Pauwels et al., 1993; Baines and Worden, 2004néag et al., 2005). In general, the

formation water is: (1) under-saturated in term®wdporate minerals such as halite and

anhydrite, and (2) either under-saturated or inildgum with other minerals in the

formation (Connolly et al., 1990 — see estimatioiXu et al., 2005).
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©
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c
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107 -
109
Ca Mg Na K Fe Si S Al Cl
Component
Number Site Pressure [MPg] Temperature [{C] Refaren
1 Frio 20 75 Xu et al., 2005
2 Sleipner 10 37 Gaus et al., 2005
3 Rose Run 22 75 Zerai et al., 2006
4 Colorado Plateau 10 40 White et al., 2005
5 Paradox Valley 30 120 Rosenbauer et al., 2
Figure 3.2 Chemical composition of formation wdtarcandidate C@sequestration

In this analysis, we consider a single mineral fation, calciteCaCGQ;, and

sites.

assume that equilibrium has been reached (Las84d; Baines and Worden, 2004). The
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formation water retains its original halitdéaCl concentration ranging frorS8akQ to 6
[mol/kg-water] and is in equilibrium with the forti@n CaCQ. The resulting
geochemical composition of the pore fluid is undatdrated with haliteNaCl and
saturated with calcit€aCGQ; (Computation details in Chart 3.1). Two assumiane
made to formulate the mass balance calculationthelinitial system consists of mineral
and brine only and there is no entrapped gas, amwdater salinity is controlled by the
initial concentration of haliteNaCl. All symbols and conditions relevant to the mass

balance analysis are listed in Table 3.2.

3.2.2 Zone Il — Mixing and Mineral Dissolution

The CQ phase that reaches Zone 1l is water saturatethelrproximity of fresh
brine, CQ dissolves into the brine and acidifies it; mined#solution follows. The
concentrations of species in brine at equilibriutmew CQ and mineral dissolves to its
maximum solubility are evaluated based on the ahitomposition, pressure, and
temperature (Computation details in Charts 3.2.49. ¥he new equilibrium condition is
used to compute the change in pH, density, anchwel{Figure 3.3; Charts 3.5 to 3.7).
pH. Without any buffering by mineral dissolution, tsssolution of CQ acidifies brine
to pH~3 (computed using G@olubility and acidity constar,; for the dissociation of
total H,COz*«H'+HCO; where the total dissolveti,COs* is the summation of
aqueous carbon dioxideO, g and true carbonic actd,CO;s; for a depth~1km, pressure
P~10MPa, temperaturé~40°C - Figure 3.4; computation details in Charf).3The drop
in pH is more pronounced when the brine salinitylag. If mineral dissolution is
accounted for, the pH of brine converges to arobnébr the sameP-T condition
(computed in PHREEQC with the input of concentratod dissolved C@and ambient
calcite environment; for a depth~1km, presderdOMPa, temperaturé~40°C - Figure
3.4; computation details in Chart 3.4). Throughalltthese calculations, brine remains

under-saturated in terms of halkaCl.
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Table 3.2

Symbols used in the geochemical analysis

Notations Subscripts
Equilibrium constant K[] Aqueous state Aq
Fugacity D[] Brine B
lonic concentration C [mol/kg] Calcium Ca
Mass M [kg] Carbon C
Mass density p [kg/m?] Chloride Cl
Mass fraction in aqueous phase X T[] Hydrogen H
Mass fraction in gaseous phase Y [-] Oxygen (0]
Mole fraction in aqueous phase X [] Salt (hali@®) S
Mole fraction in gaseous phase Y [] Sodium Na
Amount of substance n [mol] Solid mineral (CalcttaCQ) | M
Molality b [mol/kg] Supercritical CQ CG,
Molar volume Vm [m/mol] | Total (=CQ+mineral+water) T
Molar mass m [kg/mol] Water W
Pressure P [Pa] Values
Porosity ¢ [-] Critical temperature, & 31.1°C
Salinity Sal [mol/kg] Critical pressure.P 7.39MPa
Saturation S Molar volume of calcite, \{m | 3.7*10° m*/mol
Solubility Sol [mol/kg] | Molar volume of halite, Ven | 2.7*10° m*/mol
Temperature T [°K] Molar mass of GOncoz 44g/mol
Universal gas constant R [J/K/mol] Molar mass ofdNang 58g/mol
Volume V [nT] Molar mass of calcite, gn 100g/mol
Molar mass of water, { 18g/mol
Density of mineralpy, 2700kg/n
Superscript
Reference state <0> In GPhase Co
Right after CQ injection <1> In brine phase B
At equilibrium <2> In water phase w
Ensuing event <3> Total T
Salt (halite) S
Equations
Mass density of wat€t f(P,T) Mole fraction of water in C& | f(P,T)
Mass density of bring f(P,T,Sal) Solubility of C@? f(P,T,Sal)
Mass density of C&’ f(P,T) Solubility of halite Na¢f f(P,T)

Geochemistry

- Mineral dissolution (calcite):

CaCQg — Cd* + CO™; Ky = 10°%

W Bachu and Adams, 200%) Duan and Sun, 2008’ Spycher et al., 200%) Sawamura

et al., 2007
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Volume At equilibrium:
Veor™ CO, CO, (+W) C$% = f(C,P,T)
\/,<0> Vg B (W+S+M) B (W+S+M+CO,) Ceoz = f(C,P.T)

T > L S_ ] Cs =f(C,P,T)

V< M M l
5o =Yoo +V5© P = F(C,P.T)
<0>
" P =1(CPT)
A _
=B =1-
Sgwe e pi = 1C.PT)
Mass: Mass:
M, = ¢ [-S,) V7 032, Mo, =MSSs + Mo,

M ;1> = ¢<0> [SB WT<O> @;0>
) + Ch</|0> W<0> [SB w‘r<0> @;0>

M ;1> = C;0> W<O> ESB WT<0> u);w

M h</|1> :( _§0<0> WT<0> u);lw

<2> _ Cc0o2 Cco2
MCOZ - MCOZ +MW
Atequilibrium M =MB_+M?B+
B co2 B
My =My
M =MS

Figure 3.3

T B COo2
MB _MB+MW

M =My + Mg

T S B
M s = M S + M S
<2>
V2 = Mecoo
co2 <2>
co2
M3 +M¢
M S <2>
—> V<2> — M B
B T _<2>
B
<2>
V<2> = M M
M <2>
Pu

Mass balance formulation for Zone YimBols areM: Mass,V: Volume,

C: lonic concentrationS Saturationg: Porosityp: Density,P: Pressure,
T: Temperature; SubscriptM: Mineral, B: Brine, W: Water (HO), T:
Total, S Salt (Halite NaCl); Superscript — <0>: Reference state, <1>:
Right after CQ injection, <2> At equilibriumCQO,: In CO, phaseB: In

brine phaseT: Total, S: Salt (Halite

NaCl).

Brine and CQ density The detailed computation of the brine and,Qfnsities is

summarized in Chart 3.5. The density of brine

iases as COand mineral dissolution

takes place (Figure 3.5-a). The ratio betweenrnbeease in density and the initial density

is higher when the brine salinity is lower becattse solubility of CQ decreases with

increasing brine salinity (Figure 3.5-b). For cdimis occurring at a 1km storage depth
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(P=10MPa andl=40°C), the maximum increase in brine density is %L (2omputation
details in Chart 3.5; Figure 3.5-b — see also Rraesl Zhang, 2008). The denser brine

can trigger convection and the dissolution-transpequence persists.

10 ~
Initial condition in the calcite environment
8 .
I
Q— 6 .
After CO, dissolution + mineral dissolution (calcite)
4 -
After CO, dissolution
2 T T T T T 1
0 1 2 3 4 5 6

Salinity [mol/ kg water]

Figure 3.4 Acidity in Zone 1l of a C{yeological storage reservaoir. Initial pH value
in the calcite environment, pH after g@issolves in the brine, and pH
after both CQ@dissolution and consequent mineral dissolutioruocc
(P=10MPa,T=40°C).
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Figure 3.5 Brine density in Zone |l of a €@eological storage reservoir: (a) Change
in the brine density and (b) the percentage of ghan brine density with
respect to the brine salinity (a storage depth~Iri,0MPa,T=40°C).
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Water also dissolves in the @@hase, but its solubility is very low. Figure 3.6
shows the mutual solubility of Gnd water, as a function of brine salinity, fopital
reservoir conditions (pressuRe10MPa, temperaturé~40°). The increase in the density
of supercritical CQdue to water dissolution is only ~0.08% for the e&T conditions

(computation details in Chart 3.5).

(a) CO, solubility (b) Water solubility
= 151 = 0.008 -
g S
s 3]
2 o
e ) o 0.006 -
=1 [=}
g E
> 2 0004 -
= 3
S 05 g
2 @ 0.002 1
S 9]
3 g
0 T T T T | 0 T T T T T !
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Salinity [mol/kg water] Salinity [mol/kg water]

Figure 3.6 Mutual solubility in Zone II: (a) G@olubility in brine and (b) water
solubility in CQ, with respect to the brine salinity (at Presderd OMPa
and Temperatur€=40°C). Results are obtained using formulae from
Duan and Sun (2003), Spycher et al. (2003), anddtemdeh et al. (2008).

Porosity Minerals are the dominant phase in f@ological storage. The computation of
the mineral volumetric change in outlined in Ch&®to 3.7. The maximum decrease in
the normalized mineral volume A8//Vy~0.2%, corresponds to zero brine salinity (for a
depth~1km - Figure 3.7). This volumetric contractiorthe combined solid-fluid mixture

may cause geomechanical implications such as changgfective stress and shear

failure.
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Figure 3.7 Normalized change in mineral volum¥y/Vy“"> for Zone Il. Note:

Maximum CQ solubility is considered (applied B=10MPa,T=40°C).

3.2.3 Zone lll — Transition Zone: Brine Displacemeh

Water saturated CQOdisplaces brine in Zone lll. The residual brinacfron
Ve IVr% =4 .S immediately after C@injection is a function of the initial porosity
9% and the residual fluid saturati® (Figure 3.3). The evolution of species thereafter
can be evaluated based on the initial composipoessure, and temperature including:
total dissolved carbonic ackd,COs* and other dissolved ions, the mole fraction ofewat

in CO; (Yw), and of CQin brine &coo).

3.2.4 Zone IV — Water Drying Near the Injection Wel

The residual brine phase gradually dries when eegbts the continuous influx of
dry CO, near the injection well. Mineral precipitation dg. halite and other minerals
dissolved in the brine phase) increases the minashlme fraction. The maximum

amount of calcite and halite precipitation are cated from initial equilibrium condition
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(refer to Zone Il — Computation details in ChaR)3Clearly, the increase in the mineral
volume fraction after the water dries is more promzed at higher initial brine saturation
S and brine salinitysal [mol/kg-water] (Figure 3.8). The contribution ofitial salinity

to the precipitated mass prevails over the contivbuof dissolved carbonates in most
cases because the amount of ions produced frone l@odification and carbonate
dissolution is much lower than salts containedha brine. The maximum increase in
mineral volume is 5% for an initial salinity ofakF4mol/kg-water and porosity

9=°"=0.286 under a depth~1krP¥10MPa, T~40°C). This increase in mineral volume

will hinder the injectivity of CQ.
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Figure 3.8 Normalized change in mineral volum&g/V\~~ for Zone IV as water is
removed by dry Coflushing P=10MPa,T=40°C, and initial porosity
0<°"=0.286).
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3.3 Hydro-Geomechanical Analyses

Hydro-geomechanical implications associated to lgeotcal process identified

above are addressed next.

3.3.1 Reservoir and CQ Plume Thickness

The quasi-static lateral spread of the (slume in the absence of geometric or
stratigraphic features is determined by the baldretereen the excess buoyant pressure
in the CQ and the capillary pressure required to invadestbeage reservoir. Therefore,
the CQ plume thicknes$icoz [m] is a function of the interfacial tension beemeCQ
and brineTs [MN/m], the characteristic pore radius in the ag@r reservoiR,ore [M], and
the unit weights of C®yco2 [N/m?] and briney,, [N/m?):

H. < 2 (1)

e Rpore |:ﬂyw - yCOZ)

For example, the plume thickness cannot excked=2.5m in a reservoir with
characteristic pore Siz&yoe=10um (assumedTs=50mN/m andy.-yco=4kPa/m). In
general, we can anticipate that the thickness of @@@nes in flat layered sediments will
be smaller thamdco,<10m in most cases. Thicker accumulations will neggeometric

traps.

3.3.2 State of Stress

Zone | Consider a brine-saturated geological basin waithnitial effective stress ratio
Ko=0ono lovo . Vertical total and effective stresses can berdeted from formation depth
z [m], unit weight of saturated medijgs [N/m?], and unit weight of brine,, [N/m?.
Thus, initial value of vertical total stress dgo [Pal=ysarz, pore-brine pressure g,
[PaFywz and vertical effective stress éso [PaF(ysaryw)-z The horizontal effective
stress is obtained from initial stress ratig’ [PaFKo (ysaryw)'z. Finally, the horizontal

total stress isho[PafF Ko (ysaryw) Z+ywz
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Zone Il Convection-sustained mineral dissolution causek@ease in the horizontal
effective stressno —a,’ While the vertical effective stress and pore-bgmessure may
remain almost constamt,'~o, ¢ and u=u,. Therefore, Mohr circle enlarges leftwards,
approaching the Coulomb failure criterion (Figur®-8). The ratio of effective stress
on'l o, also approaches the active pressure coeffigigiBhin et al., 2008).

Zone lll. CO, partially displaces brine; the residual brine eation isSs in Zone |IL.
Associated stress changes have been previouslyrerdp(Rutgvist and Tsang, 2002;
Streit and Hillis, 2004; Rutqvist et al., 2007; Rust et al., 2008; Shi and Durucan,
2009; Soltanzadeh and Hawkes, 2009; Ferronata,e2Cd0; Vidal-Gilbert et al., 2010).
The vertical effective stress’ and horizontal effective stregg after CQ injection are a
function of the unit weight of the saturated mediuga the unit weight of brine,, depth

z, brine saturationSs, capillary pressurei=ucoztu,, and the initial stress ratio;

following Bishop’s effective stress approach:
o-v = o-v - [SBUW + (1_ SB)uCOZ] = (ysat - yw)z_ (1_ SB)uc (2)

o-fl'l :(o-h _uW)_(l_SB)uC = Ko(ysat_yw)z_(l_SB)uc (3)
To estimate changes in effective stresses as dt @S0, storage, we couple the
saturation of brin& with the capillary pressurg (van Genuchten, 1980):

1—/1

T2

S, =|1+| = (4)

ua

The model parameter, [Pa] is taken as the G@ntry pressure, and the paramétéi]
relates to the sediment pore structure. Finer ardel sediments imply highag and
lower A values. These simple analytical calculations cawige first-order estimation for
changes in the state of stresses as a result pfrgation. Note that this approach might
not be applicable for the event of localized disptaent such as viscous fingering.

Zone IV During CQ injection, excess pressure is applied to causecitpeired pressure

gradient. The excess injection pressure gradualyished once injection stops. The
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asymptotic CQ pressure remaining above the brine pressure dbeidgancy and it is

maintained by capillarity at the boundariast=(yw-yco2)-Hr<2-T/Rpore, WhereHgr [m] is

the thickness of storage reservoir. Thus, the cargffective stress in Zone I¥/'= oyo-

Uy-Au is lower than in Zone 1. Capillarity pushed theéetal boundary away and the

effective horizontal stress in Zone IV decreasesynuch aaos<2-TJ/Ryore but limited

by the stress rati@,/ ,'>K, (note: the formation strains away from the inj@atwell, i.e.,

en>0). Therefore, Figure 3.9-b shows anticipatedsstpath in Zone IV.

(a) Zone I (b) Zone IV
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Figure 3.9 Geomechanical analysis - Change isttite of stresses: (a) in Zone |l

(Convection of C@dissolved brine sustains mineral dissolution, Wwhic
results in decrease in the horizontal effectivessis,” while vertical
effective stress remains same; ratio of effectivesss,’/o,' approaches
the active pressure coefficigfy), and (b) in Zone IV (At equilibrium,
CO; pressure is higher than initial pore brine pressyibecause of
buoyancy and capillary effeau=(yw-yco2)-Hr<2'T/Ruore The effective
horizontal stress decreases by as muawag -Ty/Ryore, but limited by the
stress ration'/ 0,/ >K, (note: the formation strains away from the injeati

well, i.e.,en>0).
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3.3.3 Implications of Dissolution (Zone 1)

Convection Rayleigh nhumbelRa compares convective and diffusive transport. For a
storage reservoir thicknes$z [m] with permeabilityk [md], diffusivity D [m?s], and
fluid with viscosityu [Pa-s] and density differen@g [kg/m’] the Rayleigh number is
(Hassanzadeh et al., 2007):

klAplglH,
M I[D

Ra= (5)

Denser C@-dissolved brine triggers instability wheRa>4rn® (Kneafsey and Pruess,
2010). Persistent convective flow may sustain, @@solution in brine, its acidification,
and ensuing mineral dissolution. The time for cato® is tcon=Hr/Veony Where the
Darcy velocityveony [M/S]=k-Ap-g/u can be computed from the driving gradient and the

hydraulic conductivity:

= A Be ©
conv kmp@

For a typical storage reservoir with permeabiliky200md, thicknesdHg=10m, and
density differenceAp=20kg/n?, the Rayleigh number iRa=4.4*10>>4n% convective
fingering will take place, and convective fingerdlwouch the bottom of the reservoir
after teonveciior9 Yyears. The mineral flux rate due to convectioninisthe order of
AVupultcone Therefore, while the mineral dissolution may oe,l short convection time
may cause substantial mineral flux rate in Zone Il

Compaction-Driven Shear FailureConvection-sustained mineral dissolution causes
settlement and change in the state of stress wuhstant overburden stress conditions.
In particular, the ratio between horizontal effeetistress to vertical effective stress at
zero-lateral straito=on'/o,’ (Jaky, 1944; Mayne and Kulhawy, 1982) may decreasa
result of mineral dissolution, and cause the systemrmeet the Rankine active failure
conditionK, (Shin and Santamarina, 2009; Shin et al., 201@, @812). In fact, mineral

dissolution may cause shear failure within themesein Zone Il (Figure 3.1).
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Caprock Bending Failureln addition, convective flow and sustained digioh may
result in an poorly supported span beneath theockp(iFigure 3.10-a). Let's consider a
uniformly-distributed load on a 2D beam overlying elastic foundation (Hetényi and
Michigan, 1946). The maximum tensile stress.x [kPa] that develops at the bottom of
the caprock in the middle of the softer span isirecfion of the average density of the
overlying layerp. [kg/m®, the depth of caprock. [m], the thicknesdd. [m] and vyield
strength of the caprock, [kPa], the length of the free spanee [Mm]. The characteristic
length scale of the system As[m™]=*V(k/4El.), wherek, [kPa] is the stiffness of the
reservoir,E.[kPa] the Young’s modulus of caprock, aiRfim?] the moment of inertia of
caprock. Then, assuming lateral boundaries atitefithe maximum tensile stress in the
caprock is (Hetényi and Michigan, 1946):

Utmaxzsmn.z[ln,z_'_ 6_(77-27723)2 j’
y 4" 6m(2+mm)

L
where 7z, = Pc9% T, = |_f|'ee ,andr, = AH, (7)
o

y Cc

Figures 3.10-b and c suggest the maximum free kgyagth to avoid bending failure of
the caprock for conditions that resemble the Fraget (USA; Doughty et al., 2008) and
the Weyburn project (Canada; White et al., 2004sURs suggest that the free span

cannot exceed 20% of the caprock thicknkegs/H<0.2.
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(a) Uniformly distributed loading over a dissolved free span

A

Zc

Caprock: E¢ (Young's modulus), gy (Yield strength) I He
Reservoir D E— Stiffness: k;
I-free

(b) Frio project (USA; m,=7.36, m3=2.55) (c) Weyburn project (Canada; m;=7.11, 1m3=2.05)

174 (Otmax/Oy)
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14 (Oimaxl/O: y)
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I
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Figure 3.10  Mineral dissolution-induced bendiniduf@ of the caprock. (a) Uniformly
distributed loading over a dissolved free span éfisionless ratios:
m=p9zZ/oy, mo=LredHe, m3=AH, andms=omaioy). Application to CQ
sequestration projectke varies from 0 to 10m): (b) Frio project (USA;
depth of caproclk.=1500m, thickness of capro¢k=24m) and (c)
Weyburn project (Canada;=1450m,H.=10m). Note: average density of
overlying layep.=2500kg/ni, Young’s modulus of caprock and reservoir
E=E=10GPa, Poisson’s ratie0.2, stiffness of reservok=1.6E;-(1-
v)I(2-(1+)-(1-2)), yield strength of caproek=5MPa.

3.3.4 Porosity and Permeability Change due to Diskdion (Zone II) and

Precipitation (Zone 1V)

Mineral precipitation decreases porosity and lowtis fluid permeability. The
Kozeny-Carman formula defines a power-law relatmmdetween normalized porosity
¢lpo and normalized permeabilityky (Carman, 1956)k/k=(¢/po)” wherepy andk, are

initial values for porosity and permeability. Theatysis of Zone IV (the complete
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evaporation of water) shows that the mineral voluwae increase by5%. The exponent
o. has been reported to be at least larger th@(e.g.,a~3.4 from Wellman et al., 2003;
0=5~6 from Mohamed and Nasr-EIl-Din, 2012). A valdie®3 yields a 16% decrease in
permeability. Note that the power law represents @verage value of porosity and
permeability. Since a geological formation constdheterogeneous porous media, the
reduction in permeability could be locally diffeten

For a more rigorous analysis, consider a porousiumedvhere CQ breaks
through from one end to the other while residuahdmremains (Figure 3.11-a). We
simplify this structure into a parallel arrangeméntwhich one phase is GGnd the
other is brine (Figure 3.11-b). For this arrangethéhe maximum attainable GO
permeabilitykco, [M?] is:

Keor = Ston ke + A= S02) Lk (8)
wherek; is the permeability of COayer andk the permeability of brine layer in Figure
3.11-b. Salt precipitation is likely to occur mgsith the brine layer, so the permeability
of the brine layer will becomi™ (computed using Kozeny-Carman formula). Then, the
maximum attainable C{permeability is (Figure 3.11-c):

Koz = Soop ke + (1= Soop) KT 9)
Figure 3.11-d suggests that the decrease in thémmax attainable C@permeability is
minor. Indeed, C@will invade and displace brine from the largereicbnnected pores
and then dry the water from residual brine patckel;precipitation in the pore space of
these patches will not significantly decrease tleimum attainable COpermeability.

In summary, Salt precipitation will not cause cloggif continuous pumping occurs (i.e.,

channels remain open), and only a minor decrea€®jrpermeability is anticipated.
Mineral dissolution increases porosity and enhartbesfluid permeability in

Zone Il. A similar analysis predicts a very smaltriease in permeability <1% when the

normalized decrease in the mineral volume is ~0.Riwever, convection-sustained
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mineral dissolution could cause more pronouncech@bs in permeability within the

storage time.

(b)

Bnne

k’hl-'-'\-
e o

F Brine, Sg
(©) Saltprecipitation (d)
Keoz 4 k002‘7 o
8 1
< /’ /
EN ’
SECERY ’
O \ [
X \ '
S 06 \ /
§ \\ ’I
rd
2 04 RN .
% ...............
e 0.2 Lowerboundary (series)
g o
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Initial CO, saturation, Sco»

Figure 3.11  Change in the permeability of Gter salt precipitation. (a) Ganvases
and residual brine in the pore space. (b) Simlifan into a parallel
arrangement. (c) Original evolution of @@ermeabilitykco, with respect
to CO, saturatiorsco, and modified C@Qpermeability after salt
precipitation. and (d) Ratio of modified maximunteatable CQ
permeabilitykco2"=Scozke+(1-Scoz) ki to original maximum attainable
CO;, permeabilitykco=ScozKe+(1-Sco2)-ks with respect to the initial CO
saturationSco, right before salt precipitation takes place, asagm
parallel arrangement (solid line), and lower bougidehen assuming
series arrangement (dotted link)=10-k; k" is obtained from Kozeny-
Carman formula with exponent3 and normalized porosity change
¢lpo=0.95).
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3.4 Conclusions

Four different zones are identified in the storeggervoir around injection wells.
Mass balance calculations show the extent of mingigsolution and precipitation.
Density changes, fluid convection, and hydro-gedraaical analyses lead to the flowing
conclusions.
» The formation water is under-saturated in terfmsvaporate minerals such as halite and
anhydrite and either under-saturated or in equuifbr with other minerals in the
formation.
* In leveled sediments (i.e., no geometric trapg, €Q pool thickness may be limited by
lateral capillary trapping rather than by the seshinlayer thickness. Typical pools will
be only a few meters thick in the absence of gepaieaps.
* Brine densifies as CQOand mineral dissolve. Density changes are moreguioced
when the brine salinity is low; the maximum increeas brine density is ~1.2%. The
maximum decrease in mineral volume at equilibrigmy\f\y/Vy<0.2% for the worst zero
brine salinity case. The associated increase im@aibility is <1%.
* The continuous influx of dry COdries the residual brine near the wellbore. The
precipitation of secondary minerals increases tireeral volume by a maximum of 5%.
A minor decrease in C{permeability is anticipated.
» The time for convection may be as low as few gedar pervious reservoirs. Short
convection times will aggravate dissolution conseme in relatively short storage time.
Convection-sustained mineral dissolution in thexprnity of fresh brine causes a
decrease in the horizontal effective stress—on,. Either compaction-driven shear
failure (system satisfies the Rankine active failaondition) or caprock bending failure
(gradual development of a poorly supported sparedtbnthe caprock) may occur as a
result of mineral dissolution. In particular, thesupported free span of the caprock

cannot exceed 20% of the caprock thickness.
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Computation Charts

Chart 3.1 Initial pore fluid composition (Zone I)

Only mineral and brine exists in the far-field Zdn&olume terms are:
« Volume of mineral V> =(1-¢"%)-\%*® (C.1)
« Volume of brine\Vg® =¢<% . \,<*> (C.2)

<0>

wherep<? is the initial porosity, antf7**” is total volume.

<0>

» Concentration of saNlaClin brine:byaci [mol/kg-water]-Sal (C.3)
where salinity is preset between $ak6 [mol/kg-water]

« Concentration of calcite in brinbea® [mol/kg-waterk VKy=10*2* (C.4)

» Mass of brineM ;% = p5” > V> (C.5)
Brine densityps"®” is computed as a function of pressure, temperasme dissolved

species (expressions in Bachu and Adams, 2003):

« Water density;o;,” [g/cm®] =1+107° [{-80T — 3.3T* + 0.00175 ° + 489P
- 2TP +0.016T*P -1.3010°T*P - 0.333P* - 0.002TP?) (C.6)
« Brine density: 05> [g/lcm®] = o;,” +C,,, [({0.668+ 044C,,, +107° [{300P
- 2400PC,,, +T 080 - 3T —-3300C,, —13P +47PCg,))) (C.7)
where temperaturd in [°C], pressure P in [MPa], and Concentrationdadsolved
species (salt+calcit€sy in ppt (parts per thousand).

» Mass of mineral = Solid phase mineral + Mineiniakdlved in brine

M ’\</|0> =M ’\<Ao,|v|> +M h</|0,B> — p’\</|0> Eﬁl— ¢<0>)WT<0> 3m, H)é? ;0> []0<0> WT<O> (C.8)
where the mineral mass densitypig*®”=2700kg/ni, and the mineral molar mass is
my=100g/mol.

« Mass of salt dissolved in briné4 $** = Sal(p;> [ V> (C.9)
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Chart 3.2 Zone II: Before equilibrium

There are three phases. The corresponding voluraes a

« Volume of mineralVy " =(1-¢"%)-\x*® (C.10)
« Volume of CQ: Veos W =p% - (1-$)- W (C.11)
« Volume of residual brine/g*>=¢p<%. G-\ (C.12)

whereSs denotes residual saturation of brine.

The mass of Cg) brine, mineral, and saktaCl follow:
« Mass of CG: Mg, = 5o, W™ M-S, ) ™ (C.13)
where CQ densitypcoz is computed from formulae by Duan and Sun (2003).
» Mass of brineM ;¥ = p5” > B, WV, (C.14)
» Mass of mineral
M = M + M = o (- g ) e Brm, (b (o™ ™ (8, (%> (C.15)
* Mass of saltM $-* = Sal(p;” ™ [8, IV, (C.16)

« Concentration of saNaClin brine:byaci™" [mol/kg-water]=Sal (C.17)

« Concentration of mineral in brinbea">" [mol/kg-waterk VKy=10*2* (C.18)

Chart 3.3 Dissolution of supercritical CQ

* The solubility of supercritical CQOn brine Soko, is obtained from the semi-empirical

formulae proposed by Duan and Sun (2003):

(0)
Soky, = eXF{'”(Ycoz DP) - ﬂé?; +INd o, - zycoz—c n. = zycoz—ana - zz(coz—c—ancna}

(C.19)
where symbol: represents chemical potential, symbbland{ denote dimensionless
standard chemical potentials, and subscgptand a mean cations and anions,

respectively. All expressions are described in Darach Sun (2003).

50



» Concentration of total dissolved GO

<>
b [mol/kg- water]= min{SoLoz,WK;—ichmj (C.20)
B

where the molar mass of G@& mco=44g/mol. We compar8oko, with the present
concentration of C@to account for the maximum amount of dissolvab®.C

« Concentration of hydrogen idfi':

by<*” [mol/kg-water]=/(Kai-bcos"); acidity constanK,;=10°%% (C.21)

« pH=-loghy*"” (C.22)

Chart 3.4 Mineral dissolution and concentrations ofspecies at equilibrium

<1>

» The concentration of dissolved €0, =~ and the presence of calc@aCQG; are input
to PHREEQC software (Parkhurst et al., 1999) to maten chemical reactions. The
output values are the concentrations of specids asi,COs*, H*, C&*, HCO;, and
COs” at equilibrium beos?, by, bea™”, bucos >, andbcos™? in [mol/kg-water].

* pH=-loghy** (C.23)

» The mass faction of C{QXco2 in the aqueous brine phase:

b<2>
= b<2> +f‘(|)'28 I o2 <2> (C24)
CO2 02 a |]n8 + bCa |]nM

XCOZ

where the molar mass of sAlaClis me=58g/mol.

» The mass fraction of brings in the aqueous brine phase:

= 1+ Sallmg _ (C.25)
bCOZ 02 +1+ Sal |]nS + bCa []nM
* The mass fraction of miner&l, in the aqueous brine phase:
<2>
w = SSRELLY (C.26)

béé>2 02 +1+ Salﬂns + bé§> |]nM
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» The mole fraction of wateg, in the CQ phase:

Yoy = Ky (1= Xcoz)exr{(P_PO)y\N] (C.27)
®,,P RT

Equation C.25 is proposed by Spycher et al. (20D@}ailed calculations of molar
fractiony,, can be found in Spycher et al. (2003) and Hassketeat al., 2008).
» The molar fraction of C®yco. in the supercritical COphaseyco=1-yw (C.28)

» The mass fraction of CQ¥co2 in the supercritical Cophase:

[
Y., = Yeoz LMeoo (C.29)
Yeoz MMeg, + Yy LN,

where the molar mass of watemg=18g/mol.

» The mass fraction of wat&fy in the supercritical C@phase:

Y, = Yoo [ My (C.30)
yCOZ []TkOZ + yW []T‘lN

Chart 3.5 Density estimation

-1
» Density of brine:ps” :(XW + Xcos + Xy J (ref: Spycher et al., 2003) (C.31)

W

Ps Plor P

pco2” denotes density of GQlissolved in waterply,, = % (C.32)
4
V,: apparent molar volume of G@issolved in water (see - Garcia, 2001).

>

For simplicity, density of minerals dissolved intesispy"“=pym .

-1
. Y, Y,
« Density of CQ: pZ, = (% +-—W ] (C.33)
€02 P P
pw % denotes density of water dissolved in£@Y, = Vﬁ (C.34)

we
VW¢:18.1crr7/moI: average value for the partial molar volume whter

(Hassanzadeh et al., 2008).

52



Chart 3.6 Mass balance of C@and brine

« Mass of CQdissolved in brindlco,?®”: MZY = X, M52 (C.35)

« Mass of CQin CO, Mcor 2% MZ5%% =Y., M2, (C.36)

« Mass of water dissolved in GMy %% M 2% =Y, M, (C.37)
<2,B>.

» Mass of water in brin®g™"": M 52* = X, M 5% (C.38)

<2>

whereMco>>” denotes the total mass of €6x equilibrium, andVig*® the total mass

of brine at equilibrium.

« Mass conservation of GOM 5, = M322 + M 2592 (C.39)
« Mass conservation of brindd 5 = M 52% + M 7<%> (C.40)

<2>

» Total mass of brin&1g

M > = P 9 (- S) W O, — o5 ™ 08, ™ Ny (C.41)
Yw D<c:oz _Ycoz D(B

« Total mass of COMcos2-

M2, = Poe W ML= S, )V DX = 05" W 18, Wi Koy (- g
coz XB EYcoz - Xcoz DYw

Equations C.40 and C.41 are derived by rearrangquations C.11~12 and C.35~40.

« Total mass of minerdly®>: M= =M<~ -m, Obs> —béf)EIM -z (C.43)

« Total mass of saMs™?®”: MJ** = Sallps” [P (B, vV, (C.44)

Chart 3.7 Volume changes

<2>
« Volume of brineVg™: Vg2 =MTBZ> (C.45)
B
<2>
« Volume of CQ Vcor?: V52 = '\25222 (C.46)
CO2
<2>
« Volume of mineraVy*: V,;% :MTN; (C.47)

Pw
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Chart 3.8 Mineral precipitation (Zone V)
« Amount of calcium iorCa’* in brinency~": NS [mol] =bZ” M 2 (C.48)

« Amount of salNaClin brinens™>: ng [mol]= M ¥ (C.49)

If we assume alCa’" andNaCl species precipitate as a result of complete ewdipor,

a corresponding volume increas¥ is:

« Precipitation of calcitaVy: AV,, =nS> [Vm, (C.50)

<3>

* Precipitation of halitd Vs AVg =ng” [Vmy (C.51)
where the molar volume of calcite N1y :3.7*105m3/mol, and the molar volume of
halite isVmg =2.7*10°m>mol.

« Increase in the mineral volum&/y“*”: AV,> =AV,, + AV, (C.52)
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CHAPTER 4

CO, GEOLOGICAL STORAGE: PORE-SCALE REACTIVE FLUID

TRANSPORT (ROCK JOINT AND PORES)

4.1 Introduction

Quality of life is correlated with energy consungpti The anticipated increase in
both quality of life and energy demand in the cagnidlecades will largely rely on fossil
fuels because of readily available reserves, lowt,cprevailing infrastructure, and
insufficient energy production from renewable sesr¢EIA, 2010; Espinoza et al., 2011;
Pasten and Santamarina, 2012). Currently, 90% efutbrld’s consumption and more
than 85% of the energy consumed in the USA comas fiossil fuels (DOE, 2010).
Fossil fuel combustion produces €@Vhen released into the atmosphere, @Qs as a
green house gas and it is believed to be a maisectau global warming (IPCC, 2005).
In this context, carbon capture and geologic sdcpiesn emerges as an important
alternative to mitigate global warming.

Supercritical CQ conditions are preferred to minimize ¢€@®torage volume
(temperatureT>304.1K and pressure>7.38MPa; Span and Wagner, 1996; Kaldi and
Gibson-Poole, 2008). The injection of supercriti€D, triggers: advection of CO
(Saripalli and McGrail, 2002; Nordbotten et al. 080 Ennis-King and Paterson, 2007),
buoyancy in response to G®Orine density difference (Bachu and Adams, 2003;
Bielinski et al., 2008; Okwen et al., 2010), com@t of CQ-dissolved water (Weir et
al.,, 1996; Riaz et al.,, 2006; Hassanzadeh et 8072Kneafsey and Pruess, 2010),
diffusion and dissolution of CQinto the water phase (Gaus et al., 2005; Berra.get
2010; Li et al., 2011), viscous fingering of gHomsy, 1987; Fenghour et al., 1998;

Cinar et al., 2007), capillary trapping of the insgible CQ by the water-saturated
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porous formation (Juanes et al., 2006; Kopp et24lQ9; Saadatpoor et al., 2009), and

reactive fluid transport due to the acidificatidnwater following CQ dissolution (Li et

al., 2008; Solomon et al., 2008; Szymczak and La&@d@9; Figure 4.1). We note that

reactive fluid transport through a porous mediumegates positive feedback and may

lead to the formation of wormholes (Golfier et 2002).

CO,injection

A

Mineral: Oxides,
Aluminosilicates,
Carbonates, etc...

. Dissolution

______

Mineral

Caprock
) . ! . ‘ :\,.// Aquifer
Aquiclude
Figure 4.1 Schematic illustration of the £@eological storage and consequent,CO

invasion and flow of Ce@dissolved fluid through rock joints/pores.
Reactant species such as hydrogen ldhsand aqueous carbon dioxide
COyaq) Cause chemical reactions to occur at mineral sesfas reactive
fluid flows through rock joints/pores.
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Preferred formations for COgeological storage are either sandstones or
carbonates (Gale, 2004; Dooley et al., 2006). Bresvistudies show that the overall
amount of surface reaction between carbonates eddied water is smaller than that
between sandstones and the solute, but the reaat®between carbonates and acidified
fluid is much faster than that for sandstones ($tuet al., 1996; Gunter et al., 2000;
Gaus et al., 2005).

Injection could be engineered to prevent or minengome of the negative
consequences of G@eological storage. However, a proper pore-scatiexstanding of
reactive fluid transport is required when fluids aich in total carbonic acid,COz* and
hydrogen ionsH™. The kinetics of injected CQis analyzed first followed by 2-D

simulations of C@dissolved fluid injection in a pore.

4.2 CO; Injection: Kinetic Rates

Injected carbon dioxideCO, dissolves in the formation water or brine to
sequentially form aqueous carbon dioxi@&,q and carbonic acidH,COs, which
consequently dissociates into bicarbonate id@©; and hydrogen ionsl”™ (Stumm et
al., 1996; IPCC, 2005):

k K

COyy) ;‘g’ COaq ; Ky =k—g =10 (Henry’s constant) (1)
aq aq
Koz k
COypy +H,O o H,CO,; K =-Hzxo )
kHZCO3 kCOZ
ki, (very fast) _ . k12
H2CO3 k“’ HCQ +H ; KHZCOS :k_ (3)
21 o1

where capitalK represents an equilibrium constant for each cha&meaction. The
hydration reactionCOyaqtH20—H>COs; (Equation 2) is first order with respect to

aqueousCOyaq (Stumm et al., 1996). Likewise, dehydratibhCO;—COyaqtH 20
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(Equation 2) is first order with respect to carlwomicid H,CO;. Assuming that the
reaction between carbonic acid and bicarbonatasidmear, the following kinetic laws

are obtained for the chemical reactions above:

% = K, [CO, g ] + K[ COug ] @)
Al 100,11 K00, ]~ Keanl CO ]+l H:CO) ©
URCON y 1COs ] ~Kizoal HLCON Kl HCO +h HCOLTH T (6)
d[5't+] . d[HdCtO;] =k, [H,CO,] K, [HCO; I H*] (7

where square brackets around species name indicaegntrations of the species. The
reaction rate constants for hydration and dehyoinateéactions arekco=0.04s" at 25°C
with the activation energi.=15kcal/mol, andk.cos=20s" at 25°C withE,=16kcal/mol
(Stumm et al., 1996). The rate constakis, and kyocos permit the calculation of the
equilibrium constanK (Equation 2). Then, we can obtain equilibrium ¢ansKy2cos
from K (Stumm et al., 1996):

Kacos = Ky (1+K) (8)
K, denotes the first acidity constant for the reactio which H,CO; dissociates to
bicarbonate and hydrogen ion (the asterisk denotesbining both aqueous carbon
dioxide and carbonic acid; Stumm et al., 1996). Vatie of the acidity constant is
K1~10%% under standard condition§<25°C andP=0.1MPa). The rate constants are:
kiz~10'st at ~40°C for the dissociation of carbonic a@tang, 2008)kz1=k12/Knzcos
for the reversed reaction (Equation I@;leOe’s'l at 40°C for the dissolution of gaseous
carbon dioxide (4.6xI&" at 25°C; Sposito, 1994), arid=ky/Kn for the reversed

reaction (Equation 1). These rate constants arensuined in Table 4.1.

58



Table 4.1 Parameters used in simulations
Parameter Namg Value Description
CO;, kinetics
Kg 5x10°%" ™ Rate constant of Cfg) — COyag)
Kag Ky / Ky @ Rate constant of Cfg) «— COyag)
Koo 0.1358 @ Rate constant of Gy — H.CO;
Kiizcos 72.982¢8 @ Rate constant of Gy« H,CO;
Ky 10’st® Rate constant of £0; — H" + HCO;
ko1 4.1x10%'® Rate constant of 4£0; « H" + HCO;
Ky 1014 Henry’s constant
Calcite fracture plane Anorthite fracture plane
[H Tinket 10°mol/L to 10°mol/L [H Jintet 10°mol/L to 10°mol/L
[H2CO5* Tinket 10°mol/L to 1mol/L H2COs* Jiniet 10°mol/L to 1mol/L
[C& Tinket 1.36x10°mol/L @ [HCO:Tintet 6.68x10'mol/L @
[HCOs Jinet 6.68x10'mol/L ¥ [OHTinet 1.50x10"mol/L @
[OHTinjet 1.50x10"mol/L @ [Ca Tinet 2.11x10'mol/L @
[ClTinet 2.72x10°mol/L ¥ [AP et 3.51x10°mol/L @
[H4SiOintet 9.67x10"mol/L @
[Clinet 4.22x106'mol/L @
[H Tinitial 1.0x10%mol/L © [H Tinitial 1.0x10%mol/L ©
[H2COs* Jinita 1.0x10°mol/L © [H2COs* Jinitia 1.0*10°mol/L ©
[Ca Tinita 1.59x10°mol/L © [HCOs inita 4.47x10'mol/L ©
[HCOs Tinita 4.47x10'mol/L © [OHTnitial 1.0x10°mol/L ©
[OHTinitia 1.0x10°mol/L © [C& Tinital 4.35x10'mol/L ©
[Cl it 2.72x10°'mol/L © [AP it 3.51x10°'mol/L ©
[H4SiO]initia 9.67x10"mol/L ©
[Cl it 4.22x10'mol/L ©
kg 0.745mol/n/s K 3.4x10"mol/mf/s ®
ko 8.6x10°mol/mf/s ) Kei2o 1.8x10"mol/m?/s ©
Koot 1026 Kot 10857 6@
Vo 10°cm/s to 1cm/s Inlet velocity
n 10°%Pa-s Viscosity of fluid
Pt 1,100kg/n Density of fluid
S 0.06nf/g © Specific surface of calcite and anorthite
M 100g/mol Molar mass of calcite
" 277g/mol Molar mass of anorthite
v 3.7x10°m*/mol Molar volume of calcite
m 10.1x10°m*mol Molar volume of anorthite
D 2.0x10°m?/s Average diffusion coefficient for all species

(Rate constants are computed for temperafad®°C from:* Sposito, 1994 Stumm
et al., 1996% Zhang, 2008; species concentrations are compatét pH=3.18,"%
pH=8 andK,=10%°%, ©® pH=8 andK,=10"*" (” Renard et al., 2005; Wigand et al.,
2008; Algive et al., 2009Y Li et al., 2006 Gaus et al., 2005)



We can numerically examine the evolution of speci&scentrations with these
kinetic rate laws. For instance, the solution dfedéntial Equations 4 to 7 (usind"4
order Runge-Kutta method in the Matlab) shows thatconcentration of hydrogen ions
[H*] converges to 16®dmol/L and the acidity level drops to pB.28 under a partial

pressure of COPco=10MPa and temperatuie40°C.

4.3 Mineral Dissolutions: Kinetic Rates

Let's consider two representative minerals: cal€®CG; (its dissolution may
provide preferential leakage paths), and anortRigALSLOg (it exhibits the fastest
reaction rate among aluminosilicates). While thesdiution of aluminosilicates is much
slower than that of calcite, aluminosilicates yieidre dissolved cations in the long term:
higher solubility (Gunter et al., 2000); therefoagyminosilicates are good candidates for

mineral trapping.

4.3.1 Calcite Dissolution

Calcite can act as a buffering agent when,G® injected into a carbonate
reservoir. Three chemical reactions involve cal@ted occur in parallel albeit with

different rate constants (Plummer et al., 1978):

k

CaCQy +H ’ o ca™ + HCQ;; logKeq1.85 (9)
sz
CaCQ +CQy,, +H,0 » Ca™ +2HCQ;; log Keq=-4.50 (10)
k3f
CaCQ, o Ca™ +CQf; logKeq=-8.48 (11)

The rate constants aréa=5.1x10'mol/m?/s, ky=3.4x10°mol/m?s, and ks=1.1x10°
mol/m?/s at 20°C with the activation energy Bf=14.5kJ/mol, E,=35.4kJ/mol, and
Es=23.5 kJ/mol (Chou et al., 1989; Renard et al. 520igand et al., 2008; Algive et al.,
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2009). The third reaction (Equation 11) has a msahaller rate and equilibrium
constants, hence, it is ignored and only the fivgd reactions are captured in the
numerical simulation (Equations 9 and 10). One tieacconsumedH® and produces
Ca®* and HCOy (Equation 9). The other reaction consumes one robI€O; g in
exchange for one mole @&* and two moles oHCO; (Equation 10). The Transition
State Theory enables us to express the overalbldigsn rateRy as follows (Lasaga,

1984; Li et al., 2008):

s o _[Ca*[HCO T
R, =k, [H ]+k2f[coz(aq)]{1 Kqu whereQ o] (12)

and the overall equilibrium constant becomeslggl.85-4.50=-2.65 (refer to Equations
9 and 10).

4.3.2 Anorthite Dissolution
We adopt the model by Li et al. (2006) to represkatdissolution of anorthite.
The reaction consumes eight molesHf to produce one mole @a®*, two moles of
AI**, and two moles dfi;SiOy;
CaAl,S,0y ) +8H " « Ca’" +2AI*" +2H ,SiO, (13)
Again, the overall dissolution rate is described asfunction of rate constants,

concentrations of reactant species and saturation:

_[Ca* [ AI*J}[H,SiO,]?

14
[H']° -

Ry = (ka[H T 4o + kOH[OH'](’”{l—KithereQ

eq
and loKe=21.7, ky=10°3mol/n'/s, kio=10""molin'/s, kor=10"%mol/in’/s at 25°C
(Li et al., 2006). We omit the teri[OH]°>3 during the numerical simulation because
both the rate constant and the concentration ofdxyde [OH] are negligible. Figure 4.2
compares the overall mineral dissolution rad&gsvhen we fix the concentration of the
total carbonic acidH,COs* at [H.COs*]=1mol/L as a consequence of €@eological

storage. Results show that the concentration ofdgeh ions IH*] controls the reaction
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rate of calcite up to pH~4 beyond which high cornidion of total carbonic acid
[H.COs*] takes control of it. Reaction rate of anorthitecokases gradually asiT]
decreases until the acidity level drops to pH~6ad®en rate of calcite is several orders

of magnitude higher than that of anorthite in thiege of 2<pH<7 (Figure 4.2).

pH controlled H,COs* controlled

— — .
\ calcite

1
N
|

pH controlled

Reaction rate, log (k4 /[mol/m?/s])
oo

anorthite
'12
kaolinite |
'16 T T T T
2 3 4 5 6 7

pH

Figure 4.2 Reaction rate ldg{mol/m?%s]) for dissolution of calciteCaCQ;,
anorthiteCaALSLOg, and kaoliniteAl,SLOs(OH), at temperaturd=40°C
and fixed concentration of total dissolved -carbonioxidie
[H,COs*]=1mol/L.  For calcite, Kkq=ki[H']+ko[H.COs*] where
k:=0.745mol/M/s andk,=8.6x10°mol/m?/s atT=40°C (Fredd and Fogler,
1998; Pokrovsky et al., 2005; Renard et al., 2@0ive et al., 2009). For
anorthite, kg=ku[H*]**+kiootkor[OH1%*® where ky=6.883x10'mol/n/s,
ki20=3.58x10"mol/m?/s, andkor=4.51x10"mol/mf/s at T=40°C (Li et
al., 2006). For kaolinite ks=kn[H"]**kor[OH1%® where k,=2.79x10
Ymol/nf/s andkor=3.51x10"mol/mf/s atT=40 °C (Li et al., 2006).

4.4 Numerical Simulation of Reactive Fluid Flow

62



A numerical simulation study is implemented to explthe coupling between
hydro-chemical phenomena during the transport aftree CQ-acidified water through

a pore in a mineral system. Governing dimensionatsss are introduced first.

4.4.1 Dimensionless Ratios

Consider a reactive fluid advecting with veloocitjm/s] through a rock joint (i.e.,
2-D pore) driven by a pressure difference betweést and outlet boundaries a distaihce
[m] from each other. Reactant species are transgppddwards the mineral surface by
molecular diffusion so that the joint apertarém] and the diffusion coefficierd [m?/s]
determines the characteristic time for the trarswyeliffusion. Mineral dissolution at the
fracture surface produces species that are caamiey by both advection (downstream)
and diffusion (towards the center).

Two dimensionless ratios capture the interplay betwgoverning processes. The
Damkoéhler numbebDa is the ratio between the advection time and tresrsbal reaction
time (Fredd and Fogler, 1998). The Peclet nunieecompares the time for transverse
diffusion to the time for longitudinal advectiondfBer et al., 2002):

Da = tadvection - ﬂ (15)
t v

reaction

Taitrusion - d’v
t 4D

Pe= (16)

advection
where the kinetic rate [1/s]=k-SMp, is a function of the rate constant for mineral
dissolutionk: [mol/m?/s], the mineral specific surfac [m?g], and the mineral molar

massMm [g/mol].

4.4.2 Simulation Method

Consider a slice of a rock joint or a long porehwigngthl much longer than the
aperturdd, i.e.,I>>d, subjected to reactive fluid transport by the éaf@dvection of C&

acidified water. The problem is simulated using tir@ving mesh function in COMSOL
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to reproduce the joint enlargement (COMSOL, 2008gure 4.3 summarizes the
simulation scheme. Flow satisfies the Navier-Stokaw; species experience both
advective and diffusive transport. Mineral disswintoccurs at the interface between the
fluid and the joint walls with dissolution raf [mol/m?/s]. The moving mesh function
adjusts the mesh outwards or inwards accordinghéovblume of dissolved mineral
Ry-(vdv)-Vin [M/s], where(vdv) denotes the stoichiometric ratio of dissolved mah¢o
reactant species aith [m®mol] is the molar volume of the mineral.

While results will be summarized in dimensionlessnf, the numerical
simulation is implemented in a dimensional physgdce to facilitate model validation
and to add clarity to the discussion of resultd's set the pore length=10Qum (Note:
the channel length in Fontainebleau and Berea samets ranges from aén to 60Qum -
Lindquist et al., 2000; Dong and Blunt, 2009). Tgoee aperture varies froo=2um to
28um (Bachu and Bennion, 2008). The inlet velocityasied fromvg=1cm/s to 1Gcm/s.
The inlet concentration oH" ranges from H*]ine=10°mol/L to 10°mol/L, and for
H,COs* between H,COs*]=1mol/L and 1¢mol/L. Initial concentrations of all species
are assigned so that the system is in thermodyraquidibrium and satisfies electro-
neutrality at pH=8. Zero pressure is imposed atdhtet, and free flux of species is
allowed to simulate an infinite boundary (Figur&)4.Computations are conducted for
every 0.001s until the total simulation time equilstimes of advection time 104. All

parameters used for numerical simulations are suinethin Table 4.1.
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Figure 4.3 Numerical simulation scheme and goveyraquations for reactive fluid
flow through a rock joint/pore problem. Physics ralsd used in
COMSOL: 1) Incompressible Navier-Stokes dynamic viscosity of fluid,
p: density of fluid,7: velocity field, p: pressureF: volume force field
such as gravity; gravity is disregarded in the sation), 2) Convection
and diffusion €: concentration of specias D: coefficient of molecular
diffusion), and 3) Moving mesHR§: overall dissolution rate of mineral at
the wall,k: reaction rate of reactant specigB]: concentration of reactant
speciesi, ©: ionic concentration producKeq equilibrium constantg:
joint aperture, Vpy mineral molar volume,vdv: stoichiometric ratio
between reactant species and dissolved mineralinkd¢u of elements:
1,608 (when length=10Qum and joint aperture=10um). Type of mesh:
triangle. Linear system solver: Direct (PARDISO).

4.4.3 Validation

We verify the numerical simulation scheme by commmpCOMSOL simulation

results with a closed-form solution. There is nalgiical solution for reactive fluid

65



transport in a two-dimensional pore, so we com@afeD analytical solution with 1-D
numerical results obtained with COMSOL. The gowvegniequation for the one-
dimensional transport of reactive fluid is:

2
ac_Da c_vac_KC

= =D—-v— 17
ot x> ox a7

For a single reactant species at an initial comagnoh c(x,0)=0 for x>0 and boundary
conditionsc(0,t)=¢, and c(wx,t)=0 for t>0, the solution for the variation of the species

concentration in space and time is (Boudreau, 1997)

C_i - %exd{z ){exd— & )erf({ 2;‘1/—;} rexilé, )erfc{ Zi/;rﬂ

2

K

K\ . _ _vx __ (v +4xD)t
+D]{1_'Bx"(2_2o’r

D

where ° ZE v (18)

4D*
Figure 4.4 shows that 1-D numerical simulation ltssare in excellent agreement with
results from the analytical solution. Note that twatlet boundary conditions are
simulated for the finite length numerical system casnpared to the infinite length
analytical solution: 1) free flux, and 2) maintaie initial outlet concentration fixed-0.

Results bound the theoretical solution (Figurel®).4-

4.5 Results and Discussion

Numerical simulation results for the 2-D case ratévo CQ geological storage
are presented herein in terms of species concemisah space and time, the enlargement

of the rock joint, and the effect of pore geometry.

4.5.1 Species Concentrations

Mineral dissolution couples with advection and ukfbn to generate a
concentration gradient across and along the pamé/gmerture (Li et al., 2006). Figure

4.5 shows a snap-shot of concentrations for adlveeit species along a joint in calcite.
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Low advection velocity allows for diffusion and hogenization across the aperture and
for the consumption of most reactant species nwarrtlet (Figure 4.5-a). In contrast,

when the advection velocity is high, diffusion $aib homogenize the concentration field
across the joint, and mineral dissolution takeselaniformly along the joint length

(Figure 4.5-b). The longitudinal drop in reactaméaes is much lower in the less reactive
anorthite for the same advection velocities (Figlu®. For both mineralogies, a higher
advection velocity yields higher concentrationsr@gidual reactant species at the outlet

due to the lower residence time.

(a) t=0.02s (b) t=0.10s
0.2

=
ry
=
’y

O  Numerical simulation

Free flux

081 \ — Closed-formsolution 08 1

Fixed
concentration

0.6 0.6

0.4 - 0.4 1 A,

0.2 0.2

Normalized concentration, C/Cipet

o

o

Normalized concentration, C/Ciye

0.2 0.4 0.6 0.8 1

o

0.2 0.4 0.6 0.8 1

o

Normalized distance, x/I Normalized distance, x/I

Figure 4.4 Comparison of the numerical simulatiotih a closed-form solution for 1-
D reactive solute transport model. Assumption: hgemeous reaction of
kCOZ
single speciesCOynq for reaction CO,,, +H,O - H,CO, where

kco=0.1358". Insert in (b) shows discrepancy between the didsam

solution and numerical solution for two boundarynditions: free flux or
fixed initial concentration at the outlet. Fixedethconcentration 0€O;(a)

[COzaq] 0,/=1mol/L, initial concentration 0€Oyag) [COzaq] (x-0)=0, fixed

inlet velocityvo=0.01cm/s, diffusion coefficier®=2*10°m%s, and length
[=10Qum.

The fluid acidity evolves as the numerical simaatproceeds. During the flow
of acidified fluid along the rock joint, the pH nehe inlet drops while the area near the

outlet remains at the initial pH~8. The entire pspace acidifies and the area near the
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outlet converges to an asymptotic value pH~5 as@n continues and the system
becomes saturated in terms of mineral dissolutiigufe 4.7-a). Electro-neutrality is

maintained during the numerical simulation (Figdreé-b).

(a) Low velocity (b) High velocity
+ Max: 1.0 N Max: 1.0
[H] - H] .
0.8 | 0.85
0.2 0.55
Min: 0 Min: 0.4
Max: 1000 . Max: 1000
[H,CO,*] - [H,COz*| "
996 999.8
984 9994
Min: 980 Min: 999
Max: 30 Max: 2.2
[Ca?*] 25 [Ca*]
1.2
> 0.8
Min: 0 Min: 0.4
Max: 34 Max: 3.0
[HCO41 [HCO41
25 2.4
I N Ee——
5 ’ 1.2
. . Min: 0 i i Min: 0.8
.. Dissolutionpattern Dissolution pattern
P N
.9_._._._._._._._._._._._._._._._._._._._._.} e .......................................... 1_
| X/l | X/l

Figure 4.5 Reactive fluid transport along a jgote in calcite. Concentration of
reactantsfi* andH,COs*) and produced specie€#* andHCOy). Joint
apertured=10um and lengtn=100um. The flow velocity is: (ay=10
3cm/s Pa~9.6*10", andPe~2.7*10%) and (b)vo=1cm/s Pa~9.6*10%, and
Pe~2.7*10%). Concentration results are shown after: (a) 56oises
(=live*5) and (b) 10 seconds I{%;*1,000). Unit of species concentration
in the graph is [mol/f). All parameters are summarized in Table 4.1.

Figure 4.8 summarizes species concentrations albbagcenterline and at the
outlet for different inlet velocities. Clearlil” is readily consumed in a calcite-dominant

environment, the system reaches chemical equitbriandH,COs* passes through the
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rest of the joint plane unconsumed. The residd®lOs* at the outlet may react with
minerals and induce additional mineral dissolutionsuccessive flow channels. In
contrast to the calcite case, the low reactionofitd” with anorthite Da<1) allows more
than two-thirds ofH" species to reach the outlet (Figure 4.8). In ganemineral

dissolution will influence a larger area in sands® than in carbonates, under the same

flow regime.
(a) Low velocity (b) High velocity
Max: 1.0 Max: 1.0
[H*] ‘ [H] ‘
0.95 1 0.999
08 0.995
Min: 0.7 Min: 0.99
Max: 0.6 Max: 0.437
[Ca2+] = [Ca2+]
0.56
0.48
Min: 0.4 Min: 0.435
Max: 0.4 Max: 3.0e-3
(AR P9 [AF]
’ ' 2.5e8
0.1 : 0.5e3
Min: 0 Min: 0
Max: 0.4 Max: 3.4e3
[H,SiO,] 0.3 [H,SiO,] ”s
0.1 '
il 05
f i Min:0 Min: 0
Rl_s__solutlonpattern n Dissolution pattern "
T AT
9_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1_ 9 __________________________________________ 1_
| X/l | X/l

Figure 4.6 Reactive fluid transport along a jgote in anorthite. Concentration of
reactant ") and produced specieC&", AP*, and H,SiQ,). Joint
apertured=10um and length=100um. The flow velocity is: (ap=10
%cm/s Da~5.7*10% and Pex2.7*10%) and (b)ve=1cm/s DPax5.7*10°,
and Pe~2.7*10%). Concentrations results are shown after: (a) Grses
(=live*0.5) and (b) 1 seconds I(%*100). Unit of species concentration in
the graph is [mol/r. All parameters are summarized in Table 4.1.
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Figure 4.7 Evolution of pH in time and space. (&) along the joint length with
respect to the normalized tind@/vp). (b) Verification of electro-neutrality
along the joint length. Notes=10%cm/s; Da~5.7*10° and Pe~2.7*10%;
beyondt/(I/vo)=1, pH distribution reaches quasi-steady state.
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Figure 4.8 Variation of reactant species concépira (a) along the centerline for
different times ¥=0.01lcm/s) and (b) at the outlet for different flow
velocities. All parameters are summarized in Tdble

4.5.2 Enlargement

The rock joint aperture increases as the reactivd passes through the joint
plane (Figures 4.5 & 4.6). The effect of advectiedocity and reactivity are explored in
Figures 4.9 and 4.10. Results show that pore emiaegt may decrease either
exponentially or linearly along the flow path. It eases, the normalized enlargement
4d/d in anorthite is three orders of magnitude lowanthhat of calcite (Figure 4.9).
Figure 4.10 compiles all results in terms of dimenkess numberd)a andPe For any
Pevalue, a loweDa causes the flow channel to experience a more nmiénlargement

of the aperture along the joint.
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Figure 4.9 Normalized enlargemexd/d, by mineral dissolution along the joint/pore
wall at the moment of quasi steady-state for dffiervelocitiesv: (a)
calcite and (b) anorthite. Note: orders of enlargemare different
between (a) and (b). Original joint aperturelgs10um.

4.5.3 Time to Reach Quasi Steady-State Condition

The time to reach a quasi steady-state concentratithe outlet,. is determined
when species concentrations at the owtletach 95% of the equilibrium valeeg att=0
(Figure 4.11-a). Figures 4.11-(b) and (c) indidata the time to reach quasi steady-state
tyc is between the advection tirtfe; and two-folds of it (2fvg). This implies that mineral
dissolution and channel enlargement cause the myste reach quasi steady-state
condition later than the advection time. Resultemie<l for the joint/pore in anorthite
deviate from the general trend (Da<<1; Figures &14.11-c). WhenDa<1 andPe<1,
diffusion takes control over advection and dissolytand quasi steady-state is reached

faster than the advection tirlfe,.
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Figure 4.10 Dissolution patterns in tba - Pe space. The sketches show dissolution
patterns observed in numerical simulations of piimt either calcite or
anorthite.
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Figure 4.11  Determination of time to reach quésady-state of concentratitys at the

outlet (95% ofc./Cinet, Whereciner iS inlet concentration). The time to
reach quasi steady-state of concentration at thetdys is normalized by
the advection timé'v based on the joint lengthand velocityv for (b) in
calcite and (c) in anorthite.
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5.4 Initial Joint Slenderness

Finally, let's examine the effect of joint slendess by varying the aperture-to-
length ratiod/l. When the aperture-to-length ratid is very smalld/I<0.035, diffusive
transport homogenizes species concentrations acthss joint, and centerline
concentrations resemble the 1-dimensional theadetsolution (Figure 4.12). An
increased aperture-to-length ratio slows the diWigransport of reactant species to the
mineral surface t{#=d?/D), and higher reactant concentrations remain altme)
centerline (Figure 4.12). Therefore, scaling magietinto consideration both the joint

length and its slenderness (see also Li et al8R200

[H*]/[H*]i1er @lONg the centerline

Normalized distance x/I

Figure 4.12  Effect of joint slenderned8. Variation of the normalized concentration
of hydrogen ions H*]/[H ]ine: at quasi steady-state for joints in calcite
with different slendernes#| (Note: lengtH=100Qum, velocityv=0.01cm/s,
[H+]in|et:103moI/L). The theoretical 1-D solution is shown for
comparison. All parameters are summarized in Taldle
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4.6 Conclusions

Numerical simulations for the reactive fluid trangpthrough a rock joint/pore in
calcite and anorthite were conducted taking intosateration all kinetic rate laws
relevant to CQgeological storage including G@issolution and mineral buffering. The
species concentrations at equilibrium can be trddkenumerically solving these kinetic
rate laws. A novel simulation technique was usedouple laminar flow, mass transport
of species, mineral dissolution, and subsequerg patargement. This 2-D simulation
enables us to investigate interactions among gawgrparameter, including advection,
diffusion, species concentration, and geometryrdureactive fluid transport at the pore
scale. Results show:

« Hydrogen iondH™ are readily consumed in a calcite-dominant envirent, the system
becomes saturated, aRCOs* passes through the rest of the joint plane uncoedulin
contrast, the low reaction rate ldf with anorthite Pa<10?) allows more extensivel*
transport along the joint/pore.

* Pore enlargement may decrease either expongrialinearly along the flow path. For
any Pe value, a lowerDa causes the flow channel to experience a more umifo
enlargement of the aperture along the joint. Digswh patterns define a consistent trend
in theDa - Pe space.

» Mineral dissolution and pore enlargement extdrmatime to reach quasi steady-state,
unless diffusion takes control over advection aissaution wherDa<1 andPe<1.

* When the aperture-to-length ratid is smalld/I<0.035, the system resembles the 1-D
problem. An increased aperture-to-length ratio sldale diffusive transport of reactant
species to the mineral surfacgied?/D), and higher reactant concentrations remain
along the centerline. Therefore, upscaling muse taito consideration both the joint
length and its slenderness.

» The simulation environment can be extended to @B networks and heterogeneous

porous media. The extension, limited only by computapacity, provides insightful
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results for reactive fluid flow through porous meddf particular relevance to GO

geological storage.

—» —
—
—» L
—> —
—

(@) (b)

Figure 4.13  Application of the coupled reactivaidl flow simulation to (a) a two-
channel model, (b) a channel network model, ané (®anned geometry
of a porous medium (pore geometry obtained from:
http://www.comsol.com).
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CHAPTER 5

REACTIVE FLUID FLOW IN CO , STORAGE RESERVOIRS —

PORE NETWORK MODEL STUDY

5.1 Introduction

Global energy consumption is projected to incrdas&0% in the next 30 years
(EIA, 2010; This is the status-quo scenario in ®asind Santamarina, 2012). In the short
term, this increased demand will largely rely ossibfuels because of available reserves,
low cost, the available infrastructure, and thatreély low energy production from other
sources (Chapter 2). Carbon storage in geologalaiesaquifers is being considered to
mitigate carbon emissions in the atmosphere.

CO; enters supercritical state when temperature ardspre condition exceed
T>304.1K andP>7.38MPa (Span and Wagner, 1996), i.e., typicdlyeaervoir depths
greater than ~800m. The solubility of supercriti€&, in water can reach 1~2 moles/L
(White et al., 2004; Gaus et al., 2005; Kharakalet2006) and water acidifies to pH~3
while it retains two reactant species, hydrogersibii and aqueous carbon dioxide
COsaq) (Chapter 3 - Stumm et al., 1996). The ensuingtreadluid flow depends on
mineral reactivity, advection, and diffusion.

Injected CQ displaces brine (two-phase flow) and £dissolved acidic water
advances as a single-phase flow (Solomon et ab8)20rhis study focuses on single-
phase acidic water flow at the boundary between @@ water in deep saline aquifers
(Azaroual et al., 2007; Gaus et al., 2008) inclgdime boundary between the aquifer and
the caprock where migrating G@ccumulates (Figure 5.1). A pore network model is
used herein to investigate reactive fluid flow withthe storage reservoir. Previous

studies are reviewed first.
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Dissolution — Settlement — Tensile fracture

1-2km
Diffusion
: : é‘ : § : : Caprock

=

A /
/
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Water ’ T Buoyancy T
drying
“— —> COZ(SC) ,I
H + !
R Salt |
| precipi-!
tation —
I ,' Advection * Capillarity
il “«— —> 'l
Zone: IV I Il |
Scoz=1 Sco2=0.05'0.8 Scoz=0'0.05 SB=1
Sp=0.2-0.95 Sg=0.95-1
CO, B+CO,
co, B (dissolution B
M M M M
Figure 5.1 Zones around the injection well — Pleviaprocesses (modified from
Azaroual et al., 2007). M: Mineral, B: Brine¢&: saturation of Cg and

Sg: saturation of brine.

5.2 Previous Studies
Reactive fluid flow through porous media has be#mndied using equivalent
continuum models (Liu et al., 1997; Golfier et &002; Panga et al., 2005; Xu et al.,
2006; Kalia and Balakotaiah, 2007), single-flow @l or wormhole models (Hung et
al., 1989; Buijse, 2000; Li et al., 2008), lattBeltzman pore-scale models (Kang et al.,
2010), and network models. The equivalent continuajspproach requires pore-scale

information such as the relationship between poyasid permeability (Liu et al., 1997;
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Panga et al., 2005; Xu et al., 2006). Alternatiteshe equivalent continuum model
include discrete fracture network models (Pashialgt2008) and multiple continuum
models (Steefel et al. ,2005).

Network models allow us to capture pore-scale phema in order to study their
effect on macro-scale flow conditions (Dillard aBtint, 2000). Network models have
two main drawbacks: 1) scale limitations and 2)rbyahechanical decoupling. Reactive
fluid flow involves dissolution, which adds compigxto the network simulation code,
and only a few attempts have been reported (HoefndrFogler, 1988; Daccord et al.,
1993; Daccord et al., 1993; Fredd and Fogler, 18 rmann et al., 2005; Li et al.,
2006; Li et al., 2007; Algive et al., 2009). Puhbbsl results show that the dissolution
pattern varies with the ratio between advection r@adtion times (2D-Fredd and Fogler,
1998); that the exponent of the Kozeny-Carman eguathanges for different
dissolution scenarios, including uniform dissolatiocompaction dissolution, and
wormhole formation (3D-Egermann et al., 2005; Algiet al., 2009); that and reaction
rates are affected by the spatial distribution aherals (3D-Li et al., 2006; Li et al.,
2007).

5.3 Development of the Network Simulation Code

The new network simulation code presented herecnested to investigate fluid-
mineral interaction when CQlissolved water flows through a porous networlghsas
the CQ storage reservoir where advective transport pievaelevant chemical formulae

and the algorithm are presented next.
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5.3.1 Mineralogy and Mineral Dissolution

Let's consider a porous medium in a calcium carbofamation (mineral with
fastest reaction rate in saline reservoirs). Twralpel reactions prevail because of the
low pH and the high concentration of aqueous (Fummer et al., 1978):

CaCQ+ H — C&" + HCOy (1)
CaCQys) + COyaq)+ HO — C&* + 2HCQy 2)
Let’'s assume first-order reactions with rate laws:

_d[H"] _d[Ca*] _ d[HCO;] = K [H] 3)
dt dt dt !

. ” _
_dIH.COJl _diCa™] _1d[HCO] _, 1, ooy @
dt d 2 dt

where square brackets indicate species concemtratidenotes the kinetic rate for each
chemical reaction, and total carbonic atlgCOs* denotes the summation of aqueous
carbon dioxideCO,q) and true carbonic aciH,COs. Reactions stop when the system
reaches equilibrium and the ionic concentrationdpod Q [-] equals the equilibrium

constanKeq [-]:

o - [Ca"T[HCO* _
[H"][H,CO]]

Table 5.1 summarizes equations and parameters. tNatanineral precipitation is not

Keq =1072% (5)

considered in this study.
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Table 5.1 Calcite dissolution by G@issolved water. Summary of properties used
in network simulations.

(a) Equations for mineral dissolution and propsrtie

I lonic
= | = Chemical equation for mineral dissolution Rate cgnstant Equilibrium concentration
SRR [mol/m/s] constant
gl 2| E|Q product,Q
S| 8|S |8 5| cacay+ ' cé + Heor ki=0.7450 | Ky 100 1 o o=
O g = mg () [Ca*]?[HCO3]
J £l ke ka + - | k,=8.6*10%® | K,.=10%°® [H+][H2C0§]
o | = | > E | CaCQ+ COypq+ H:0 > C&* + 2HCQ | ke=8. 20

(b) Boundary condition: Concentrations of specigha inlet

[H " Tinvet 6.68*10*mol/L
[H2COs* Jinet Imol/L
[HCOsTinter 6.68*10"mol/L
[C& iniet 1.361*10°mol/L
[OHTinter 1.50*10mol/L
[ClTinter 2.72*10°*mol/L

Note: S& mineral specific surface,; mineral molar massy,,, mineral molar volume; kinetic
rate isk; [1/s]=k-S-M, wherek is a rate constant; Rate constants are computéld-#°C in this
study; total equilibrium constant for calcike=Kieq Kaeq (Reference.(l) Plummer et al., 1978;
Fredd and Fogler, 1998; Pokrovsky et al., 2005:aRe®t al., 2005; Algive et al., 2009, ad
Gaus et al., 2005).

5.3.2 Network Construction

The 2-D square network consists of tubes thatsetdrat nodes, where incoming
species mix thoroughly. Tube diameter$m] are log-normally distributed with mean
valued, and variancevar. All tubes have identical lengthe, [m]. The limitation in
network size NxM is partially overcome by assumigriodic longitudinal boundary

conditions. Flow is driven by the pressure differe between the inl&;, and the outlet

Pout (Figure 5.2 - Network details in Table 5.2).
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Table 5.2 Network model and simulation parameters.

Entity Property
Network size (NxM) 50x50
Mineralogy Calcite
Mean of tube diameterd, 20um

Distribution of tube diameters

Log-normal distriioumt

Coefficient of Variation, COV

0.4,1,and 1.5

Tube lengthlq,

200um

Hydraulic gradient;, applied at the model

10, 100, and 1000

Flushed pore volume during one cycle

I QV,: one network pore volume)

Number of cycle (repetition)

100

Total flushed network pore volume

100p-

CO,-dissolved water

pH=3.18

Fixed concentration

— [H*] = 6.68x10-*mol/L
[H,CO3*] = 1Imol/L

[HCO3] = 6.68x10“mol/L Porous network

[Ca2*] = 1.36x10-3mol/L

m periodic

[OH] = 1.50x10-mol/L

[CI] = 2.72x10-3mol/L

Inletpressure = Py,

OQutletpressure = Py

10—

10—

- Fixedinlet pressure

- Fixed outlet pressure

- Fixed concentration

- Free flow condition

.
+— !
Lch d

\j periodic

Figure 5.2 Pore network model: geometry, initdd boundary conditions.
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5.3.3 Governing Parameters

The time scales for advectiog,, diffusionty, and reactiorn,y, can be combined

to form two dimensionless ratios, i.e., the Damkdbla and PeclePe numbers:
Da = tawv = LCEY

v

t ave

(6)

rxn

Voelen
ave —Cli 7
5 (7)

tadv
where the kinetic rate [1/s]=-S;:Mn is a function of the rate constdamol/m?s], the
mineral specific surfac& [m%g], and the mineral molar mas4, [g/mol]. The average
pore velocity isvave [M/s], andD [m?/s] denotes the molecular diffusion coefficienteTh
simulation is designed for advection-controllediaiions such as those that prevail in the
reservoir formation during CQinjection (Damkohler numbeba<10? Peclet number

Pe>10% and hydraulic gradierit>10 - Table 5.2). A small Damkéhler numh@a<<1,

i.e., advection much faster than reaction, perootsvenient simplifications.

5.3.4 Numerical Simulation — Algorithm

General Formulation

Velocity Nodal fluid pressures are computed by writing toatinuity equation at all

nodes and solving the system of equations (detaidang et al., 2011):

ZQi =0 8
The pressure differencéP [Pa] between two adjacent nodes is then usedrtpute the
tube flow velocityv [m/s] and flow ratej [m%s] for each tube using Poiseuille’s law as a

function of the tube diameter[m], lengthL., [m], and the fluid viscosity [Pa-s]:

APd?
324,

Velocity:v =

(9)
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AP7d*
128,

Evolution of the species concentratidlineral dissolution in a given tube lowers the

Flow rateq = (10)

concentration of reactant species and increasesatieentration of produced species at
the next node until saturation is reached and tliisa stops. The concentrati@n j+1

for reactant specidd” andH,COs* at locationx.;=x+Ax and timetj.; =t+Ax in a tube in
directionx is determined by the chemical reaction ratehe residence time of species
inside a tube.cy/v, and the concentration of reactant specjgat locationx; and timet;.

For a 1-D tube aligned i

[H+]i+1j+1 =[H"], j TK [I.]H+]ij EE]-_&JE’Q (11)
' ' ' Keg ) Vs
[HZCO;]i+1,j+1 =[H2CO;]” K EHHZCO;]i,j Eﬁl_%Jd\;ﬂ (12)

where the paramet€l;; is the ionic concentration product, angthe velocity at location
X; and timet;. The concentration of produced spedeE’ andHCO; are determined
from the consumption of reactant species and thielsbmetric ratio between reactant
and produced species. For a 1-D tube aligned in

[Ca2+]i+1,j+1 = [Ca2+]i,j + (K1[H +]i,j +K2[H2CO;]i,j )Eﬁl_%] E’ﬁ (13)

eq i,

[HCO3_]i+1,j+1 :[HCO3_]i,j +(K1[H+]i,j +2K2[H2C02:]i,j)[El_%]E'\;Lh (14)

These equations presume that advective transparais over diffusive transporPé&>1)

and is valid for advection-dominant regimes.

Initial and Boundary Conditions

The first column iE1) is the inlet of C@dissolved water; it has fixed

concentration of reactant species. The concentratfaotal carbonic acidH>COs*] is
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determined using expressions proposed by Duan andZ®03) as shown in Chapter 3.
Concentrations of hydroge#i{], hydroxide PHT], and bicarbonateHCOs] are obtained
from the thermodynamic equilibrium of a carbonaystem H,CO; —H*+HCO; at
T=40°C andP=10MPa. Concentrations of other species, sudbais andCl at the inlet
boundary are determined to satisfy electro-netyréfiigure 5.2).

A free flux condition is used for the outletM in order to simulate an infinite
boundarycy.2 j-Cu-1,=Cw-1,-Cwv,. Figure 5.2 summarizes initial and boundary coon.

Chemical conditions must be initiated within thetwmrk to avoid numerical
instabilities. We assume that the transport of iggealong transverse tubes is initially
negligible because flow velocities are typicallyehdower than along longitudinal tubes.
We also assume that changes in tube diametersghgible during the initial moments.
Then, the initial “pseudo-steady state” concerdrafield of reactant species along 1-D
longitudinal tubes can be estimated by numericadiiving the differential equation for
reactive fluid transport (Boudreau, 1997):

dc dc
_V —

—-v—-kc=0 15
dt dx (15)

This equation is expressed in finite differencarfdcentral approximation functions).

- [ —K G+ (6, =0 (16)
27X 27X

wherec; [mol/m® denotes species concentration at locatigrand the space interval is
taken as the distance between adjacent ntogelsc,. In matrix form,
Alc=B a7

where matrix4 contains coefficients in Equation 16 (thatvé2Ax, -x, andv/2Ax), and

the vectorB captures boundary conditions, i.e., fixed con@dian ciye; at the inlet node

i=1 and free flux at the outlet nodeM. For example, the matrig and vectoB for M=6

nodes are:
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1 0 0 0 0 0
S T Cinet
21X 21X
v Y, 0
0 -——  —K —_— 0 0 0
é: 27X y 2AX v , andB = (18)
0 0 -— -k —— 0
20X 20X 0
v Y,
0 -— -k — 0
2AX 2AX L .
i 1 -2 1|

The sought concentration fietdof reactant specigd™ andH,COs* at all nodes at the
initial pseudo-steady state condition is obtaingdrtversing the system of equation to

recover the vectar = A~! - B. Pseudo-steady state concentration for other epesiich

asCa’*, HCO; , OH, andCl, are determined to satisfy both equilibrium in taebonate

system and electro-neutrality with the concentregtiofH™ andH,COs* at each node.

Complementary computations

Enlargement of tube diameter§he solid mineral dissolutionc;™ [mol/m’] between
location x; andxi+1 from timet; to tj+1 is computed from the consumption of reactant
speciedH” andH,COsz* and their stoichiometric ratios (1:1 for both rat species). For

a 1-D tube aligned ir:

eq ) Vij

m + * Qi j C
act; = (k[ L,,—+K2[Hzcosli,j)tE1—K—"Jdﬂ (19)
The increase in tube diameted;; [m] between locations andx.s1 from timet; to tj+1 is
proportional to flow rateg;;, the solid mineral dissolutionc;;™, the mineral molar

volumeVi, [m¥mol], and the elapsed tim# [s]. For a 1-D tube aligned i

= 2B i g (20)
d ’

ch i

Ad

i

As noted earlier, mineral dissolution is much slow&an advection in most problems of

reactive fluid transport related to @@eological storageD@a<<1). Thus, the enlargement
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of tube diameters, for one replaced network potanaeV,, is minute, and we select the
time intervalAt for one iteration step to be several tinfethe overall advection time

Liotal/Vave aCross the networka=Lcn*(M-1):

N (21)

ave

new

Updated Nodal Concentration$he new nodal concentratiop, -1 at locationx:; at

time t;, is computed assuming instantaneous mixing at ¢le:n

Z qk,j |]:k+1,j+1

new [

C|+1j+1 =k (22)
T

Algorithm

One cycle in the network simulation correspondghte time intervalAt, and
involves the following steps: (1) estimate the etioh of species concentration at the
end of every tube based on species concentratreftgity, and kinetic rates — Equations
11 to 14, (2) compute the enlargement of tube dieml for every tube — Equations 19
to 21, (3) update concentration of species atades — Equation 22, and (4) update nodal
pressure, velocity and flow rate based on changalia diameters — Equations 8 to 10.
We repeat this cycle until the total flushed voluneaches 1000, (Table 5.2). The

algorithm is summarized in Figure 5.3.
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time
[']i,j [']i+1,j H*
CaCO, H,CO,*
() ) Species: Ca?*
« > HCOg'
i Len i+1 OH-
Cr
i CaCO,; + H* — Ca?* + HCOg; kinetic rate k;
CaCO;+ COy,q + H,0 — Ca? + 2HCO;; Kinetic rate k,
Equilibrium constantfor the mineral dissolutions: K,
- - S _[ca ]} [HCO T,
lonic concentration product (;; at x; and time t: S TENCE I
i i+1
Concentration of reactant species atx;,;=x;+Ax and t;,,; =t +At:
Q.
H+: [H+]\+LJ+1:[H+]\,] _KlmH+]i,J Eﬁl_KH]dﬁ
e ) Vil
j+1 o
COZ(aq): [HZCO;]\+1,|+1 :[HZCO;L,J —K, [DHZCO;]M EE]'_KI]d‘;Lh
eq ]
Concentration of produced species atx;.;=x;+Ax and t,,,; =t +At:
Ca2+: [Ca2+]|+1_1+1 :[Ca2+]|,1 + (Kl I:DH +]l,] +K2 [DHZCO;]I.I )EEJ'_KEIVI] d\;ﬂ
eq 1]
, Q
HCOg [HCO; 0 =[HCO, + i TH7Y,, +2K2mHzcosl.,J)EE1—K’J]ﬂv&“
eq )
( _______ Vo by )
i t Ad; /2 i+1
Time interval for one iteration: At =l3%
End of ave
j+1 N AL G . . Q.
Enlargementof a tube: Ad=—r E(L'Eﬁxl[H L) +K2[H2C03]‘,i) 1-2%0 | dhen
Tty Keg ) Vi
Zk:qk,jck+]”+l
Instantaneous mixing: o=~
9 v qu,j
k

Updateson nodal pressure, velocity, and flow rate

Figure 5.3 Network model simulation scheme for #Huvection-dominant reactive
transport in the C@reservoir (Notation corresponds to a tube aligimed
thex-direction).
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5.4 Results

Reservoir parameters and pressure conditions &etesea in view of CQ storage

reservoirs. Parameters and results are discusséd ne

5.4.1 Selected Parameters

Distribution of tube diametersThe mean tube diametéy is selected to satisfy typical
reservoir permeabilitieerm [Md]. Given the following empirical expression (a and

Bennion, 2008),

k d— 205
= osnElA;nJ (23)

we select a valué,~20um for a reservoir permeability &hern=172md which is in the
range for carbonate porous rocks (Brosse et aDb;2&germann et al., 2005). Pore
diameters are log-normally distributed with a cmééiht of variation COV=0.4 for
sediments (Phadnis and Santamarina, 2011); we talsib COV=1.0 and 1.5 that
correspond to fractured rocks (Shapiro, 2010).

In-situ hydraulic gradientThe injection pressure is limited to prevent laydic fracture.
The hydraulic gradient, is highest near the injection well and diminishegersely
proportional to distance from the well. In this dgtu we test three different hydraulic

gradients,=10, 100, and 1000.

5.4.2 Results

Concentration The spatial distributions of species concentrafi¢’, H,COs*, Ca®*, and
HCOzs) are monitored during fluid flow (Figure 5.4). Whéhe advection time is much
longer compared to the reaction tinlea10%), the concentration of reactant species
(i.e.,H" andH,COs*) rapidly decreases near the inlet. However, reacpecies migrate
towards the outlet and ramify as the hydraulic gmaincreases arifla<10®. The lower

consumption of reactant species with higher hydragdadients makes the pH converge
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to lower values away from the inlet (Figure 5.54lectro-neutrality is satisfied during

the numerical simulation (Figure 5.5-b).

[H'] [H,CO,4*
5 .
10 .
15 .
20 .
3 _ ks
- 30 . =
35 .
40 3
45 .
50 .
(c) [Ca*] [HCO,]

Inlet
Inlet

ﬂi

Figure 5.4 Distribution of species concentratidteral000 network pore volumes
have been flushed through the system:H&) (b) H.COs*, (c) Ca®*, and
(d) HCOs (ir=1000,Da=1.5*10°, Pe=6.8*10).

Pore Diameter Tube diameter enlargement prevails near the integn the hydraulic
gradientiy, is low (,<100; Da>10" Figure 5.6-a), but it extends towards the outiethe
advection velocity increases (Figure 5.6-b). Figbu@ shows tube diameter enlargement
after 1000 network pore voluma&4 have been flushed (Note: whgr1000 Da~10°),

the corresponding total simulation time is two osdef magnitude longer than
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characteristic time for calcite dissolution by hygen ionsH"). For a given number of

network pore volumes flushed, the higher the adeectelocity the lower the eroded

mass within a given model space (Figure 5.6-c).

pH

Electro-neutrality

Figure 5.5

Initial condition

Da=1.5x103

1.5x104

1.5x10%

10—3 -

0 0.2 04 0.6 0.8 1

Normalized length, X/L .

-103-

Evolution of pH in space and time.{hg average pH along the network
model after 1000 network pore volumes have beeshéd through the
system. (b) Verification of electro-neutrality afprnhe network model.
Note: Damkéhler number decreases fidar1.5*10° to Da=1.5*10" and
Da=1.5*10° as hydraulic gradient increases frag¥10 to i,=100 and
ir=1000.
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Flow rate Reactive flow tends to preferentially enlargeesitwith high flow velocity.

Figure 5.7 compares the normalized change in fet@Nq/qg maxafter 1000 network pore

volumes under different hydraulic gradients: thidahpore size distribution (COV=0.4)

evolves towards localized flow and wormhole formatiThe flow pattern clearly shows

that initially dominant channels experience mosthaf increase in the flow rate during

reactive fluid flow at high gradients (Figure 5.7ahd c), however, flow remains more

homogeneous after 108Q-when the hydraulic gradient is low%10; Da~10°, Figure

5.7-a).
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Evolution in tube diameters during teacfluid transport. Line thickness
represents normalized diameter grou/dy)*50 (top), and cumulative
distribution of initial tube diameters and tube rdeters after 1000
network pore volumes have been flushed is showrottom (coefficient
of variation COV=0.4): (aj,=10 Da=1.5*10° Pe=6.8*10), (b)i,=100
(Da=1.5*10* Pe=6.8*1(%), and (c)i,=1000 Pa=1.5*10° Pe=6.8*10").
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Pressure The pressure field in the porous medium changih wreferential tube
enlargement. At low hydraulic gradients, high disgon at the inlet transfers high inlet
pressures further into the medium (Figure 5.8-a&).tlfe hydraulic gradient, increases,
dissolution extends further into the medium andsguee follows the pre-dissolution

trend closer (Figures 5.8-b~d).

(a) Da=1.5x103 (i,=10) (b) Da=1.5x10* (i,=100) (c) Da=1.5x10" (i,=1000)

50 50 50

" i T
= ==t =
= 1

e £ B

) = % g ©

=
30 T HH 30 30

20 20 20

10 T ; 10 10
t

Figure 5.7 Evolution in flow rate across the natvmodel. Line thickness represents
normalized flow rate increas@\g/p may*100 after 1000 network pore
volumes have been flushed (COV=0.4): (&F10 (Da=1.5*10°
Pe=6.8*10), (b) i=100 Da=1.5*10"% Pe=6.8*1(F), and (c) ix=1000
(Da=1.5*10°, Pe=6.8*10").

Porosity-permeability Enlargement in tube diameters increases both spgrand
permeability. The Kozeny-Carman equation (Carma®b6)] suggests a power
relationship between relative porositipo and relative permeabilitiy/ky:

k_(o) 24
= 2

where ¢o and ky are selected reference values. Consider a cytaldriube in
representative elementary volume. A change in p@ameterAd corresponds to change

in porosityAe:
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Ad =( 1+A_¢’—1J (25)

For small changes in normalized porogigypo<<1, Equation 25 approaches:
d 2@
Thus, changes in porosity are proportional to clkang pore diameter. Equations 24 and

25 (or 26) link micro-scale change in pore sizenecro-scale changes in permeability.

(a) Da=1.5x103 (i,=10) (b) Da=1.5x10* (i,=100) (c) Da=1.5x10" (i,=1000)

(d) Normalized average pressure

1 -
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0.6

0.4

0.2

Normalized average pressure, Paye/(Pin-Pout)

o

0.2 0.4 0.6 0.8 1

o

Normalized distance, /Lo

Figure 5.8 Pressure field after 1000 network pwodumes have been flushed
(COV=0.4): (a)in=10 Da=1.5*10° Pe=6.8*10), (b)in=100 Pa=1.5*10%
Pe=6.8*10F), (c) in=1000 Pa=1.5*10°, Pe=6.8*1C"), and (d) normalized
average pressure with respect to the distance fnden (initial graph is
identical to the normalized average pressure wkrek000).
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When the hydraulic gradient is higa<10* (i,>100), the normalized mean tube
diameterd/d, is linearly related to the normalized flow ratgg (Figure 5.9-a).

However, when the hydraulic gradient is I@ea~10° (i,=10), the trendy/qo vs.d/d,
deviates from linearity and reaches a plateau, eélkiengh the normalized mean tube
diameter continues increasing; this apparent paradoexplained by the localized
dissolution near the inlet (Figure 5.6-a). Figuré0scompares the normalized flow rate
and the normalized mean tube diameter for the ligar of tubes next to the inlet. When
the hydraulic gradient is higha~10° (i,=1,000), the relationship approaches the upper
bound where every tube grows in proportion to itidl diameter. As the hydraulic
gradientiy decreases, the relationship moves downwards itihiiis the plateau. Results
in Figures 5.9 and 5.10 highlight the inherent biden “average trends” are analyzed in

reactive fluid flow.
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Figure 5.9 Evolution in flow rate normalized byetbriginal total flow ratey/qy, with
respect to: (a) normalized mean tube diamefel,, and (b) flushed pore
volume for different Damkohler numbBa (COV=0.4). Note: Damkohler
number isDa=1.5*10° for hydraulic gradienti,=10, Da=1.5*10* for
in=100, andDa=1.5*10" for i,=1000.
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1.5 7 Upper bound: proportional tube growth
g
O 14 -
L
s
1.3 1
E’ Da=1.5x10
8 - -~ -
g 12 .
g
= 1.1+
> 1.5x103
Z --------------------------------------------------
1- . .
1 1.1 1.2

Normalized mean tube diameter, d /d,

Figure 5.10  Evolution in flow rate normalized lhetoriginal total flow rate/qy with
respect to the normalized mean tube diaméfel, for the first layer next
to the inlet (COV=0.4, up to 1000 flushed netwodtgpvolumes), and the
theoretical bound in which all tubes grow proparébto their original
diameter values (solid line). Note: Damkohler numiseDa=1.5*10° for
in=10,Da=1.5*10" for i=100, andDa=1.5*10" for i,=1000.
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5.5 Discussion

5.5.1 Dissolution Pattern

We use the numerical algorithm described aboveptoee dissolution patterns in
the context of C@injection projects (foDa<<l1). The summary plot in terms of the
Damkdohler numbeDa in Figure 5.11 shows that the reactive flow of evawith
dissolved C@ vyields either compact dissolution near the inlBax10% or several
branches of localized flow path®d<10*). These results agree with previous studies that
show a transition from compact dissolution to umifadissolution at around TéDa<10
3 (injection tests of under-saturated salt solutioa porous medium made of salt grains -

Golfier et al., 2002).

Dominantchannels
(Ramified wormholes)

XOXXO o000 .
o >
I I I . — Da
106 10° 104 103 102

O : Compactdissolution

X : Dominantchannels
(Ramified wormholes)

Figure 5.11  Dissolution pattern as a functionte Damkdhler numbdda, for 1000
flushed network pore volumes: G@issolved fluid flow through porous
media during C@ geological storage. Note: network simulations were
conducted for various hydraulic gradieits10 Da=1.5*10%), 20,.., 200
(Da=3*10"), and 1000Da=1.5*10").

97



5.5.2 Effect of Initial Pore Size Variability

The coefficient of variation COV in pore size isdar in jointed rock masses than

in sediments (compare Phadnis and Santamarina,&@d $hapiro, 2010). Let's examine

the role of pore size variability on the evolutiohmean tube diameter and flow rate by

running additional simulations with COV=1.0 and.IlResults in Figure 5.12-a show that

the normalized flow rate increases faster with argBOV values for a given increase in

the normalized mean tube diameter. Hence, the erpofor the Kozeny-Carman

equationa (Equation 24) increases with pore-size variabilNyoreover, the range in the

exponento widens as the coefficient of variation in poreesiZOV increases (Figure

5.12-b): a porous medium with a higher COV is kk& have more localized fluid flow

whereby few channels are responsible for mostefltw.
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Dependency of the mean tube diambterdfate evolution on pore-size
variability: (a) typical mean tube diameter-flowteavolution with respect
to different coefficient of variations COV, and (@mparison of exponent

a for (q/q,) = (d/dy)%; all simulations were conducted up to 1000
flushed network pore volumes with hydraulic gradieR=1000

(Da=1.5x10°).
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5.6 Conclusions

Reactive fluid flow prevails near the G@ater boundary, and it displaces during
CO; injection (Figure 5.1). The dissolution rate betweminerals and reactant species in
the case of C@dissolved water is relatively low. At the same dinthe CQ front
displaces at low velocity because injection pressame limited to prevent hydraulic
fracture.

A new network simulation code was written to invgste fluid-mineral
interaction when C@dissolved water flows through a calcitic porouswuek near the
CO,-water boundary. Simulation results include therdhstion of reactive species and
reaction product concentrations, the evolutionutffet diameters, pressure field, and the
relationship between mean tube diameter and flaes aa a result of the Ga@issolved
reactive fluid flow. Results show:

* The concentration of reactant species rapidlyrebses near the inlet when the
hydraulic gradient is low and Damkéhler number extssDa>10*. Reactant species
migrate towards the outlet and ramify as the hylragradient increases and the
Damkéhler number dro3a<10™.

« At low hydraulic gradientsdfa>10* i,<100), tube diameter enlargement prevails near
the inlet, flow remains more homogeneous, and higlt pressure is gradually
transferred further into the formation. As hydraujradients increas®&<10* i,,>100),
pore enlargement extends towards the outlet anctiveaflow tends to preferentially
enlarges tubes with high flow rate.

» Results show that calcite storage reservoir @ifberience either compact dissolution
near the inlet@a>10% or localized flow pathsa<10) as a result of C&dissolved
reactive fluid flow.

* Both the Damkdhler number and pore-size varigbaifect the relationship between
mean tube diameter and flow rate. Changes in Dalakdlumber result in inherent bias

between average and local trends. The exponenth®fKkozeny-Carman equation
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a/do=(plpo)* increases with the coefficient of variation COV more size. Both the
Damkohler number and pore-size variability shout dzcounted in field-scale FEM

models.
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CHAPTER 6

REACTIVE FLUID FLOW THROUGH THE CAPROCK

OVERLYING CO , STORAGE RESERVOIRS

6.1 Introduction

More than 80% of the electric power in the USA isduced by burning fossil
fuels (DOE, 2010), resulting in GQemissions into the atmosphere. The geological
storage of C@ has been suggested to mitigate the potential qoesees of CO®
emissions (IPCC, 2005), whereby large quantitie€0§ are injected typically deeper
than 800m to attain supercritical @@onditions in order to minimize the affected vokim
(Note: supercritical temperatuiie®304.1K and pressur@>7.38MPa). Supercritical GO
migrates upwards due to buoyancy and accumulatbsra@ath the caprock.

Most sites considered for G@torage involve low-permeability clay-rich water-
saturated caprocks (Fm?<kpen<10m? - Katsube and Williamson, 1994; Horseman et
al., 1999; Armitage et al., 2010). The solubilify@O, in water can be as high as 1-to-2
moles/L under the P-T conditions in deep reservingan and Sun, 2003). Therefore,
water with high-CQ concentration may diffuse through the caprock ewden small
pores prevent COinvasion and advective transport (Figure 6.1; Gausl., 2005).
Dissolved CQ acidifies the formation water, changes the surtd@gge in clay minerals,
and causes mineral dissolution (Chapter 3; Gherardil., 2007; Berne et al., 2010;
Espinoza and Santamarina, 2012). Furthermore, mliscoties in the caprock such as
cracks or faults favor localized fluid migrationdamrosion (Chapter 4; Bildstein et al.,
2010). These observations suggest that a propesrstadding of reactive fluid flow in
the caprock is critical to the analysis of the ldagnm integrity of geologic seals in GO

storage projects.
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CQ geological storage and coupled processes: foueszamound a CO
injection well (modified from Azaroual et al., 2007The focal area for
this study is within the rectangular frame. g8umes migrate upwards by
buoyancy and accumulate underneath the caprock, sasthin the

diffusion of dissolved C@into the caprock (M: Mineral, B: Brine,cg;:
saturation of CQ and $: saturation of brine).

Figure 6.1

Recent studies related to geochemical changes prodes following the
accumulation of C® plumes have shown that: the diffusion of dissolve@ may

negatively affect the porosity and sealing capaoitythe caprock (Gaus et al., 2005;

Johnson et al., 2004); the primary mineral compwsibf the caprock determines the

CO, trapping capacity (Xu et al., 2005); buffering antheral precipitation may preserve
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the sealing capacity of the caprock in a diffuscamtrolled regime (Gherardi et al.,
2007); and that the impact of mineral dissolutionl @recipitation on porosity changes
may be limited to a narrow zone in the caprock nexthe reservoir (Bildstein et al.,
2010).

This study analyzes transport conditions in theraep and examines the
consequences of reactive &@issolved fluid flow. Simulation results are uséa
investigate changes in hydraulic properties in¢hprock as a result of GOnjection.
Caprock transport conditions are analyzed firdtp¥eed by a detailed description of the

numerical algorithm.

6.2 Transport Conditions in the Caprock

Fluid pressure and hydraulic gradienhjected CQ migrates upwards by buoyancy and
accumulates underneath the caprock due to capiltapping (Chapter 3; Kopp et al.,
2009). The excess fluid presswe [Pa] at the bottom of the caprock due to presefce
buoyant CQis a function of the thickness of the &filled storage reservoiig [m], and
the unit weight of C@ycoz [N/m? and water,, [N/m’] as shown in Figure 6.2:

BP =H¢ [y, = Veoz) 1)
The total head differencthr across the caprock thicknddg [m] is computed from the

pressure head differenad,=h,'-h,"=AP/y, and the elevation head differente=he-he'":

:AP+HCyW_HC:HRyW_yCOZ (2)

e N e y

Therefore, the hydraulic gradieiptacross the caprock is:

i = Oy :(EJ [El_@J ©)
HC HC yw

The CQ density can vary from 200kgfro 800kg/ni under storage conditions that

cover both coldi{<20°C/km) and warm geothermal gradien{s45°C/km-IPCC, 2005).
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(a) Excess fluid pressure at the bottom of caprock (b) Condition for capillary trapping

:(yw_ycoz)[HR AIDSF’CEP_ d

_ 4T (u)

pore

Caprock He
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Reservoir Hg

Water in Caprock

CO,in Reservoir

brine

(c) If capillary trapping fails, advecting gradientis as follows:

Head difference: Ah, = h} - h}'

__Ah
- =

Figure 6.2

=(hy -~y )+ (e 1)

8 -
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HC yw

Trapping, and hydraulic gradigyfor the upward flow through caprock
with different CQ densitiesco2 [kg/m3]. Parameters: storage reservoir
thicknessHg [m], caprock thicknesllc [m], unit weight of briney,
[N/m?], unit weight of CQ yco2 [N/m°], total headhr [m], pressure head
hp [m], elevation heatle [M], CO; entry pressur@cep [Pa], interfacial
tension between CQand brine as a function of fluid pressiigau) [N/m],
characteristic pore diametéy,re [M].
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For these conditions, the potential hydraulic geatlis quite small (Equation 3), in fact,
it is ir<10 for most sites currently under consideratiagifFe 6.2).

Reactive transport regimé@he time scales for advectitgy, diffusiontyi, and reaction
txn CaN be combined to form two dimensionless raiies, the Damkdhler numbéya

and Peclet’'s numbédte

(4)

(5)

whereD [m?/s] denotes the coefficient of molecular diffusidine kinetic ratec [1/s] =
k-S¢Mn is a function of the rate constant for mineralsdlstion k. [mol/m?s], the
mineral specific surfacg [m?g], and the mineral molar ma, [g/mol].

If advective flow develops across the caprock,awerage flow velocityaye [M/S]
would be a function of the hydraulic gradiemt across the caprock (Equation 3)
according to Darcy’s law:

Ve = Koon L (6)

The hydraulic conductivityKcon [cm/s] ranges between 1®&m/s and 18%mi/s for
typical seal rocks in the absence of discontinsiti@®ote: hydraulic conductivity
KeormKoermpw /i is computed from the absolute permeability®46°<Kpem<10°m?,
water densityp,=1000kg/ni, and water viscosity,,=10°Pa-s). The resulting Peclet’s
number is much smaller than one;®4@e<10° for the anticipated hydraulic gradients
ir<10. Therefore, diffusive transport prevails ovevective transport in the caprock.
Capillary trapping A laplacian interface between water and,@@velops at pore throats
sizedyore [M] and can sustain a G@vater pressure difference that is proportionathe

interfacial tensioM&35mN/m (Espinoza and Santamarina, 2010):
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Pogp = ——2 7
CEP d ()

pore

The trapping numbet. is the ratio between the capillary entry presdegg- and the
pressure difference at the caprock-reservoir iaterAP=Hg:(yw-yco2) as shown in
Equation 1,

oo 41T, @®

¢ dpore EHR [qyw - ycoz)

The pore size isle<0.1um for most seal rocks without discontinuities, amdicipated

reservoir thickness will be less th&tk<100m in most cases. Therefore>3.6 and
capillary trapping is anticipated in GGtorage projects.
Conclusion Capillary trapping concurs with the prevalenfiubfve transport to define a

diffusion-controlled reactive transport conditionthe caprock.

6.3 Numerical Simulation Model for Diffusion-Controlled Reactive Transport

The governing pore-scale equations for diffusiomd@@nt reactive transport are

numerically solved to analyze the caprock evolutio@0, storage projects.

6.3.1 Mineralogy and Dissolution

The dissolution of C@in water produces hydrogen ioHS and aqueous carbon
dioxide COyqy, both species cause mineral dissolution. Calcitelaolinite are selected
to analyze a worst-case scenario and a more commirgralogy frequently encountered
in potential reservoir caprock.

Calcite Carbonate content in shales varies from 1% to 6B%eguen and Palciauskas,
1994; Wollenweber et al., 2010). The two dominaalciom carbonate dissolution

reactions at highi" andCO,(,q) concentrations are (Plummer et al., 1978):
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CaCQ)+ H — C& + HCOy (9)

CaCQys) + COyaq)+ HO — C&* + 2HCQy (10)
Kaolinite. Kaolinite is selected to examine clayey caprodis.adopt the model by Li et
al. (2006) to represent the dissolution of kaadinithe reaction consumes six moles of

H* to produce two moles &I**

and two moles of4SiOy:
Al Si;O5(0OH)4s) + 6H" — 2A1°" + 2H,SiO, + H,O (12)

First-order kinetics The formulation assumes first-order kinetics:

_ d[react] — V produced d[ produced| = k[react] (12)
dt v dt

react
where square brackets indicate species concemtyagigiucedvreact defines stoichiometric

ratio between produced and reactant speciesi §ius] denotes the kinetic rate for each
chemical equation. The system reaches equilibrinthraineral dissolution stops when

the ionic concentration produ€[-] equals the equilibrium constakitq [-]:

0= M[produced” _

M[react]” & (13)

where IT indicates product of components in series. Minguedcipitation is not

considered in this study. All parameters and ratestants are summarized in Table 6.2.

Table 6.1 Parameters used for numerical simulst@nd analyses

Parameter Property

Number of nodeg\ 100

Length between nodesx 0.1mm (ca_lcite)
0.1m (kaolinite)

Mineralogy Calcite & Kaolinite

Courant numbem-At/(Ax)* (D [m?/s]: coefficient of diffusion) 0.1

Characteristic time for diffusiort, Liota/D=(N-AX)?/D

Initial porosity, g 0.04

Mean pore diameterd, 10nm

Interfacial tension between G@nd waterJ 35mN/m

Thickness of reservoibHg 100m

Density difference between G@nd waterAp 400kg/nd
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Table 6.2 Chemical properties for calcite and keiel used in the numerical

simulation

(a) Equations for mineral dissolution and propsertie

_ _— lonic
9@ g e Chemical equation for mineral dissolution Rate cgnstant Equilibrium concentration
ol L3 [mol/m?/s] constant
ZIE|2| 5 product,Q
<1885 5| cacqu + H 5 c# + HCO; ky=0.7451 | Kie10-3 0
O|g|T| ¢ g 2QurH = % = tef [Ca2*2[HCO3 ]
| _g| 'ea= k —_—
0| =| >E | CaCQe+ COypaq+ HO 5 C&" + 2HCQ, | ko=8.610" W | Kpe=10*°@ | [H*][H,CO3]
€ |5l
LI2/ElS Al,Si,05(0H)4) + BH )
EIE|3| 5 © k=2.79°10% | | suo | [ARYP[H,SIO,)?
GIRIEE: PN i @ o T
TS| N o g — 2AI°" + 2H,SiO, + H,O [H+]
XY s =
g=|>E

(b) Boundary condition: Concentrations of speciesadlcite-dominant environment

Inlet concentration Initial concentration

[H*]ine=6.68*10*mol/L [H*inia=1.0*10mol/L

[HoCOs* Jinie=1mol/L

[H2CO*iniia=1.0*10°mol/L

[HCO;5]ine=6.68*10"mol/L

[HCOs ]initia=4.47*10*mol/L

[Ca?|ine=1.36*10°mol/L

[Ca® iniia=1.59*10°mol/L

[OH]ine=1.50*10"mol/L

[OHTinitia=1.0*10°mol/L

[CI] inlet:2-72*103m0|/L

[Clinita=2.72*10°mol/L

(c) Boundary condition: Concentrations of speciel

kdolinite-dominant environment

[H*]ine=6.68*10"mol/L

[H* Tiniia=1.0*10°mol/L

[H2COS*]in|et:1m0|/L

[HzCOg* ] initia=1 0*105m0|/|_

[HCO5]ine=6.68*10"mol/L

[HCO5 iniia=4.47*10*mol/L

[OH]ine=1.50*10""mol/L

[OH] initial=1-0*106m0|/L

[A®*]1e=8.91*10"mol/L

[AP*]iniia=8.91*10"mol/L

[H4SiO]ine=8.91*10"mol/L

[H4SiO]iniia=8.91*10"mol/L

[Na]ine=1.0¥10"?mol/L

[N Jiniiar=4.48*10"mol/L

(d) Coefficient of molecular diffusio»=2.0*10°m?s “

Note: S¢ mineral specific surfaceM,; mineral molar massy/,,, mineral molar volume; kinetic
rate isk; [1/s]=k-S-M, wherek is a rate constant; Rate constants are computéld-#°C in this
study; total equilibrium constant for calcie=Kieq Kaeq References/comment$* Plummer et
al., 1978; Fredd and Fogler, 1998; Pokrovsky e8l05; Renard et al., 2005; Algive et al., 2009,
@ Lj et al., 2006® Xu et al., 2006®” The average molecular diffusion coefficient isesédd to
satisfy electro-neutrality).
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6.3.2 Numerical Simulation — Algorithm

Reactants The equation for diffusion-dominant reactive B8port predicts, the
concentrationc [mol/m’] of reactant species (i.ed" and H,COs*; total carbonic acid
H,COs* denotes the summation of aqueous carbon didX@g.q) and true carbonic acid
H,COs) in the caprock in the absence of advection (PealeimberPe<<1 and trapping
numberz>1); for one-dimensional transport:

dc _ d%
—+Kkc=D-—
dt dx

(14)
Let's add a saturation criterion (2Keg into Equation 14 in terms of the ratio between
the ionic concentration produ@and the equilibrium constakt
2
&1L |=ple (15)
dt K dx

eq
Equation 15 is expressed in finite difference fdorestimate the species concentration
C,+ at locationx and timet.;=tj+At with information of species concentrations at
location X, X.1=X-AX, andX.:1=x+AX at timet; (Note: ; is the ionic concentration
product at location; and timet;):

Qi ; At
Cou=C, -k Dt1-—" | [+D-= (o, —28  +C., ) (16)
, ’ Keq AX ’

Thus, the concentrations Ef andH,COs* are computed as follows:

for calcite dissolution

eq

. . Qij A + + +
[H ]i,j+l:[H ]i,j [El_Klmt[El_K_’J]-'-DEtZ([H ]i—Lj_Z[H ]i,j+[H ]i+li)

(17)

eq

[HZCO;]i,jﬂ :[HZCQ;]i,j Eﬁl_Kz [At EE]-_ ii'j )J"' D%([HZCQ*L-“ _2[H2CO;]LJ +[H2C03*]i+1,j)

(18)

for kaolinite dissolution
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+ — + Qi,j At ¥ . +
[H ]i,j+1_[H ]i,j 1_KH LAt -, +D_2([H ]i—Lj _Z[H ]i,j+[H ]i+1,j)
Keq AX
(19)
Products The concentrations of produced species (€e" andHCO; in calcite and
AP andH,SiOs in kaolinite) are determined from the consumptiémeactant species in
terms of stoichiometric ratios between reactant prodiuced species. Furthermore, they

are subjected to diffusion as well, hence:

+ + + ¥ 5 Qi’-
for Ca2 : [Ca2 ]i,i+1 :[Ca2 ]i,j +(K1[H ]i,j +K2[H2C03]i,i)EE1_ K ijt

eq

At + + +
+ DF([Ca2 ]i—:Lj _Z[Ca2 ]i,j +[C3-2 ]i+1,j) (20)

for HCO5™ [HCQ ], ., =[HCQ;, +(K1[H+]i,j +2K2[H2CO;]i,i)EE1_%J .

eq

At - - -
+D—7 ([HCO; 1, ~2HCOS], | +[HCO; ) 1)
H*T . Q. .
for AIF*:[AI**], i SLAPT + falH7] 1-2700 |t
| | 3 Keg
At + + +
D (A1, ~20A] A7) (22)

for H4SiOy: [H,SiO)]; .. =[H,SIO]; +(KH[FB' ]i,j][E _&] At

eq
At . . .
+D—5[H.Si0]., ~2H, S0, +[H,Si0)..)  (23)

Boundary conditionsThe first node=1 represents the interface between the caprock and
the reservoir, and it has a fixed concentratiomeaictant species. The concentration of
total carbonic acidH,COs*] is determined using expressions proposed by Rur@nSun
(2003). Concentrations of hydroger*], hydroxide PH], and bicarbonateHCOs] are

obtained from the thermodynamic equilibrium of carate systent,CO; «<>H"+HCO;3
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at reservoir condition$=40°C andP=10MPa. The initial concentration of other species
(ca*, AP*, H,Si0,, andCI) at the inlet boundarj=1 at timej=1 are determined to
satisfy electro-neutrality; thereafter valugs;; are allowed to change to prevent the
backward diffusion of dissolved species (igz;=C; for time steg>1).

Three different boundary conditions are consideatdhe outleti=N: a) fixed
initial concentratiorcy j=c,1 for all j>1, b) free flux to simulate an infinite boundamny
2-CN-17Cn-1,-Cn,j, @nd c) closed boundary by forcirmg=cy.1; to impose a null exit
gradient.

Initial concentrations of species in the 1-D spare determined to be in
thermodynamic-equilibrium and to satisfy electradnality at pH=8, except the inlet
(2<j<N). Species concentrations evolve as the numesioallation proceeds (Equations
17 to 23). Tables 6.1 and 6.2 summarize parametgisgeochemical values used in
numerical simulations and analyses hereatter.

Mineral dissolution The mineral mass consumption during the timervatet; to tj.,
between locatiorx; andx+1 is computed from the consumption of reactant gseand

the corresponding stoichiometric ratios:

* Q i . . .
Ac = (Kl[H 1 +K2[H2CO3]H)EE1—%J [t ; calcite dissolution (24)
eq
Ky[H™, Q,. L .
Acli = [%}EE —J} (At ; kaolinite dissolution (25)
eq

Algorithm stability The algorithm is summarized in Figure 6.3 forcttal and in Figure
6.4 for kaolinite. This formulation is stable whtre diffusion coefficienD, kinetic rate
x, and the time and space intervals satiB#yt/Ax’<<1 andk-At<<1; thus, we set the time
interval At=0.01Ax*/D<0.1/. One cycle in the numerical simulation impliesraté time
interval At and results in updated species concentrationsnaags consumption at all

nodes. We repeat this cycle until the total simefatime reaches=10Lo:/D.
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time

CaCO, H*
H,CO,*
; f ; Species: HCO,
i1 I Ca2*
— ot

CaCO;+H* — Ca?* + HCOyg; kinetic rate k;
CaCOj+ COy,q + H,O — Ca?* + 2HCO;; kinetic rate k,

Equilibrium constant for the mineral dissolutions: K,

. . . . Ca2+ 2 HC -13
lonic concentrationproduct (); at location x;andtime t;  Q, ; :M
' [H ]i,j[H2C03]i,j

K dx®

eq

2
Governing equation: z(t:w:{l— Q j:DdC

Concentration of reactantspecies atlocation x; and time t;,;=t+At:

[H +]I,J+1 =[H +]"[1_K1 o EE]-_%’J]]*' DAtZ([H +]H~J -2[H +]\,1 +[H +]w+1,|)

eq JAVS

j+1 . . Q At . , ,
[HZCO3]i,J+l=[HZCO3]i,j 1-«, At l_Kid +D§([HZCO3L’:LJ_Z[HZCQ]\,1+[H2CO3]\+LJ)

eq

Concentration of produced species atlocation x; and time t,,, =t +At:

2+ 2+ + « Q\,' At 2+ 2+ 2+
[Ca* ], =[Ca" ], + (is[H ]i,i+K2[Hzcosl,j)EE1—K']mHDAXZ([Ca Jiay 2Ca"],; +CA )

eq

. Q
[HCQ]], .y =[HCOL],  + (i [H 7], +2K2[Hzcosli,i)tﬁl—}g] B+ D [HCOT]  ~2HCO]], +[HCO]y )

eq

Mass consumption of mineral:

K

eq

Adl = (Kl[H 1, +K2[H2CO;]I,J )[El_QH] (At

Figure 6.3 One-dimensional numerical simulatiorhesge for diffusive reactive
transport in calcium carbonate caprocks.
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time H*

AI28|205(OH)4 HZCOB*
; . ... HCOys
.l | .I Species: 77
i-1 i Ax i+1 A|3+.
«— H,SiO,
. Na*
: Al,Si,O5(OH), + 6H* — 2APR* + 2H,SiO, + H,0O; kinetic rate ky,
- Equilibrium constant for the mineral dissolutions: K¢,
. . , . AI*12[H,Si0?
- lonic concentration product (3; at location x; and time t: Q| =%
L]
1 1 ] >
T 1 T
i-1 i i+1
: . dc Q d’c
D 4kl 1- =D——
Governing equation n +xc[ Keq} >
Concentration of reactantspecies atlocation x; and time t,;=t+At:
+ —_ + + Q\,J At + + +
[T g0 =IH Ty =Ky O | Do (H 7 —20H ], +[H )
eq X
j+1

Concentration of produced species atlocation x;and time t; =t +At:
. . Ku[H'T;, Q, At (g . .
AT =[AI7] +[H3']EE1—K6;]DM+DAX2([A|3 lo, ~2A%] A

. . Ky[H™], Q At . . .
[H,SiQ)]; ;.4 =[H,SIO]; ; +[”3J] Eﬁl—K*] (At + DE([HASIQ]‘,LJ -2[H,Si0]; +[H4s|o4]m)
eq

Mass consumption of mineral:
Kk.IH'T . Q. .

A" = wlH'] 1= |
' 6 Keq

Figure 6.4 One-dimensional numerical simulatiomesge for diffusive reactive
transport in kaolinitic caprocks.
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6.3.3 Verification

The numerical simulation code was verified withlased-form solution for 1-
dimensional reactive fluid transport (initial cont&tion conditiorc(x,0)=0for x>0, and
boundary conditions(0,t)=Gne: andc(eo,t)=0 for t>0; Boudreau, 1997):

C 1 28 -T 285 +T
——==exps, ) exp-¢ erf({l—j+ex & erfc(l—j
© = Leale) exd-glerd 2477 |+ exfeeid 2

2

K g o, g = X = (VH4O
+DJ51_'BX'EZ_2D'T D

(26)

where 7 = (4\;2

Results in Figure 6.5 corroborate the numericausation code. Differences at the tail of
the simulation reflects the simulated boundary @wmts for a finite length system
Liota=N-AX as compared to the infinite length analytical §olu The following section

presents numerical results for multiple speciesicktometry, and boundary conditions

that are relevant to G@eological storage.

6.4 Results

The numerical code was used to study the distobubf all reactant and
produced species during diffusion-controlled tramspvhen either calcite or kaolinite
dominates the caprock.

Species concentratio®ue to the high calcite reactivity, the simulatimust be restricted
to very short total length,,=10mm to satisfy numerical stability and to obsetive
interplay between reaction and diffusion. Hencéea-flux outlet boundary condition is
selected for this very-short length calcite simolas. This close look highlights that
reactant species are readily consumed near thedapgservoir interface. On the other
hand, all three boundary conditions are explore&k&mlinite mineralogy since the length

represents a typical full caprock thicknégg,=10m.
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Verification of the numerical simulatioode. Comparison of results from
the numerical simulations and the closed-form swiufor 1-dimensional
diffusive transport aftet/t;;=0.1. Solid line: closed-form solution, Open
circle: numerical simulation. Inserted graph zoamsliscrepancies with
the closed-form solution for two boundary condisoifree flux and no
flux at the outlet (Note: saturation criterion (Ke) is disregarded during
simulations, and reaction rate varies framil0%s™ to 10°s* and 10's™;
characteristic time ratio of diffusion to mineral issblution
Da-Pesk-Liow /D=5 (=10%s"), 0.5 (=103s"), 0.05 (=10"s"); fixed inlet
concentration [G}ie=0.001mol/L; initial concentration [glo=0; diffusion
coefficientD=2*10°m?s; and total lengthw=10mm).
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Figures 6.6 and 6.7 show the concentration of aacpeciesH" andH,COs*)
and produced specie€#*, HCOs, A", and H4SiOy) in calcite and kaolinite-rich
caprocks. The characteristic diffusion time tig=3hr for calcite Lw=10mm) and
t=340yr for kaolinite Lw=10m). The concentration of reactant spedi€sin the
calcite caprock rapidly decreases near the inlet tuthe high reactivity and slow
diffusive transport (Figure 6.6-a). The other raattspecie$l,COs* in calcite andH” in
kaolinite caprock evolve towards a linear gradesthe simulation time prolongs beyond
the diffusive characteristic timén=Lw/D When the free flux outlet condition is
imposed (Figures 6.6-b and Figure 6.7-a). The aanagons of produced species also
evolve towards a constant gradient when the frag #ondition is set at the outlet
(Figures 6.6-c, d and Figure 6.7-b). Forcing thi@al concentration to remain constant
at the outlet is similar to the free flux boundagndition and leads to similar results.
However, when the boundary is closed (i.e., nudldggnt at the outlet), both reactant and
produced species eventually distribute homogengoalsing the entire length as the
system reaches saturation (Figures 6.7-c and die M@t the closed boundary vyields

acidification throughout the entire caprock.
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Calcite

(a) Reactant species H* (Free flux at outlet)
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(b) Reactantspecies H,CO;* (Free flux at outlet)

Normalized concentration, ¢/Cgy;

[N

\
081
0.6
04

0.2

o

---- t=0.3hr
— — t=3hr
—— t=15hr

o

10

Distance from caprock-reservoir interface, x [mm]

(d) Produced species Ca?* (Free flux at outlet)
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Distribution of species concentratiomemalized by their saturation

concentrations in calcite. (a) Reactant speé¢iés (b) reactant species
H,COs*, (c) produced speciellCO;, and (d) produced speci€da®
(Note: free flux condition at the outlet; total ¢h is Ligia=10mm;
characteristic diffusion time isi=Ltw/D~3hr).
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Kaolinite

(a) Reactantspecies H* (Free flux at outlet) (b) Produced species Al** (Free flux at outlet)
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Figure 6.7 Distribution of species concentratiomemalized by their saturation
concentrations in kaolinite. (a) Reactant spekfés(b) produced species
AP* (free flux condition at the outlet), (c) reactapeciesH", and (d)
produced specieal** (no flux condition at the outlet). Note: total &h
Liwota=10m; characteristic diffusion tim§1=Lt0m2/D:340yr.
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The mineral dissolution rate and boundary condgiafiect the evolution of pH in
the caprock. In the calcite caprock, the aciditgrnie inlet increases rapidly to pH~5
and converges to pH=8 near the outlet where frew flondition is imposed. Mineral
dissolution buffers the solution within a narrowickmess next to the caprock-reservoir
interface (Figures 6.8-a and b). In contrast, &gidiops to values lower than pH~5 along
the entire kaolinitic caprock as the simulation girextends beyond the diffusive
characteristic time (Figure 6.9-a). Acidificatioa more pronounced when the outlet
boundary is closed (Figure 6.9-b). Electro-neutlyab maintained during the numerical

simulation (Figures 6.8-c, 6.9-c, and d).

Calcite
(@) pH (Free flux at outlet) (b) pH — zoomed graph (Free flux at outlet)
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Figure 6.8 Evolution of pH in calcitic caprocka) pH along the entire model length,
(b) pH — zoomed in t&=1mm from the caprock-reservoir interface, and (c)
electro-neutrality along the model (Note: free feondition at the outlet;
total length is Liw=10mm; characteristic diffusion time is
ten=Liota/D=3hT).
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Kaolinite
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condition at the outlet), and (c) & (d) electro-trality along the model (Note: total
length isL«w=10m; characteristic diffusion time tig=Liot/D~340yr)

6.5 Analyses and Discussion

Porosity The change in pore volume/, [m?] as a consequence of mineral dissolution

can be computed from the mass consumption of niperapore volumeyc™ [mol/m’]

and the initial pore volumé,’ [m”:

— m 0
AV, = Ac" IV, [V
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whereVy, [m¥mol] is the mineral molar volume. The change inasity Ag [-] due to the
increase in pore voluma&V, is a function of the initial total volume:°® [m% and the
initial porositygo [-]=V, V1"

AV, AC" IV, V0

= = =Ac™ [V 28
VT0 VT0 n (28)

Ag

Pore diameterThe change in pore diameted [m] can be estimated assuming that only
one cylindrical flow channel exists in the reprdaéiie elementary volume REV. The
initial porosity ¢o [-] with initial pore diameted, [m], and the new porosity; [-] after

the pore diameter increasesAwyin a REV of length [m] are:

_ g 29

LITE (29)
2

= n(d044|rzAd) (30)

Combining Equations 29 and 30, the change in pameterAd as a function of the

change in porositye is:
Ad:[ 1+%—1}m0 (31)

Permeability Convective flow of denser G&lissolved water can eventually expose the
caprock to water once again (Zone Il - Figure 6afder it experienced mineral
dissolution while in contact with GOThe initial permeabilityk, [m?] for cylindrical
flow channels is a function of the pore diamedgr[m] as predicted by the Hagen-

Poiseuille’s equation:
ky = —> (32)

Increase in pore diamet&d causes the permeability to increase to:

2 2 2 2
(= ot 8d) _dg ) AdY_dg f,, Ag (33)
32 32 d, 32 @
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And the permeability rati&/ko is a function of the change in porosity:

kk _ B¢
Ko @

(34)
Change in caprock propertiesSThese analyses can be combined with the restlts o
diffusion-controlled reactive transport to antidgachanges in caprock properties.
Consider calcite: porosity, pore diameter, and gatnlitiy change withinx=0.2mm
(¥Lta<0.02) from the caprock-reservoir interface. Beygn@.2mm, the system reaches
saturation and mineral dissolution no longer tagksce. Near the caprock-reservoir
interface, the increase in porosityAig~0.06, the normalized increase in pore diameter is
Ad/dy~0.6, and the normalized increase in permeab8itlko)/ko~1.5 within the first 15
hrs (Figure 6.10). In other words, there is a veapid erosion of a skin-layer at the
interface. Further erosion can take place if digsmh products are removed by diffusion,
advection, or convection in the reservoir. If skgmoval is localized, the caprock may
experience an unsupported free span and breaksioteif the length of the free span is
about 20% of the caprock thickness (Chapter 3).

In the case of kaolinite, mineral dissolution externo aboutk=1m &/L;ota<0.1)
3400 years after CQOnjection in the reservoir. Changes in porositgrgpdiameter, and
permeability are shown in Figure 6.11. Estimateéng®es in porosityAp~5*107,
normalized increase in pore diametad/d,~6*10* and normalized increase in
permeability Ki-ko)/ko~0.001 are quite small even 3400 years aftep @§action when
the upper caprock boundary is open and allows e flux (Figures 6.11-a, b, and c).
These changes are even smaller when the upperc&apoaindary is closed (no flux at
the outlet; Figures 6.11-d, e, and f). Based orsdheesults, we can anticipate that
capillary trapping will be stable in long-term g€&torage projects when clayey caprocks
are involved.

In both cases, mineral dissolution is restricted tegion near the bottom of the

caprock as the system reaches saturation in diffiusdntrolled reactive transport.
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6.10 Evolution of calcite caprock propestigith respect to the distance from
the caprock-reservoir interface (zoomed inxtelmm): (a) change in
porosity Ap=Ac™Vy¢o (initial porosity is assumedy=0.04), (b) 1D
cylindrical model to estimate change in pore diané&t/dy=(1+Ag/pg)°>
1, (c) normalized change in pore diametat/d,, and (d) normalized
change in permeabilityk{-ko)/ko=Ap/po (Note: all changes are computed
based on the mass consumption of minadl [mol/m?; total length is
Liota=10mm, simulation proceeds until time reactrdshr).
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Figure 6.11  Evolution of kaolinite-rich caprocloperties with respect to the distance
from the caprock-reservoir interface (zoomed irtttm): (a) change in porosityy

(initial porosity ispo=0.04), (b) normalized change in pore diamad,, and (c)
normalized change in permeabilitst{o)/ko (Note: free flux condition at the outlet), (d)
change in porosit$e, (€) normalized change in pore diametdfd,, and (f) normalized
change in permeabilitya/ko (Note: no flux condition at the outlet; all chasgee
computed based on the mass consumption of minefgimol/m¥; total length is
Liota=10m; simulation proceeds until time reacke3400yr).
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Governing parametersThe multiplication of the Damkdhler and Pecletismbers
Da-PexHcY/D defines the ratio between the characteristic tirfas diffusion and
mineral dissolution. In calciteDa-Pe>10° for a caprock thicknes$ic=10m, hence,
mineral dissolution prevails over diffusion. In ¢@st, the much lower kinetic rate for
kaolinite results in 16<Da-Pe<1 for a clayey caprock of thickneddc=10m; this
confirms that there is full coupling between diffus and dissolution in a kaolinite-rich

caprock.

6.6 Conclusions

Capillary trapping prevents the invasion of liqud supercritical C@ into the
caprock, and diffusion governs the transport osaled species in the caprock. The
evolution of caprock properties as a result ofdhtision-dominant reactive transport is
critical to determine the caprock long-term integriwe wrote a 1-D numerical
simulation code to investigate the transport okalsed species through the caprock,
taking into account the saturation state. Resuhlisws the evolution of species
concentrations, mass consumption, and hydro-mecalanimplications. Salient
observations follow:

» The concentration of species evolves towardsnateot gradient as the simulation time
extends beyond the characteristic diffusion timebioth calcite and kaolinite when free
flux is allowed at the outlet. In contrast, spece®ntually distribute homogeneously
along the entire length as the system reachesasiatuwhen the boundary is closed.

» Acidity near the inlet increases rapidly to pHatd mineral dissolution buffers the
solution within a narrow thickness next to the ttalcich caprock. In contrast, acidity

drops to values lower than pH~5 along the entirelik#tic caprock as the simulation

time extends beyond the diffusive characteristieeti acidification is more pronounced

when the outlet boundary is closed.
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» Changes in porosity, pore diameter, and perméalab a consequent of diffusive
reactive transport can be estimated from the min@@ss consumption. Results for
calcite anticipate a change in porosity~0.06, normalized increase in pore diameter
Ad/dy~0.6, and normalized increase in permeabilityk{)/ko~1.5 withinx=0.2mm from
the caprock-reservoir interface and the first 15itsr injection. The dissolved skin may
leave the caprock locally unsupported and bendingite cracks may form. Further
erosion can take place if dissolution products reraoved by diffusion, advection, or
convection in the reservoir.

« Diffusion and dissolution are fully coupled inethkaolinite-rich caprock. Mineral
dissolution extends to aboxtlm from the caprock-reservoir interface after mitran
3000 years. Capillary trapping will continue pernfiiang in long-term C@ storage
projects judging by the small changes in porositg absolute permeability computed in

this study.
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CHAPTER 7

CO, BREAKTHROUGH AND LEAK - SEALING EXPERIMENTS

ON SHALE AND CEMENT

7.1 Introduction

Geologic carbon sequestration can be used to a@@gemissions that result
from burning fossil fuels. Injected G@nigrates upward and accumulates underneath the
caprock (Bielinski et al., 2008; Okwen et al., 2D10aprocks and cement plugs should
prevent CQ leakage for thousands of years (Chapter 2; Gaals, &008).

The breakthrough pressure seals can sudBginmust exceed the pressure
difference between the G@hasePco, and the water phas®&,, P,e>PcorPw (Chapter 6;
Fig 7.1-a; Kopp et al., 2009; Saadatpoor et alD92&hlig-Economides and Economides,
2010; Bergmo et al., 2011). The breakthrough pred34 depends on the formation pore
radius rp and the interfacial tensios between water and GO Pu,=2-TJr,. The
characteristic pore radius in shale caprocks is&pri00nm (Katsube and Williamson,
1994; Bachu and Bennion, 2008; Armitage et al.,0201herefore, the estimated €O
breakthrough pressure is between 0.1MPa and 5MPa inacture-free formation
(Hildenbrand et al., 2002; Hildenbrand et al., 2004et al., 2005; Wollenweber et al.,
2010). Most candidate sites for €@eological storage satisfy this condition in the
absence of discontinuities (White et al., 2004; $atial., 2005; Bachu and Bennion,
2008; Doughty et al., 2008; Sharma et al., 2009).

Discontinuities are inherent to caprocks and réflee formation history such as
bedding planes, faults, fractures, and joints (Haekl Brown, 1990). Discontinuities

lower the CQ breakthrough pressure because of their larger giaee (Downey, 1984)
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and become preferential conduits for {@akage (Bildstein et al., 2010; Dooley et al.,

2010; Figure 7.1-b).

Figure 7.1 Capillary trapping at the interface westn caprock and COstorage
reservoirs. (a) ldeal condition in which intact agk overlies CQstorage
reservoirs (characteristic pore radius of capralonders of magnitude
smaller than that of storage reservoir), (b) urmééée condition in which
caprock retains a crack that can provide leakage foa CQ; injected in
the storage reservoir, and (c) proposed solutianh plugs the crack with
sub-micron particles and recovers the initial padius.

Similarly, the well cement that fills the annulustlveen borehole and casing must
have a high C@breakthrough pressure to prevent Qd€akage (Benson and Hepple,
2005; IPCC, 2005), and there must be discontirsiitvéhin the cement plugs or at the
cement-caprock interface (Kutchko et al., 2007 wasathan et al., 2008; Wigand et al.,
2009). Clearly, the role of the cement fill is mastical during injection when the GO
pressure is highest.

Several strategies have been proposed to addressigh of CQ leakage
(Réveillere et al., 2012): 1) control overpressnir€0O,, 2) enhance COmmobilization
in the form of dissolution or capillary trapping) 8rm a hydraulic barrier in the

overlaying layer, and 4) modify the fracture hydiaproperties. Several attempts have
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been made to control hydraulic properties, suchmasobial clogging (Bryant and
Britton, 2008; Cunningham et al., 2009) and theahpn of polymer gels (Sydansk et al.,
2005).

In this research, we investigate the £fdeakthrough pressure for caprock shales
and cement specimens, and seek to find feasibletegtes to effectively plug

discontinuities (Fig 7.1-c).

7.2 Experimental Study

Breakthrough and sealing tests are conducted oe plugs using a uniquely

designed device to apply high fluid pressure urndestant effective stress.

7.2.1 Experimental Device

The high-pressure celP£20MPa) has an enclosed steel spring to applytecakr
effective stress,’ <8MPa (Figure 7.2-a; Espinoza, 2011). The test sgtked for radial
flow to minimize the preferential leaks between #gecimen and the chamber in
conventional 1-D plug tests (Figure 7.2-b). Thdeaiytipe connects to a pipet to measure
flowthrough water and to observe g@aks. The high-pressure cell is modified to run
sealing tests and houses two inlet ports, one foy &d the other to inject the sealing

solution as needed (Figure 7.2-a).

7.2.2 Materials — Specimens

Cores of the shale caprock at a Kansas @idt test site (Southern Kansas,
Watney and Bhattacharya, 2011) were drilled, catl surface polished to prepare the
annular specimens (outside diamedgr40mm, inside diametet,~3.17mm, and height
25mm<h<35mm). The specimens exhibited horizontal hairtireecks in the form of layer
separation, probably due to stress relaxation duecoring and recovery (Figures 7.3-a

and b).
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Experimental device. (a) Entire setup G,-breakthrough test and
sealing treatment where the internal spring appiésctive stress on a
specimen, C@enters the inside of the cell through a upper tsealing
solution (suspension) enters the inside of thetbetlugh a lower one, and
CO, and water come out and stay in a collection pamet (b) detail (1) in
(a) where CQ infiltrates the specimen from its outside and heacthe
tube in the center, which is connected to the cbbe pipet.

Shale rock specimen. (a) Core prepfarethe CQ-breakthrough test and
(b) microscopic image of interlayer crack that midgavelop during coring
and core recovery.
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Cement specimens were prepared using class-A eelent at a water-cement
ratio w/c=0.4 and cured under 100% humidity for &8/s. The estimated porosity is

aroundp=0.4 (computed from saturated and dry weights).

7.2.3 Sealing Strategy

Fine migration and accumulation at pore throats @ag and seal porous media
(oil recovery: Sharma and Yortsos, 1987; Khilar &odjler, 1998. Bio-processes: Lee et
al., 2004; Trask et al., 2007). We attempt to seatks using sub micron-size particles in
order to decrease the characteristic pore radjuaithin cracks. The test procedure
includes suspension injection under reser®sir conditions followed by the re-injection
of CQO, (Figure 7.4-a). The selected water-based suspensi® prepared with bentonite
(1gram of GEL-PureGold bentonite, and 20ml of watand kaolin (1gram SAl-

Wilkinson kaolin, 1gram dispersant, and 20ml ofevat

7.2.4 Test Procedure — Data Interpretation

Saturated shale specimens were stored in a 100%adityiimox for one month to
reach equilibrium. The specimen was mounted inéohigh-pressure cell with epoxy at
bottom boundary and grease on the top to prevamdary leaks between the specimen
and stainless steel caps (Figure 7.2-b). A verstalss,/ ~1MPa was applied in all tests
using the internal steel spring. Initially, wat#isfthe annulus around the specimen.

Two inlet pressure histories are imposed in thislgt{Note: the outlet pressure is
atmospheric in all cases). One involves the gradteg-wise increase in GQ@ressure
until the breakthrough is reached and, @Ontinuously comes out (b-1 in Figure 7.4-b).
The other pressure history starts by imposing a @@ssure 3~4 times higher than the
anticipated breakthrough value; and closing thetimblve. Then, C®escapes through
the outlet port until the pressure drops to thespen’s shut-off pressuiéy as water re-

imbibition closes pores starting with the smallastes first (Hildenbrand et al., 2002; b-2
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in Figure 7.4-b; Note: water-saturated QO@ust be used in this case to prevent drying the

formation). Breakthrough and shut-off pressuresecefthe smallest pore along the

percolating path. Figure 7.5 illustrates water mige and re-imbibition. The shut-off

pressurePy will be lower than the breakthrough pressBgeif water re-imbibition does

not take place (Hildenbrand et al., 2002), theeetbe shut-off pressure is a conservative

estimate for the sealing capacity of the caprock.
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Figure 7.4
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C@hbreakthrough test and sealing treatment. (a) Sahenof sealing
treatments where suspension is injected prior ® @Q injection.
Following the suspension, GOis re-injected, and pressurized £0
displaces the suspension on the inside of the m@eciand causes sub-
micron patrticles in the suspension to fill in cra@dnd (b) typical graph of
pressure history - (b-1): Initial C&breakthrough test. When GO
percolates, its pressure starts to decline. Thiedsigvalue of C@pressure
defines a breakthrough pressiig (b-2): Sealing treatment. With excess
pressure, C@starts to percolate the specimen, and the exgcessye of
CO, gradually decreases. When the last inter-connegétkd of CQ is
shut off, no more C®comes out of the system. At the moment, the shut-
off pressurePy denotes the largest effective pore radius, ansl thlue
compares to the breakthrough pressure.
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Figure 7.5 Data interpretation — g@®reakthrough, water re-imbibitions, and the
largest effective pore radius. 1) €@ressure exceeds the percolation
threshold and continuous G@low paths develop across a specimen, 2)
after the breakthrough of GQOexcess pressure in the £hase decreases,
which leads to the water re-imbibitions startinghwvihe smallest pores
first and progressing to larger pores, 3) the ssgige loss of inter-
connected C@paths results in a gradual decrease in the floevabCQ,
and no more C@comes out when the last inter-connected, @éth is
shut off. At the moment, the pressure differenceh@ CQ and water
phase denotes the largest effective pore radiuefspecimen and is
defined as shut-off pressupg (Hildenbrand et al., 2002).

7.3 Experimental Results and Discussion

We measure the initial C&breakthrough pressurBy; in the annular plugs,
followed by sealing treatments and shut-off pressmeasurement. Post-test forensic

analyses provide insight into crack sealing andspart mechanisms.

7.3.1 Shale Plugs

Initial CO, injection The three shale specimens exhibited very lows-@®@akthrough

pressurePy,=20kPa-to-30kPa (Figures 7.6-a and c, Table 7.1)s nessure range
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corresponds to gm~6um pore radius (front,=2T4/Py Where the interfacial tension is

assumed a$s=60mN/m under pressuie<lMPa), which is much larger than the nano-

meter pore radius expected for intact shales.
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Test results for shale specimens. rig)al CO,-breakthrough test for
specimen #1 results in the breakthrough presBuwre0kPa, (b) sealing
treatments for specimen #1 in which the residuakgure differenc®y
(shut-off pressure) is measured. The dotted lirfeor® the first treatment
and the solid line from the second treatment; limhtments involve the
injection of bentonite slurry before the re-injectiof CQ. The first and
second treatments yield;~1.05MPa andPy~1.25MPa, respectively, (c)
initial CO,-breakthrough test for specimen #2 resultByrr30kPa, and (d)
sealing treatments for specimen #2. The dotted nérom the first
treatment: injecting bentonite slurry. The solideliis from the second
treatment: injecting kaolin slurry before the rgettion of CQ. The first
and second treatments yiélg~0.31MPa andP4~0.55MPa, respectively.

134



Cracks While visual inspection does not reveal cracksgyfe 7.3-a), careful
examination under the microscope shows the presehbairline cracks parallel to the
bedding planes in all plugs (Figure 7.3-b). Theseks are parallel to the imposed flow
direction in these tests and may have developedgiooring and stress relaxation.
Sealing treatmentClay slurries were injected (~8ml) under constasttical effective
stress €,/ ~1MPa) to fill the annular gap (4ml) between th&t gpecimen and the high-
pressure cell (Figure 7.4-a). Then, £@as re-pressurized above the anticipated
breakthrough pressure to determine the new shupresure. Specimens underwent a
series of bentonite or kaolin slurry treatments @ re-injections:
» Shale specimen #1 (Figures 7.6-a and b): bef@@&mentP,=0.02MPa; after first
bentonite treatmerRq~1.05MPa,; after second bentonite treatnfgptl.25MPa. A lower
pressure decline rate was observed: 0.12MPa/hlhéofirst treatment vs. 0.01MPa/hr for
the second treatment.
» Shale Specimen #2 (Figures 7.6-c and d): bef@atrhentP,=0.02MPa; after first
bentonite treatmer®;~0.31MPa,; after second kaolin treatm@&t+0.55MPa. The leak-
off rate and excess pressure drop decreased &kerfotlowing treatment as well:
0.11MPa/hr for the first treatment vs. 0.004MPd&dinithe second treatment.
» Shale Specimen #3: before treatm&pt=0.01MPa; after first bentonite treatment
P+~0.50MPa; after second bentonite treatnigr0.58MPa.

The water displaced during plug tests is shown igufe 7.7 (Specimen #2,
during ~45hours for the first treatment and ~12@0kdor the second treatment). The
flow rate is highest during the initial period ofOg leakage. Displaced water is

transparent, without clays in suspension.
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Figure 7.7 Displaced water during plug tests adtmaling treatments — Water comes
out of the shale specimen as pressurized, @Bplaces both the
suspension outside of the specimen and the wadateirof it. Displaced
water is transparent. no sub-micron particle inpsuasion. After the
pressure difference between £@nd the outletPy stabilizes, a small
amount of water enters back into the specimen. @dbgervation supports
the occurrence of water re-imbibitions as the exgeessure of CO
gradually diminishes. (a) first sealing treatmewgr{tonite slurry) and (b)
second sealing treatment (kaolin slurry) for specis?2..

Forensic analysedrorensic studies after disassembly were conducted) microscopy
and XRD analysis. The microphotograph in FigurehBws that hairline cracks filled
with sub-micron particles (compare Figures 7.8-thwi.3-b). Exposed fracture surfaces
(forced to open in tension) show clay depositiod #me formation of clogging rings
(Figure 7.8-b). XRD analysis confirms the presemdebentonite along cracks in
bentonite treated specimen #2 (Figure 7.8-c). Theere® evidence of new minerals that

may have formed during these short-time plug t@staire 7.8-c).
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Figure 7.8 Post-test forensic analyses for shpéximens. (a) A microphotograph
shows that a crack in the shale specimen is filéth sub-micron clay
particles (bentonite) after sealing treatments, gbb-micron particles
deposited in the gap between cracks after seaf@gfnents, (c) XRD
analysis for original shale specimen and bentoaitd, shale and bentonite
after the sealing treatments.
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Table 7.1 Summary of the GO@reakthrough tests and sealing treatments on the
shale and cement specimens

Sample No. Pw: [MPa] orPy [MPa]* Remarks
0.019

Shale #1 1.05* 1 sealing attempt (with bentonite slurry)
1.25% 2" sealing attempt (with bentonite slurry)
0.020

Shale #2 0.31* 1" sealing attempt (with bentonite slurry)
0.55* 2" sealing attempt (with kaolin slurry)
0.010

Shale #3 0.50* 1" sealing attempt (with bentonite slurry)
0.58* 2" sealing attempt (with bentonite slurry)

Cement #1 6.15* Shut-off pressure

Cement #2 0.93* Shut-off pressure

Cement #3 1.85* Shut-off pressure
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Figure 7.9 Test results for cement specimen #L. i€Pressurized up to 20MPa. The
excess pressure of GQradually decreases, eventually stabilizing around
P4q~6.15MPa. During the pressure decline, the amotidisplaced water
is less than 0.2ml. Therefore, a very small fractid pore space (~19
was used for the COlow.
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7.3.2 Cement Plugs

Three cement specimens were tested to assesséladimg capacity (Table 7.1).
The specimens shows no cracks after curing.
Breakthrough pressurelhe “cement #1” plug showed no g@akage aP~5MPa for
two months. Then, we increased the pressure to 20 closed the Génlet valve.
The CQ pressure gradually dropped and stabilized ardyré.15MPa after two weeks.
The CQ pressure no longer decreased for the next threisv@ his shut-off pressure
Ps~6.15MPa yields a characteristic pore radigsllnm (assumingl<=35mN/m at
P4~6.15MPa). CQ percolated the other two specimens urfletMPa, and the shut-off
pressures wer®q~0.93MPa andP4~1.85MPa (Table 1); these values correspond to
characteristic pore radiug~75nm and,~38nm, respectively, in agreement with reported
mean pore radius for cement pastgsa=40nm~50nm (Reinhardt and Gaber, 1990;
Rimmelé et al., 2008).
Forensic analysesMicroscopy and XRD analyses reveal extensiveration along the
specimen periphery as a result of cement carbanétiange color in Figure 7.10-a &
XRD analysis in Figure 7.10-c). Diffusive transpdirhits the carbonation front to a
certain skin thickness (Kutchko et al., 2007; Rinéret al., 2008; Brandvoll et al., 2009).
Diffusion of CQ to mineral boundaries also resulted in reactionsriaround grains
(Figure 7.10-b). The reaction rims consist of siligel Si0,,nH,O and/or calcium
carbonateCaC(Q; as a result of reactions from calcium silicate rayel C-S-H and
calcium hydroxideCa(OH) with hydrogen iondd™ and bicarbonatelCOs; (Wigand et
al., 2009; Duguid et al., 2011; Liteanu and Spi2€d,1).
Discussion Volumetric shrinkage 3~5% may take place in veelinents during curing
(Sabins and Rozieres, 1995). If we assume a ratiahkage straire,=0.01 for an
annulus thicknes&=10mm, the resulting gap igag=ta:er=100um. This value is much
larger than the characteristic pore radius of ceémanthis study, and the gap becomes

the preferential leakage path with a breakthrougtssurePy.~Tdtga=1kPa. Indeed,
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4~19% of the production wells were reported to egpee gas leakage in Canada and
North Sea (Nygaard, 2010). Therefore, emphasis |ldhbe placed on breakthrough

pressure and sealing strategies for probable gatpgebn the cement and the caprock.
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Figure 7.10  Post-test forensic analyses for cemspatimens. (a) Carbonation front on
the specimen periphery (orange color), (b) reaction around a grain,
and (c) XRD analysis for the original cement anel baction front.

140



7.4 Conclusions

Caprock and well-cement must confine the,@@ected in storage reservoir. We
investigated the Cg&breakthrough pressure for shale caprocks and despatimens,
and explored a viable sealing strategy to correC, (®akage. Salient observations
follow:

» While pores in shale are in the nm-scale andscetain MPa-scale capillary pressures,
orders of magnitude lower breakthrough pressuresrasured when discontinuities are
aligned with the pressure gradient. We anticiphé this conclusion applies to fractures
parallel to the bedding planes, transverse terfsdetures due to unsupported span
(Chapter 3), or shear fractures in compression j&na).

» Sub-micron clay particles can be injected to dithcks. Sealing treatments cause a
marked increase in shut-off pressure. The permgatnl CO, decreased as the specimen
experienced successive sealing treatments.

* Intact cement plugs can generate a shut-off presas high aP;~6MPa. Extensive
carbonation with orange color and reaction rimsuadograins were observed on the plug
surface.

» The cement-rock gap that results from cementraotion is the preferential flow path.

141



CHAPTER 8

ENGINEERED CO, INJECTION FOR GEOLOGICAL STORAGE

8.1 Introduction

Fossil fuels account for ~85% of all energy constiompand result in 30Gton of
CO, emissions per year worldwide (Tsouris et al., 300ur dependency on fossil fuels
will continue for the coming decades, until altdive energy sources can satisfy both
current and anticipated demands (EIA, 2010; Paatah Santamarina, 2012). In the
meantime, carbon capture and storage allows fooge reustainable use of fossil fuels
(Baines and Worden, 2004; Dooley et al., 2006).

Geological formations that are candidates for,@f@ological storage include
depleted hydrocarbon reservoirs, oil reservoirs fast of enhanced oil recovery),
unminable coal seams, salt caverns, and deep sadméers (IPCC, 2005). The use of
depleted hydrocarbon reservoirs and salt caven€@ storage competes with natural
gas storage, and does not necessarily match thgraggoc distribution of C@sources
(EIA, 2004; Pusch et al., 2010). Deep saline agsiiéee most promising because of their
large storage capacities (S1ind 16 GtCQ,), their ubiquitous presence in the USA, and
their advantageous proximity to stationary £€nission sources (such as coal power
plants-IPCC, 2005).

The CQ storage capacit§sco, [Gton] is a function of the storage reservoir'salr
extentA [km?, the mean storage thickness[m]<Hgr (whereHg [m] is the thickness of
the reservoir layer; Chapter 3), porosity[-], CO, densitypcoz [kg/m’], and a storage
efficiency factor E [-] (NETL, 2010): Gco=Arhy¢-pcorE. Typically, the storage
efficiency factor is low and ranges betwder0.005 and 0.055 (NETL, 2010; Okwen et
al., 2010), and formation porosities range betwged.1 and 0.3 (IPCC, 2005; Bachu
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and Bennion, 2008). Let’s consider that the wortthymass of C@emissions over the
next 50 year&co=730 GtCQ (Chapter 2) will be injected under supercriticahditions
(densitypco=600kg/nt) with a storage thickne$g=10m with porosityy=0.2. Assuming
the maximum storage efficiency factr0.055 results in a ~1,000,000 kstorage area,
similar to the area of Texas, USA or France. Laaggal extent increases the probability
of unexpected phenomena such as leaks along iategefaults, hydro-chemo-
mechanical effects, fault erosion and reactivataond induced seismicity, among others.
Therefore, the goal of this study is to identifglie CQ-injection strategies to optimize
the efficiency of CQ storage in the pore space of deep saline ressrvdhis will
minimize residual brine saturation, salt precipaiatand injection difficulties, water
acidification and mineral dissolution, as well hs possibility of piping, internal shear,
and differential settlement. Engineered injectioil wiso hinder long-term convective

flow, and further enhance the long-term geologstatativity of CQ.

8.2 Underlying Concepts

Let’'s start with the identification of processeattmay affect C@storage projects (refer

to Chapter 2 and subsequent Chapters).

8.2.1 Coupled Processes

Viscous fingeringThe viscosity of supercritical G@t reservoir conditions is more than
ten times lower than that of water or brine (Fenghat al., 1998), and results in unstable
injection fronts and the formation of viscous fing€Chapter 2). Viscous fingering yields
high residual water saturation, a large water.Gfterface, poor sweep efficiency
(E<0.055), and large reservoir volumes. Consequentbpitoring strategies must cover
large areas, compensation must include additiomglgrty owners (Gresham et al., 2010),

and the probability of encountering potential leggk@aths increases.
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Acidification and mineral dissolutionnjected CQ dissolves into brine and decreases
pH. In turn, acidified water prompts mineral disg@n (Kharaka et al., 2006). Extensive
experimental evidence, discrete element simulatiamsl network model simulations
show that mineral dissolution can cause: 1) a proned decrease in lateral stresses, so
that the sediment reaches failure under zero lagtrain and extensive shear planes
develop (Shin and Santamarina, 2009), 2) localieedtive fluid transport and internal
piping (Fredd and Fogler, 1998), 3) skin erosiotowethe caprock (Chapter 6), and 4)
differential settlement of the cap rock that magdeo bending failures and open mode
discontinuities (Chapter 3). Shear, tensile, armngi discontinuities will facilitate C©
leakage.

Fluid convection The dissolution of C®and minerals in water increases the water
density, and induces convective fluid circulatibwatt sustains persistent coupled hydro-
chemo-mechanical phenomena (Chapter 3; PruessharyZ2008).

Injectivity. As water in the residual brine diffuses into sepécal CO,, excess salts
precipitate (e.g., calcite, halite, and anhydréte),formation conductivity decreases, and

injectivity is compromised (Zone IV — Chapter 3;d%a et al., 2007).

8.2.2 Governing Ratios

The mobility numbeM is the ratio of the viscosity of GQco2to that of watey,:

M = Heoz 1)
Hy

Supercritical C@ storage yields a mobility number 4€M<10? (Adams and Bachu,
2002), where viscous fingering may prevail (Lenoncheet al., 1988). The capillary

numberC defines the ratio between viscous and capillarges:

C - qluCOZ (2)
T, cosd
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whereq is flow rate [m/s/nf], Ts [N/m] interfacial tension, and [deg] contact angle
(Lenormand et al., 1988). The bond numiieris the ratio of gravity-driven CO
migration (pw-pco’)gkkcoz to capillary forceTscos), wherep; [kg/m?] is the density of
each phasek [m] is permeability, andecoz [-] is relative permeability of CO(Pennell

et al., 1996):

(pw ~ Pcoz )gkkcoz (3)
T, cosf

Low bond numbeB and high capillary numbeC leads to high C®storage capacity
(Kopp et al., 2009).

8.2.3 Concepts relevant to Engineered CQnjection

Following the previous analysis, we seek to engirtbe injection of CQ to
prevent viscous fingering and to improve sweepcificy. Engineered CGQOnjection can
be based on the following strategies, used indaligiwor in combination.

Increased C@ viscosity Higher CQ viscosity is needed to promote a more
homogeneous displacement pattern. Previous @s€tosity control studies have been
targeted at C@enhanced oil recovery, and considered (1) emadditin/foams using
surfactants (Kam and Rossen, 2003; Kovscek andnB2A03; Levitt et al., 2009) and (2)
thickening agents such as polymers (Huh and RosX#8; Alvarado and Manrique,
2010; Enick et al., 2010). These efforts were regubto increase the ratio of oil recovery
up to 80% (Lake and Venuto, 1990; Levitt et alQ20

Sequential fluid injectionViscous fingering can be minimized and £dsplacement
enhanced by the intermediate injection of fluid hvdensity, viscosity, and wetting
properties that are between the properties of bamé CQ (Alvarado and Manrique,
2010). Furthermore, the intermediate fluid couldniscible in both brine and GOFor
example, acetone could act as intermediate fluidc@sity=0.3mPa-s af=30°C and

P=0.1MPa, density780kg/nT (at T=35°C andP=0.1MPa - Kinart et al., 2002), and it is

145



miscible with water and CQO(Tanaka et al., 1987; P& and Doleek, 2005; Liu and
Kiran, 2007)). A properly selected/engineered mtediate fluid injected prior to or
simultaneously with C@will alter the fluid displacement topology and irape storage
efficiency. For example, the intermediate injectafnwvater enhances oil recovery by 50%
(Lake and Venuto, 1990).

Bio-clogging Microbial activity can be stimulated in watenéi flow paths (Bryant and
Britton, 2008) as long as pore exceedba~1um size (Rebata-Landa and Santamarina,
2006). Bio-clogging will cause flow to divert tovlepermeability channels. Compiled
results suggest that bio-clogging will be most @ffee in sediments with permeability
10mdk<l0Darcy (Rebata-Landa and Santamarina, 2012).

Decreased interfacial tensiofhe CQ-H,0O interfacial tensiofs impedes C@invasion
into small pores, and contributes to residual waguration (Suekane et al., 2005;
Chalbaud et al., 2009). The @80 interfacial tension can be modified with surfatsa
such as pluronic block copolymers, PDMS-g-PEO-PR{polymers, PEPE, PFPE,
Ethoxylated acetylenic surfactants, and methylat@esched hydrocarbon surfactants (da
Rocha et al., 1999; Ryoo et al.,, 2003; Stone et28l04; Dickson et al., 2005). The
interface can be altered by actively imposing etenagnetic fields as well (Francisca et

al., 2008). The use of surfactants is explored.next

8.3 This Study: Interfacial Tension Control

Let's explore the conditions for interfacial tensicontrol and implications. First,
we measure water-GQnterfacial tension with and without surfactanteen we conduct
fluid displacement experiments within a porous grodel. Finally, we complement

and extend experimental results using numericalorét model simulations.
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8.3.1 Surface Tension Control

Surfactant The surfactant selected for this study is SURFRONPOA-25R2
(HUNTSMAN), which is a reversed block copolymer quwsed of hydrophilic
polyoxyethylene and Cg&philic polyoxypropylene (Figure 8.2). The selecwmdfactant
was reported to lower CQvater interfacial tension at a ~0.1% volumetrio@entration
of surfactant, temperatuiie=45°C, and pressue=27MPa (da Rocha et al., 1999). This
surfactant is a water soluble, nonionic surfacevacgent, and has hydrophilic/lipophilic
balance HLB=6.3. The nonionic surfactant molecdliésise in water, adsorb at interface,
and change the local electric field as they partithetween two phases (De Gennes et al.,
2004). The anticipated variation of surface tensworas a function of surfactant
concentrationCs [mol/m®] and surface excess concentratiojmol/m? is captured in
Gibbs adsorption equation (Dickson et al., 2005):

do
dlogC,

=-IRT 4

Test procedure — Interfacial tension measuremé&ke use the device described in
Espinoza and Santamarina (2011) to investigatecttenge in C@water interfacial
tension as a function of pressure, with and withint surfactant. The high-pressure
chamber is first subjected to three cycles of vatamd CQ flushing (99.99% purity) to
remove air. Then water or water mixed with surfatia injected using a high-pressure
syringe to form a droplet that hangs at the tip stainless steel needle at a,Q@essure
P~0.1MPa. The system is pressurized with,@®Osteps, from the initial 0.1MPa pressure
to 10MPa. We use a high-resolution camera to captive shape of the pendent drop
through a sapphire window (Figure 8.1-a). Recoideafjes are analyzed using Laplace’s

equation in parametric form to determine interfa@asionTs (Rotenberg et al., 1983):

dg sin¢)j_2T
T|=2+2F | =244 5
s(ds » R 09z (5)
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Figure 8.1 Experimental devices. (a) Measurememiterfacial tensiols and (b)
CQO; injection test using a micro-model.

where Ry denotes the curvature at the droplet apex,gndensity difference between
droplet and surrounding fluid (Figure 8.3-a). Tlemsity difference\p between C@and
water is computed using expressions in Duan and(3003). The inverted interfacial
tensionTs is the value that minimizes the square error betwihe theoretical droplet
shape and the experimentally captured image. Tioe surface is a function of the two
unknowns, interfacial tensiofs and maximum curvaturBy; it is convex as shown in
Figure 8.4. Figure 8.4 also shows the sensitivityhe determination of the interfacial
tensionTs £0.2mN/m.

Results The effect of surfactant is readily seen in thape of the pendent drop (Figure
8.5-a). The interfacial tension of G@ater-surfactant decreases from ~50mN/m (at
0.1MPa) to ~4mN/m along the liquid-gas boundarge 8.5-b). The trend parallels the

interfacial tension for C@water but is lower by an almost constant shif2s+35mN/m.
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Figure 8.2 Molecular structure of: (a)®, (b) CQ, and (c) selected surfactant that
consists of central hydrophilic chain of polyoxyddne and two flanked
hydrophobic chains of polyoxypropylene (Surfonic REbR2, a=22,
b=38; molecular structure is inspired from: Prasadl., 1979, Kozlov et
al., 2000; visualization of molecular structurénisourtesy of Zhao, Q.).
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and the curvature radius at the apex of a pendem . Images show
both the theoretical shape of a pendent drop thaésponds to conditions
in the graph and the shape of an actual pendemt tthat was obtained
from a test (Pressuré=5.4MPa, temperaturé=25°C, density of water
pwae998.4kg/Mi, and density of C®pcos~154.6kg/n; the density of
CQO; is calculated based on formulae that is propose®dmn and Sun,

2003).

151




(b)

water water+surfactant

CO; L-V boundary
—

100 1 Lo
at 295°K 11 at 298°K
— Gaseous CO;, | ! Liquid CO;
£ 80+ Do
Z "o
S L .
'E' BN "o
s 60 1 L o
LT [
S T A
e I N ' CO,-brine
s 401 N O 0 Tl ' : 2
8 R
8 Py T CO,-water
£ 20 L “
0 Lo CO,-water-surfactant
0 2 4 6 8 10 12
Pressure [MPa]
Figure 8.5 The effect of surfactant and pressarenterfacial tensiofs. (a) Images:

sessile and pendent droplets of water (LBf5.79MPa, andl=24.5°C)
and water+surfactant (POA-25R2yt=0.4%; Right, P=5.4MPa, and
T=25°C). Note: The substrate is quartz (8§i@b) Fluid pressure effect on
interfacial tension: triangle=brine, square=waté&morGi Espinoza and
Santamarina, 2010), and circle=water+surfactanA-R6R2,wt=0.4%).
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8.3.2 Water Displacement by C@Injection in a Pore Micro-model

Test procedureWe conducted water displacement studies by img@dCO;, into a pore
micro-model saturated with water with and withouirfactant. The original device
described in Jang (2011) was modified for this gtiedallow for separate water and €0
injections (Figure 8.1-b). The micro-model was pwepl through photo-fabrication and
glass etching processes to create a regular patt€xr3mm high cylindrical glass pillars
and a porous network with 0.4mm pore size; a fiasgplate is glued above. The micro-
model rests inside the high-pressure chamber., Ritstir is evacuated by three cycles of
vacuum followed by C®flushing (99.99% purity). Then, we fill the microedel with
water (or water with surfactant) while the chamiseunder vacuum. While we pressurize
the chamber with C§ CQO, bubbles trapped inside the micro-model dissolvehia
water. At the target fluid pressure, we inject wdte water with surfactant) again into
the micro-model using a high-pressure syringe tairatlmost full water saturation in the
micro-model. Finally, we inject COthrough the center of the micro-model. A high
resolution camera is used to capture invasion ipette

Results Figure 8.6-a shows images captured at four @iffeconditions: 1) Gaseous €O
displaced water at ~0.1MPa, 2) gaseous Gi€placed water in the presence of surfactant
at ~0.1MPa, 3) liquid C@displaced water at ~7MPa, and 4) liquid Ofsplaced water
in the presence of surfactant at ~7MPa. Menis€@twater interfaces within the micro-
model confirm that interfacial tensionR decreases as fluid pressure increases and in the
presence of the surfactant: the interface curvdiatereen C@and water becomes flatter
as the test condition varies from 1 to 4 (Figug&), in agreement with the decrease in

interfacial tension reported in Figure 8.5.
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(a) CQ invasion

(a-1) Water+C@(g) at 0.1MPa

(a-2) (Water+surfactant)+G(y) at 0.1MPa
s f E ]

LW L -3

(b) Water imbibition

Figure 8.6

(b-1) Water+CQ(g) at 0.1MPa

(b-2) Water+CQ(l) at ~7MPa

The interface of a G@ater system in the micro-model. (a) £0
injection: (a-1) loy1~-2.0, logC~-6.2, (a-2) lot1=-1.3, logC=-5.3, (a-3)
logM=~-1.1, logC~-4.9, and (a-4) logl~-0.4, logC=-3.4 (T=~25°C for all
conditions M=ucoduw, andC=qucod(Tsc0F); variation of contact angle
was disregarded in estimating the capillary nuntherog=1) and (b)
water imbibition.
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The sweep efficienc¥ in this 2-D model can be estimated as the ratiareh
occupied by CQto the area of the entire micro-model. At a lovegsaure (~0.1MPa),
gaseous C®(Ts~70mN/m) fingers through the micro-model displacimgter in a very
small area with a measurdf0.1. The other extreme corresponds to water with
surfactant and at high pressuile~bmN/m), and shows that liquid Gdisplaces water
evenly until it eventually breaks through the mogelrimeter resulting in a sweep
efficiency that surpass&s>40%. Figure 8.7 summarizes sweep efficienciesfastion

of interfacial tensios.

057 . €O +water
(w/ surfactant)
w 04 - (4 tests) COy(l) + water
> (4 tests)
)
o O
5 037 O CO,(g) + water
% (w/ surfactant)
o 0.2 - & (4 tests)
(<) ' S
g 8 CO,(g) + water
» 0.1 - o) (5tests)
O T T T % 1
0 20 40 60 80

Interfacial tension [mMN/m]

Figure 8.7  Comparison of the sweep efficieBoyith respect to interfacial tensidn.
Note: as interfacial tensionTs decreases, capillary number
C=qucod(Tcod) increases from Idgr-6.2 to -5.3, -4.9, and -3.4
(variation of contact angle was disregarded in émalysiscog=1).
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8.3.3 Numerical Study — Network Model

We run network model simulations to further invgate the effect of interfacial
tension on C@ displacement patterns and sweep efficiency treddse network
simulation algorithm was developed for the casenohiscible drainage where a non-
wetting fluid is injected into a medium saturateihwa wetting fluid (Lenormand et al.,
1988; Aker et al., 1998; Ferer et al., 2003).

Network constructionThe 2-D square network model consists of tubas ititersect at

nodes. Tube diameteis are log-normally distributed with mean vaidig=20um and
coefficient of variation COV=0.4. All tubes haveeittical lengthL,=200um. The
limitation in network size 10x10 is partially overoe by assuming periodic conditions
for the longitudinal boundaries. The network igefil with water at the beginning of the
simulation.

Initial condition. A pressure difference between the inlet and th#lebAP; [Pa] is
imposed to compute initial nodal pressures in teevark and the water saturated total
flow rateqir. Nodal fluid pressures are computed by writingdbetinuity equation at all
nodes and solving the system of equations (detalang et al., 2011):

g, +0d,+q *+q, =0 (6)
whereqg, denotes flow rate to center from abogg flow rate to center from belovg
flow rate from left to center, argl flow rate from right to center. The pressure défece
AP between two adjacent nodes is then used to contipatitial flow velocityvy [m/s]
and flow rateqo [m%s] for each tube using Poiseuille’s law as a fiomcof the tube

diameterd [m], lengthLc, [m], and the fluid viscosity [Pa:s]:

APd?
32/L1Lch

Initial velocity:v, =

(7)

4

128/'[Lch

Initial flow rate:q, = a,, [AP ; initial conductancer,, =

(8)
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where a,, denotes the initial conductance of a tube thdilled with water. The water
saturated flow ratg: is obtained by summing all flow rates for tubeshe first layer.
CQO; invasion The non-wetting C®is injected at the inlet with the same constamivfl
rateg,: computed for the water saturated network (underitiposed\Py,). We assume
that both water and GGare incompressible.

The non-wetting C®invades a tube only if the pressure differencevben the
two fluids PcoxrPw exceeds the tube’s capillary presste4 Tsco®/d. As the non-
wetting CQ displaces the wetting water, the pressure dropsgaihe tube due to both
viscous loss (Lenormand et al., 1988) and capilteessure (Aker et al., 1998). The flow
rateq through the tube is computed based on Poiseuli@/sand the total pressure drop

across the tube, from nodé to node:

4
X ; effective conductanae,, :L 9)
’ 12&19[1 I‘ch

where uert denotes the effective viscosity, which is the ager of the two viscosities

q=a, (RS, - P, - P

w Cc

weighted with the length fraction of each fluidtive tube (Lenormand et al., 1988). The
positive sign in Equation 9 denotes a positive @ain other words, the flow ratedsO if
the pressure difference between the two fluRds,-P, is smaller than the tube’s
capillary pressur®cos *-P,, <P-.

Nodal pressureThe pressure field in the network model is upddb@sed on mass
conservation, i.e., continuity: the pressilgner at a central nodeenterin the 2-D
porous network is obtained by complying the masseovation from all adjacent tubes

(Ferer et al., 2003):

a b | r — a b | r
(aeff +aeff +aeff +aeff)P (aeffa +aeffFi) +aeffR +aeffpr)

center
+(frag P+ fPal R+ flay, P+ fay P ) (10)
whereP, denotes pressure at a hode ab®&ygressure at a node belol,pressure at a

left node, andP, pressure at a right node. Superscripts for theceffe viscosityu.s and
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factor f represent tubes connected to the central nader a tube aboveh for a tube
below,| for a left tube, and for a right tube. The factdris zerof=0 if no meniscus exists
in a tube and onk&=1 if meniscus exists in the tube. The system oféqn is iteratively
resolved simultaneously updating the position ohisa within tubes until equilibrium is
reached.

Invasion The evolution of invasion uses a hybrid algoritttmavoid numerical instability.
First, a flow-controlled condition is computed wldtuids advance in each tube for a
pre-selected time intervalt and at a velocity that is computed with the knavadal
pressures. The time interval is determined so that maximum advance of any masis
is less than 10% of the tube lengttx0.1L ./vimax Second, equilibrium is re-established
by re-computing nodal pressures while enforcingaégodal pressures at the inlet and at
outlet nodes. We repeat eatticycle until CQ reaches outlet nodes (details in Ferer et
al., 2003).

Results We varied the capillary factdrco®9=35mN/m (liquid CQ-water condition) to
TcoH=5mN/m and 1mN/m (liquid CQand water with surfactant) to compare the effect
of capillarity Tco® on sweep efficiencye. As capillarity decreases, viscous drag
prevails over capillarity, C@invades more evenly and the sweep efficieBapcreases
(Figure 8.8). The pattern of GOinvasion exhibits a transition from localized
displacement or fingering along large tubes to aemmmogeneous pattern of stable

displacement when the capillarity approacheg®s)~5mN/m.
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Figure 8.8 Network simulations. G@nvasion pattern and its sweep efficiency with
different capillary factorTs-co® (Note: 10x10 pore network model, the
average diameter of tubes=20um, the length of each tulg=20Qum,
the coefficient of variation of tube diameteZ©V=0.4, the viscosity of
water u,=10°Pa-s, the viscosity of GQuco=5*10"Pa-s, the density of
waterpwzloookg/nsf, initial pressure difference between the inlet #mel
outletAP,,=70kPa, and constant flow raig=0.5nt/s/nf).

8.4 Discussion

Surfactant, pressure, and interfacial tensidrhe interfacial tension between g@nd

water decreases from ~70mN/m to 25mN/m as the fleedsure increases, and reaches a
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constant value ~30mN/m beyond the Qfas-liquid boundary (studies at 278K-t0-373K
and up to ~70MPa can be found in: Massoudi and Kify5; Chun and Wilkinson,
1995; Dickson et al., 2006; Kvamme et al., 2007%ji&dli-Sia et al., 2007; Espinoza and
Santamarina, 2010). As pressure increases, thed€@ifies as well as the concentration
of dissolved CQ near the C@water interface increases, and the interfaciabiten
decreases (Massoudi and King, 1975; Chun and Vgitkin 1995; Espinoza and
Santamarina, 2010).

Surfactant molecules align at the polar/non-potgerface between CQOand
water and fold (Figures 8.3-c and d - Prasad etLl@lF9), modify local electric field, and
weaken the surface tension by adding repulsiorefoat the surface. The interfacial £0
water tension in the presence of surfactant deesef®m ~50mN/m to ~4mN/m as
pressure increases from 0.1MPa to ~7MPa, and reachenstant value ~4mN/m across
the CQ gas-liquid boundary (Figure 8.5). The trend patsalthe results for CRwater
without surfactant but with an almost constanttdbhéftween ~30mN/m. Apparently, the
surfactant concentration at the interface remaomstant with pressure.

Contact angle and interfacial tensiofhe Young-Dupre equation relates the contact

angle to interfacial tensions (Figure 8.3-b):

afs - U|S
cosf = T— (11)

s
Therefore, the factofs-co®=ots-01s is not a function of the CQwater interfacial tension.
Yet, experimental results show consistent diffeeemt invasion topology when the
interfacial tensionTs is modified (Figure 8.7). This observation impl&shera;s and/or
ois must change with pressure and surfactant as well.

Indeed, the interfacial tensiag, between C@and solid mineral decreases as,CO
pressure increases from 0.1MPa to ~7MPa (Dicksah,e2006; Sutjiadi-Sia et al., 2008).
On the other hand, while the interfacial tensignbetween water and mineral remains

relatively constant as the fluid pressure increg&askson et al., 2006; Espinoza and
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Santamarina, 2010), it increases as the concerirafisurfactant increases probably due
to hydrogen bonding between the Gghilic (or hydro-phobic) tail of nonionic surfactia
molecules and adsorbent glaSED, (Szymczyk and Janczuk, 2008). Thus, the factor
Tsco9 effectively decreases as the interfacial ten3iptecreases.

Size of surfactantThe selected surfactant, pluronic block copolyrhas a molecular
weight mw=4224g/mol and an estimated molecular size of ~2(figure 8.2). The two
hydro-phobic tails repel each other as the sunfdictancentration at the interface
increases. This long molecule could resist invagioges of 2nm~3nm diameter, perhaps
as large as 10nm. The fraction of potgse<1nm is very small in most shale (<1% -
Bachu and Bennion, 2008).

Sweep efficiency in 3-0Onvestigation of the sweep efficiency in this ptea has been
based on 2-D micro-model experiments and 2-D nétwaoodel simulations. As the pore
coordination number increases in 3-D, so do theesegof freedom during invasion, and

lower 3-D sweep efficiencies are anticipated.

8.5 Conclusions

Efficient injection and the long-term stability ofaline aquifers could be
negatively affected by emergent hydro-chemo-medsadlyicoupled phenomena, such as
viscous fingering, acidification and mineral disgain, mineral precipitation, and fluid
convection. We can engineer g@jection to prevent these negative effects. Rdessi
alternatives include: increased g@scosity, sequential fluid injection, bio-clogginand
decreased interfacial tension. In this study, vienapted to lower the interfacial tension.
Salient observation follows:

» Surfactants that have hydrophilic heads ang-@i@lic tails can lower the interfacial
tension between CQand water. In this study, a long-chain nonionidattant (weight

percent wt=0.4%) lowered the Cg@water interfacial tension fronTs~50mN/m to
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«~4mN/m at a pressure #&7MPa. The parallelism iffs-P trends with and without
surfactants suggests a pressure-independent coatt@mof surfactants at the interface.
 Capillarity, governed by the product of g®@ater interfacial tensioffs and contact
angled is independent ofs as per Young's equatiohyco¥=cis-01s. HOwever, pressure
and surfactants also affect the force betwegnmineral-CQ and g5 water-mineral
interfacial tension.

» Experimental C@ injection tests in pore micro-models and paratietwork model
simulations demonstrate that the sweep efficienfc O, invasion can be effectively
enhanced by lowering the interfacial tension. Ict,féhe sweep efficiency can surpasses
40% in 2-D systems (lower values are expectednsystems).

* Engineered C® injection methods such as the use of surfactaats minimize
emergent hydro-chemo-mechanically coupled phenonsmh improve the long-term
integrity of storage sites, enhance the injectivity CO,, and optimize pore space

occupancy underground.
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CHAPTER 9

CONCLUSIONS

This research addresses emergent hydro-chemo-mealacoupled phenomena,
their implications on C@geological storage, and engineered,@@ection method. The
scope of the work included data compilation fromblmhed studies, geochemical
analysis based on mass balance calculations andegbanical analysis for different
zones, pore-scale reactive fluid transport, upsoalbe reactive fluid flow in both CO
reservoirs (2-D network model) and overlying capr@-D simulation), sealing capacity
of shale-caprock and well-cement and sealing gfyat@nd engineered injection strategy
to improve sweep efficiency. Complementary analysasmerical simulations, and
experimental works support the applicability of tlesults in each section. The main

observations are presented separately for eaci. stud

CO, Geological Storage — Geotechnical Implications

» The physical properties of GBuch as density, viscosity, interfacial tensiamj a
bulk compressibility depend on the pressure angéeature conditions.

» Geometric boundaries, spatial heterogeneity, ftowditions, and the emergence of
viscous fingering affect the volume of the geolagiormation injected with C©

» Water acidification in the presence of £€hhances mineral dissolution, and denser
CO.-dissolved water triggers self-mixing.

» Complex hydro-chemo-mechanical interactions, Whead to emergent phenomena,
may hinder the storativity of injected carbon dutei

» The contrasting physical properties of £&nd water support the application of

geophysical monitoring methods based on elasticeteairomagnetic waves.
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CO, Geological Storage: A Mass Balance Analysis anglitations

» Four different zones in the reservoir around ahgn wells are identified, staring
from far-field zone I, to intermediate zone Il difidand to near-well zone IV.

* In leveled sediments, the G@ool thickness may be limited by lateral capillary
trapping rather than by the sediment layer thickn@ypical pools will be only a
few meters thick in the absence of geometric traps.

» The time for convection may be as low as few yearpervious reservoirs. Short
convection times will aggravate dissolution conssge, and either compaction-
driven shear failure or caprock bending failure m@ogcur. In particular, the
unsupported free span of the caprock cannot ex2@¥dof the caprock thickness.

* The continuous influx of dry C{Qdries the residual brine near the wellbore. The
precipitation of secondary minerals increases theral volume by a maximum of

5%. A minor decrease in G@ermeability is anticipated.

CO, Geological Storage: Pore-Scale Reactive Fluid Bort (Rock Joint and Pores)

* Newly devised simulation technique enables ugtestigate interactions among
governing parameters, including advection, diffasispecies concentration, and
geometry.

* Reactant species are readily consumed in a ealoitninant environment, while
low reaction rate allows more extensive transpbthem in sandstones.

» Pore enlargement may decrease either expongrialinearly along the flow path.
Dissolution patterns define a consistent trendvéta - Pe space.

* An increased aperture-to-length ratio slows tifeusive transport to the mineral
surface. Upscaling must take into considerationhbibte joint length and its

slenderness.
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Reactive Fluid Flow in C@Storage Reservoirs — Pore Network Model Study

* We develop a new network simulation code to itigese fluid-mineral interaction
when CQ-dissolved water flows through a porous networkrrniba CQ-water
boundary. The new code provides results includimg distribution of species
concentration, tube diameters, flow rate, and piresseld.

» Porous media in a calcite formation will expedereither compact dissolution near
the inlet Pa>10" or localized flow pathsOa<10?) as a result of C&dissolved
reactive fluid flow.

* Both the Damkéhler number and pore-size varigbilffect the relationship
between mean tube diameter and flow rate. ChamgBamkohler number result in
inherent bias between average and local trend Bet Damkdhler number and

pore-size variability should be accounted in fistdde FEM models.

Reactive Fluid Flow Through the Caprock OverlyinQ CStorage Reservoirs

» Capillary trapping prevents the invasion of lidubr supercritical C@into the
caprock, and diffusion governs the transport o$aliged species in the caprock.

* Most reactant species are consumed within ~0.2nom the caprock-reservoir
interface in the calcite environment. Estimatedeases in porosityy~0.06 and
permeability ki-ko)/ko~1.5 for the first 15hrs are significant. The digsd skin
may leave the caprock locally unsupported and mgntiinsile cracks may form.

* Diffusion and dissolution are fully coupled inetlkaolinite-rich caprock. Mineral
dissolution extends to abowfilm from the caprock-reservoir interface. Capillary
trapping will continue performing in long-term G®torage projects judging by the

small changes in porosity and permeability.
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CO, Breakthrough and Leak - Sealing Experiments oreSdrad Cement

* Very low CQ-breakthrough pressui@,~20kPa are measured when discontinuities
are aligned with the pressure gradient. This olagenv applies to fractures parallel
to bedding planes, transverse tensile fracturestduensupported span, or shear
fractures in compression.

» Sub-micron clay particles can be injected todithcks. Sealing treatments cause a
marked increase in shut-off presste-1MPa. The C@permeability decreases as
the shale specimen experiences successive seaatments.

* Intact cement plugs can generate a shut-off presas high aBy~6MPa. Extensive
carbonation with orange color and reaction rimsiadograins were observed on the
plug surface.

* Emphasis should be placed on breakthrough pressod sealing strategies for
probable gaps between the cement and the caprauk résult from cement

contraction.

Engineered C@Injection for Geological Storage

» The selected long-chain nonionic surfactant leike CQ-water interfacial tension
to Ts~4mN/m at pressure>7MPa. The parallelism ifis-P trends with and without
surfactants suggests a pressure-independent sunfacincentration at the interface.

* Pressure and surfactants also affect the fordevde®m mineral and COand
interfacial tension between water and mineral.

» Experimental C@injection tests in pore micro-models and parailetwork model
simulations demonstrate that the sweep efficientyC@®, invasion E can be
effectively enhanced t8~40% in 2-D systems by lowering the interfacialsien.

* Engineered C@injection methods such as the use of surfactaats minimize
emergent hydro-chemo-mechanically coupled phenomemaance the injectivity

of CO,, and optimize pore space occupancy underground.
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