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Relevance

"Faustian bargain"?
long-term CO,, geo-storage needed (C-economy + climate change)
but, it must be reliable in the long time scales

High early probability of failure
new engineering solutions: high initial P; (emergence phenomena)

Main concerns
complex geo-plumbing
unanticipated coupled hydro-chemo-thermo-mechanical processes
unrecognized emergent phenomena (including positive feedbacks)

Without paralyzing critically needed CCS, make all efforts to
anticipate potential challenges
develop proper engineering solutions

This has been the purpose of this research



kick-off meeting 1/2010

Project Objectives / Goals

better understanding of fundamental processes and couplings that may

either hinder or enhance the long-term C-geological storage

To reach this goal, we will:

- explore the geomechanical consequences of HCTM on geo-storage of CO,
* identify emergent phenomena

* bound the parameter-domain for efficient injection and safe long-term storage

Approach combines:

» fundamental pore and particle-scale experimental studies
 upscaling numerical simulations

* macroscale numerical modeling
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preliminary analyses
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Reservoir - Zones
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CO, plume thickness (without a trap)
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water + CO,



Physical Properties

Property CO, liquid H,O liquid
Mechanical
Viscosity p (2-to-8)x10° ~1.5x103
[Pa-s] [5-t0-30MPa, 318K] [293K]
~ -t0O- 3
Density p [10MP:3§8§)°_£‘_)§O'6$(/{“(hi " 999.9 [0.1MPa, 273K]
[kg-m~J| ! ghly 1003+1.5 [10MPa, 280-to-300K]

variable)

Coefficient of thermal expansion a

No data found

2+0.3x104

(K] [50MPa, 273.15-t0-283.15K]
0.338-t0-0.124 GPa 2.1-t0-2.3 GPa
Bulk Modulus [GPa] [10MPa, 280-t0-300K] [10MPa , 280-to-300K]
Shear Modulus [GPa] 0 0
Poisson ratio ~0.5 ~0.5

Vp [M/s]

~600-t0-400 m/s
[10MPa ,280-t0-300K]

1450-t0-1518
[10MPa ,280-t0-300K]

Vg [m/s]

0

0




Physical Properties: Onshore vs Offshore
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CO, Dissolution and H,O Acidification

10 mm



CO, Solubility in Water
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Surface Tension and Contact Angle




Surface Tension

CO, saturation pressure
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Contact Angle

CO, saturation pressure
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Invasion = Viscosity + Capillarity

_ YV Heor
T.cos0
--10+8
viscous + 10+ stable
fingering displacement
: : » M = Hco2
108 104
Hw

(Modified from Lenormand et al 1988)



Surfactant

water
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Engineered Injection
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Water in CO,

acidification = dissolution = drying = precipitation
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Mass Balance Analyses

Volume At equilibrium:
S co, CO, (+W) Cy 2 =f(C,P,T)  Concentration
B —
- Vy<t> B (W+S+M) B (W+S+M+CO,)| CZ,,=f(C,P,T)
! — S_____| C2 =f(C,P,T)
LV M M l
<2> .
. : e Pcoz = F(C,P.T) Densit
Initial porosity: ¢ = \/C"\Z/;lv o Y
1 e =f(C,P,T)
— Ve~ _
Saturatlon SB V > +V<l> SCOZ —l SB <2> — f(C P T)
Mass balance: Final volume
< < <> <2> M -z
COy: MC(13>2 =¢ ” '(1_85)'VT<1> pccl)z Mgoz = Ivlc(::gz2 + McBoz Vc022 = <CZO>2
CO2
Brine: Mg" =9~ -Sg ;™ - pg” _ Mg =Mg + Mg M s>
— > VB<2> _ <2>
Mineral: M = (-¢= V> p +CE ¢S, V> - o Ml =MY +M2 Pe
M'\</|2>

Salt: Mgb = Cs<1> '¢<1> +Sg 'VT<1> 'pgb M; = MS + Mg V,\;b =
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Mineral Dissolution
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Convection

Convection time t b Hy
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Bending Failure in Caprock

Maximum tensile stress 0.
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Mineral Dissolution - Implications

90% glass bead + 10% NaCl

0.00
= £
Y ©
i v, ]
., 73
., - 0.02
: " O
- ofd
"-‘-h QLJ
>

t, k

0.7

icien

0.6
0.5

0.4

0-3 I T
0 1000 2000

Lateral stress coeff

Time (sec)



2D - diameter gradually reduced - 20% of particles
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Dissolution Rate

% 0
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Single Rock Joint / Pore Scale (FEM)
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Network Simulation: Non-Reactive
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Network Simulation: Storage Reservolir
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Mean Pore Diameter and Flow Rate
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Reactive Fluid Transport
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(water, CO,) + clay minerals



Fabric map
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Clay-CO, interaction
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Clay-CO, interaction
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Breakthrough — Healing (self-healing?)
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Caprock: Chattanooga Shale

OD=40mm

ID
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Height: 25mm<h<35mm



Caprock: Chattanooga Shale

Initial breakthrough test
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Hydrates



Carbon geological storage
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Gas replacement in hydrates
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Gas replacement in hydrates

CH, Hydrate flooded by liquid CO, P=6MPa, T=275K
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Gas replacement in hydrates
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Summary



Carbon geological storage

Capillarity C=—tcoz
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Summary: HCTM phenomena

Complex HTCM material properties and couplings

Potential development of positive feedback mechanisms []
Caution: poor understanding of some "common" processes

New emergent phenomena in CO, geologic storage

Engineered injection

Sealing strategies (promote self-healing conditions)

CO,-CH, replacement
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Contact Information

J. Carlos Santamarina
404-894-7605
Ics@gatech.edu
http://pmrl.ce.gatech.edu/
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Project Schedule

Calendar Year

2010

2011

2012

Mar

Jun || Sept

Mar

Jun

Sept | Dec | Mar

Jun

Sept

Task #1 - Project Management and Planning

Task #2 - Experimental studies 2.1 Pore scale

2.2 Dissolution

2.3 Breakthrough / Self-heal

Task #3 - Analyses — Scales — Parameter Domain

Task #4 - Numerical Upscaling 4.1 Pore-scale phenomena

4.2 Particle-scale phenomena

Task #5 - Numerical Simulation: Coupled HCTM Processes

Graduate Students (funded by this project)

PhD 1: D. N. Espinoza (Numerical)
PhD 2: S. Kim (Experimental)

Carlos Santamarina
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