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Gy mmwsssmesmses  Fundamental Subsurface Processes
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Overview of Geological Storage Options
1. Depleted oil and gas reservoirs

Thermal and Hydrologic Processes

2. Use of CO; in enhanced oil and gas recovery

3. Deep saline formations - (a) offshore (b) onshore

4. Use of CO; in enhanced coal bed methane recovery |. 1
a (3
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Case Studies: Large-Scale CO2 Storage Systems at Southern
San Joaquin Basin, California
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> Model domain: 84km x 112
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> 12 discontinuous or
continuous formations

» 5 Mt/yr injection for 50 yrs

> Total simulation time 200
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> TOUGH2-MP/ECO2N

> 64,214 elements

» Significant mesh refinement
can be seen in the center of
the domain

Wainwright et al., 2013
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point; 1.8 km (near field)
noint; 7.3 km (fault location)
noint; 18.9 km (far field)

(b)

SCDZ

» measures the area of the CO,
plume (SG>residual saturation of
0.25)

» measures the area of an
overpressure zone (dP>0.058 MPa)
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Fig. 4. Time evolution of the performance measures for the reference parameter case: (a) CO; saturation (Sco, ), (b) pressure buildup (AP) and (c) area of CO, plume and

Overpressure Zones.
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MN 1 Calcite JiREA  CaCO;z+ H* = Ca®* + HCO3
(Fe, Mg)sAl(SlgAl)Ou)(OH)g +8H*

i 423 i
MN 2 Chlorite FRIER 2 351000 + 2.5 Fe?* + 2.5 Mg?* + 8 Hy0 + 2 AlO3 Chamosite
MN 3 Hematite TRIEHE  Fey03 + 4 HY =2 Hy0 + 0.5 Oyqq) + 2 Fe?t
> : Koo(AlL, Mg),(Si,Al)4019(OH)
o' 0.6AL MG )2(51, AL)4 U1y 2
e MN 4 lllite FARE T2t 025 Mg** 4 0.6 K* + 3.5 Si0ygq) + 0.4 H,0 + 2.3 AlO7
= . e _
~ MNS5 K-feldspar RO  KAlSi305 = K* + 3 Si0,(qq) + AlO;
o
MN 6 Kaolinite 5%t ALSi,05(0H),=2 H* + 2 Si0, + H,0 + 2 AlO;
MN 7  Oligoclase EBRA 5(Ca Na)(AlSi),0g = 4 Na* + 14 SiOy4q) + Ca** + 6A10;
MN 8 Quartz = S0, = Si0y(qq)
MN 9 Smectite-Na ZEMRA  (smectite — na) = 0.52 H,0 + 0.29 Na®* + 0.96 H* + 0.26 Mg?* + 3.97 SiOy4qy + 1.77 AlO;
MN10 Albite(low) #&HA NadlSiz05= Na* + 3 Si0yqq) + AlO; Low : {EREE
MN11 Ankerite-2 #HZEAfA Ca(Fe,Mg,Mn)(C03), +2H* =2 HCO3 + Ca®* + 0.3 Mg2* + 0.7 Fe2* Calibration
Z MN12 Dawsonite Fi#Riaf NaAlCO;(OH),= H* + HCO3 + Na* + AlO; Calibration
< :
O MN13 Dolomite-2 HBZEARA €aMg(€03); +2H" = Ca®t + Mg?* + 2 HCO3 e
> S SIS R ©Co, BAMEM T KT
8 MN 14 Magnesite ZiEE  MgCo;+HY = Mg?* + HCO; i Bl AR 3% A S e
vv MN15  Pyrite-2 =iEHE FeS;+ H,0+35 054 =Fe?* +2H +250; HREOGEHRBENEY (BEHEF)

MN 16  Siderite-2 ZigE FeCO; + HY = Fe?* + HCO3
MN 17 Smectite-Ca =i (smectite — ca) = 0.52 H,0 + 0.145 Ca®* 4+ 0.96 H* + 0.26 Mg** + 3.97 SiOy(qq) + 1.77 AlO;
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species
¥ Emity | AlOs ~ Ca™ -~ ClI'~ Fe™ - H" ~ H,O ~ HCOs ~ K" ~ Mg*? ~ Na" -
Components | Ox(aq) ~ SiO2(aq) ~ SO4™
Acetic~acid(aq) ~ AI(OH)." ~ AI(OH)s(aq) ~ Al ~ AIOH" ~ CaClI" -
CaClz(aq) ~ CaCOs(aq) ~ CaHCO3" ~ CaOH" ~ CaSO4(aq) ~ CHa(aq) ~
KAa4gFa | COx(aq) ~ CO32 ~ Fe' ~ FeCl™ ~ FeCls? ~ FeCOs(aq) ~ FeHCO;"
Aqueous Hz(aq) ~ H2S(aq) ~ H3S104™ ~ HAIO2(aq) ~ HS™ ~ HSiO5™ ~ KCl(aq) ~
complexes | KSO4 ~ MgCl"~ MgHCO3" » MgSOa(aq) ~ NaAlx(aq) ~ NaAlOz(aq) ~
NaCl(aq) ~ NaCO;™ ~ NaHCOs(aq) ~ NaHS103(aq) ~ NaOH(aq) ~
NaSO4 ~ OH™ ~ SO2(aq)
Calcite ~ Albite(low) ~ Ankerite-2 ~ Chlorite ~ Dawsonite ~ Dolomite-
H%% 2 ~ Hematite ~ Illite ~ K-feldspar ~ Kaolinite ~ Magnesite ~ Oligoclase ~
Minerals Pyrite-2 ~ Quartz ~ Siderite-2 ~ Smectite-Ca ~ Smectite-Na
A CO2
Gas

feldspar, Kaolinite, Magnesite,
Pyrite-2, Quartz, Smectite-Ca,
Smectite-Na ......

Components: /. HCO3-
1. AlO2- 8. K+
2. Ca+2 9. Mg+2
3. Cl- 10. Na+
4. Fe+2 11. O2(aq)
5. H+ 12.Si02(aq)
6. H20 13. SO4-2
'AIO,, Ca*2, CI, Fe2, |
H*, H,0, HCOy, K*, Aqueous
Mg*2, Na*, O,(aq), complexes
SiO,(aq), SO,2 (39)
@
Co, Gas  components
(1) (13)
Calcite, Ankerite-2, Dawsonitér,w‘ Minerals
Dolomite-2, Hematite, lllite, K- (17)

IRICEITERRE = BIFrE BRI 7 OB A R 2 MiE ERk

Al(OH),*, CaCl,(aq),
CaCOs(aq),
CaHCO3*, CaOH"*,
CaSO,(aq),
CO,(aq), CO572,
Fe*3, FeCl*2, FeCl,?,
FeHCO5*, H,S(aq) ,
H;SiO4-, HS:,
HSiO5, KCl(aq) ,
KSO,-, MgCl+,
MgHCO,*,
MgSO,(aq),
NaAlO,(aq),
NaHCO;(aq),
NaHSiO(aq),
NaOH(aq), NaSO,,
OH-, SO,(aq) ......
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Case of Mineral trapping

G mmommmenarsss Geochemical Results of Mineral Trapping
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(DePaolo & Cole, 2013; Xu et al. 2004)

Reaction pathway of CO, sequestration Type

—

.. . j |
CO,injected into reservoir :
b I
- . | |
CO, plume migration : structural
> density difference, capillary pressure... 1 Strapping

CO, dissolving & producing HCO; | Solubility
> ex. (1) €O, + H,0 & HCO3 + H trapping

h

Primary minerals

Dissolution of mineral in reservoir
releasing metal ions(ca, Mg, Fe...)
> ex. (2) H* + CaAl,Si, 05 + H,0

o Ca?*t + Al,Si,0s(0H),

. 4 _
. . . Secondary minerals
Recombination into mineral Mineral
precipitation trapping
> (3) Ca?* + HCO3 & CaC0O5 + H*
R A 3

COZ + CaAlzsizag + H20 A Aleles(OH)4+Ca603 + H+

pH
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Conventional Geothermal Systems

HT / MT | MT

| MT / LT

LT

Sedimentary or |Sedimentary blocks; granite| Hot sedimentary aquifer (HSA) in
Heat source: geothermal sag / subsided basins
gradient/radiogenic granite| Heat source: geothermal gradient

Volcanic and sedimentary host rock ;
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Figure 1. Conventional geothermal systems: Low-temperature and hot sedimentary aquifer, medium temperature, and high-tem-

perature resources with their magmatic and non-magmatic heat sources.

Khodayar and Bjornsson (2024)
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Multi-component:

H,O (liquid & vapor), dissolved
minerals(SiO,, CaCO3), gases (CO,,
H,S)

Multi-phase:
Liquid water, steam, two-phase
flow (boiling & condensation)

Integrated Media:
Porous Media, fractures, faults
heterogeneity etc.
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(c)

Fractures at different scales: a a discrete fracture network (m-10 km), b dominant rough fractures (mm-m), ¢ a dominant fracture at the core

scale (mm-—cm, Ajo-Franklin et al. 2018), and (d) a damage zone at micro-grain scale (um—mm, Cheng and Wong 2018)
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(Hu and Rutqvist, 2021)
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In geothermal
systems, heat

provides the
energy potential,
but fractures
Low Flow T kS | control fluid
SRR ' =z =pidventsd circulation, heat
R EEIEE sza, SR LE il extraction, and
e i operational
sustainability.
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G v Why is modeling fractured geothermal reservoirs difficult?
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We are not dealing with one medium, but two interacting systems: the matrix and the fractures.

(Matrix System)
EEHRIZEE: RENRERIE

SHERE: | 8 osrmmEnEnE

kv f B F=E
1”%?_j( BD 4 I vugs matrix raclre matrix | |fracture }LB? E*EIJ_'_IH::/J\

Actual Reservoir Reservoir Model
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Geolog[cal . Mathema’fical Discretization Histo.ry Prediction
conceptualization formulation and mesh matching
Define strata, Write the Convert the Calibrate Test future
faults, fluid governing reservoir into model extraction,
upflow, and the mass, finite volumes parameters well spacing,
natural state of momentum, or elements against and
the field. and energy for observed reinjection
equations with computation. production and strategies.
assumptions. pressure data.

Core idea: A good geothermal model moves from geology to equations, then to
calibration and scenario testing.
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disinfectant exchanger Hu et al., 2024
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