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Figure 1: Global CO; emissions from energy combustion and industrial processes and
lea their annual change, 1900-2022
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international
Energy Agency

Global energy-related CO2 emissions grew by 0.9% or 321 Mt
in 2022, reaching a new high of over 36.8 Gt. [...] Last year’s
growth was much slower than 2021’s rebound of more than 6%.

CO2 growth in 2022 was well below global GDP growth of 3.2%,
reverting to a decade-long trend of decoupling emissions and
economic growth.

https://www.iea.org/reports/co2-emissions-in-2022
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Large-scale CO2 capture projects in industry and transformation, actual vs. Net Zero Scenario, 2020-2030
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https://www.energy.gov/sites/default/files/2016/12/f34/SEAB-CO2-TaskForce-FINAL-with%20transmittal % 20ltr.pdf
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Do we have the right tools?

€@ \Well integrity/injectivity

Pressure/Stress change
Fault Activation

€ CO, transport & trapping

Seal integrity

Surface deformation

Seismicity

LIMITATIONS

MULTIPHYSICS
LARGE SCALES
LONG SIMULATION TIME

SOLUTIONS

EXASCALE COMPUTERS
FAST ALGORITHMS
PORTABILITY

FC MAELSTROM

A

GEOMECHANICS + FLOW
98% STORAGE IN AQUIFERS

POST-INJECTION MATTERS

2 EXAFLOPS (2023)
SCALABILITY

PERENNIAL SOLUTIONS




Accelerating Breakthrough Innovation in MISSION
Carbon Capture, Utilization, and Storage INNOVATION

250 experts including Total
University + Industry

September

@ iiicicy x 2017

““HPC effort for CCS should expand beyond traditional reservoir simulation
with an emphasis on subsurface pressure and saturation distributions to address the
effects on regional hydrodynamics, pressure perturbations, modified stress fields, and
deformation at the reservoir and basin scales.” Section 452

MISSION INNOVATION

Accele mM.‘i"._J! 3<,ro.w_:,'

Report of the Mission innavation Carbon Capture
Utilization and Storage Experts’ Workshop

.-
L) S CuMIT =55 O rorm
14
3 N ; NC-OS smrer

FC MAELSTROM

“Establish one or more internationally recognized C02 storage

open-source software
as done with climate models. Such open-source software would enable
transparency, openness and wider collaboration.”

Storage and CO2 networks (topic 3), p.11



Multiphysics Exascale

TRANSPARENCY AND COLLABORATION

Transparent code & qualification processes for regulators
LGPL 2.1: we can develop important features ourselves — and so can you
Collaboration with partners, universities, third-party vendors
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FLOW and TRANSPORT

Compositional Multiphase

Fully-implicit, isothermal formulation
Equations-of-state (cubic): PVT, flash
Three-phase extended black and dead oil
Two-phase CO2/brine

Assembled and solved on multi GPU
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CONTACT MECHANICS

Embedded Discrete Fractures

Enriched finite elements

Fault-contact using Lagrange multipliers
Conforming hydrofracture solver
Proppant: slurry, settling, bed build-up

SOLID MECHANICS

Implicit and explicit time-stepping
Small and large-strain formulations
Advanced Rock models
Isotropic/Anisotropic elasticity
Poroelasticity, poroplasticity
Tightly-coupled & Fractional-step

FINITE ELEMENTS

First-order elements and quadrature
8-node hexahedron

6-node wedge

5-node pyramid

4-node tetrahedron

DISCRETIZATION SCHEMES
Finite volume interface
Cell-centered method (TPFA)
Hybrid Mimetic Method TPFA
Quasi-TPFA inner products
Multi-segmented wells

&
Y

MESH AND DATA I/O

Unstructured 3D (reservoir)
Unstructured 2D (faults/fractures)
Importer for Gmsh, corner-point grids
Importer for LAS format wells

Output: Silo and VTK for Vislt and Paraview

LINEAR SOLVERS

Unified algebra interface

Hypre, Trilinos, Petsc

Krylov solvers (CG, GMRES, BiCGSTAB)
Preconditioners (AMG, ILU, MGR)
Block matrix and vector support

Serial and parallel direct solvers

Version 0.2.0

GitHub, Travis Cl, Doxygen
LGPL 2.1

LLNL, Stanford, Total
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GEOS Development Roadmap

Conception
Kick Off

>
»
i

Joshua White

Hamdi Tchelepi
Randy Settgast

Sergey Klevtsov
Nicola Castelletto Lawrence Mamadou N’Diaye
Panayot Vassilevski Livermore Andrea Franceschini

Benjamin Corbett f:ﬁﬁmtry Antoine Mazuyer
Matteo Cusini

Mohammad Karimi Fard

Alexandre Lapene
Herve Gross
Francois Hamon
Philippe Cordier
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GEOS Development Roadmap

Conception
Kick Off

Pressure [Pa]

Total Displacement Magnitude [m]

17



GEOS Development Roadmap
N I T O T TR CT

Conception HPC infrastructure First CCUS simulations

Kick Off Poroelastic Compositional  First GPU benchmarks

18



GEOS Development Roadmap
I

Conception CCUS Basin scale

Kick Off Fault mechanics



GEOS Development Roadmap
I 0 o 2 o

Conception First CCUS simulations CCUS Basin scale Real field applications

Kick Off First GPU benchmarks Fault mechanics Exascale testing

Runtime for the fully-coupled
simulations of CO2 storage for 225 years.

CO2 injector
1.5 Mtpa for 25 years
200 years post-injection

10 h

8h

6 h

4 h

Pressures

2h

CO2 Saturation

Oh
512 1,024 2,048 4,096

Displacements Number of CPUs

20
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https://hdl.handle.net/2152/78353
http://dx.doi.org/10.26153/tsw/5440

Poroelasticity at the Reservoir Scale

B Sandstone reservoir y
Seal units

Y

Deformation monitoring feasibility at an offshore carbon storage site
Interim progress report for GCCC, December 2020.
Julia T. Camargo & Joshua A. White

Structure

1.8 M tetrahedral cells, 50m in reservoir layers

300k nodes
2.7 M degrees of freedom

12 x 15 km

FC MAELSTROM

Permeability

22



Are the faults permeable?

Faults permeable Faults as barriers
1 year of injection 1 year of injection

Faults permeable
3 years of injection Faults as barriers

3 years of injection

L 2 PO+~ S~ bode < o e ome o emeama . o3 -

(c) (d)
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Is the injection
detectable by fibre
optic sensors?

After 3 years, faults acting as barriers

© lnpaction well

__fibre optic
sensitivity

Coordinate z (m)

Reservoir

s T R
%10
Axial strainin z (-) 2

Excess pressure (MPa)



Uncertainty

Quantification

Maximum uplift (mm) at the seabed

What is the risk of uplift
at the seabed, based on
reservoir properties?

B

R \ \
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g 2 70 .

AW

0 0 15 20

Permeability scaling

s Reservoir bulk mobulus (GPa)
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Uncertainty
Quantification

What is the risk of uplift
at the seabed, based on
reservoir properties?

Permeability scaling

Permeability scaling

Maximum uplift (mm) at the seabed
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Maximum uplift (mm) at the seabed
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How can | try GEOS?

OLosx

Next-gen simulation for geologic carbon storage http://www.geosx.or

I http://www.geos.dev

CEOSX is an cpon-scufce, multiphysics simulater developed cooperatively By Lamrence Livermore Natonal
Laboratory, Stantord Unversity, snd TolaEnargies. Ow goal is 10 0pen u new harizons in modeling carbon
Sorage ana other subsurface energy systems. This nciudes

Laking sdvartage of the ongsing tevolution it high-performance compating hardwate, which is enatling
orders-of magnitude gains in performance, But aise forcing a fundamental rethink of our sOftmare designs,

enniching the physics usad in Industrial smlations, alowing comples id flow, thermal, and peromechanica
otiects 1o be handed in & soamieoss marner;

o developing highty-scalabtie algonthms for solving these coupled systems;
o nd imgroving worklioes for modeling faults, fractures, snd compiex geclogic formations

GEOSX is rofoased under an LGPL-v2.1 Scense. Please chack out the links above 10 20C05S O dOCUMNaton
SowTe code, and reiated Wormabon

GEOAX provides s hamewerh b

wiiong rrwghes Aom ol

v A amemrre Uredt Cavdoge date rrsemie n¥ Comet Carboen Ovnder

Points-of-Contact

COvgasisen Contact

Lowtance Lwermors Netone Laborstory  Spegy Settoant and Jogtys Shis

Viarder € Undver kg

el It

Totak rargus tierve Grony



http://www.geosx.org
http://www.geosx.org

FC MAELSTROM

# GEOSX

Docs » Tutorials Q) Edit on GitHul

Quick Start Guide

Tutorials

B Tutorials The easiest way to learn to use GEOSX is through worked examples, Here, we have included tuterials showing how to run some common problems. After
Tutorial 1: First Steps working through these examples, you should have a good understanding of how to set up and solve your own models.

Tutorial 2: External Meshes

Note that these tutorials are intended to be followed in sequence, as each step introduces a few new skills, Most of the tutorial models are also quite small,
Tutorial 3: Regions and Property so that large computational resources are not required.

Specifications

Tutorial 4: Boundary Conditions and

; i e Tutorial 1: First Steps
Time-Dependent Functions

o Tutorial 2: External Meshes
Basic Examples

e Tutorial 3: Regions and Property Specifications

Advanced Examples e Tutorial 4: Boundary Conditions and Time-Dependent Functions

User

Develooer Guide Q© Previous Next ©
Doxygen

Python Tools

© Copyright 2018-2021 Lawrence Livermore National Security, The Board of Trustees of the Leland Stanford Junior University, TotalEnergies, and GEOSX
Build Guide " - ) ooy Y

Contributors. Revision 9b978b6d.

Datastructure Index

Built with Sphinx using a theme provided by Read the Docs

Contributors

Publications

Acknowledgements

30
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# GEOSX

Validation and Verification Studies

&) Springer L i

o Verification of CO2 Core Flood Experiment with Buckley-Leverett Solution D Al
Quick Start Guide o CO2 Plume Evolution and Leakage Through an Abandoned Well rigina Putinbect 22 Jube 2009

o Non-isothermal CO2 Plume Evolution and Leakage Through an Abandoned Well A benchmark stud) on prob]ems related to CO, storage
Tutorials o CO2 Plume Evolution With Hysteresis Effect on Relative Permeability in geologic formations

Basic Examples

o Fault Mechanics Summany and discussion of the results

2 Advanced Examples o Single Fracture Under Shear Compression
. totaer Cla Acouie Endaba, Barey Hetrnsg, Hetoe K Detde, a0 M Notsbotien, Mchael A Cefa

0 a1 i tersec 0 . e : 3 5
 Validation and Verification Studies Fracture Intersection Frobiem Patcal Auionne, Melacie Dacis, Jxsathins Excia- King, Yasin Fae, Bemd Fiemisch, Sawh €. Qaseia

o Sneddon's Problem M0 Jn, Stefanse Koun. Daoe Lakaeosrs, AR Nader Sers, Raeid J Pawer, AN S0, Sunsl G Thomas

Carben Storage \ Laurent Trerty & Ungll Wed
il o Mandel's Problem e =
. Comoutatonl Geoscionces 13, 400-434 (2000) | Cae this ariche
Pt Mechanks Verification of Induced Stresses Along a Fault R Saschnsay 13, 400-434 (2000 | Ch.thia skl
1984 Mceine 287 Chations | § Atmes Metrics
Hydraulc Fracture e Hydraulic Fracture
Wellbore Problems o Toughness dominated KGD hydraulic fracture Abstract
. o scosity dominated KGD hydraulic fracture
Thumopo(omedum Visco [t" i« tec }\(’[ yd ’ , b s paper sumparises the results of & benchosark study that compares & resber of
AR R A o Validating KGD Hydraulic Fracture with Experiment mathematical axd nemerical models applied %o specific problems In the context of carbon
o To ughness Storage-Dominated Penny Shaped Hydmuf ic Fracture daxide (OO) storage in geclogic formations. The processes modeliod comprise advective
Application Studies o Visc osity i'ora,‘.‘c Dominated p('nn'y' Sh aped Hydraulic Fracture rrelts-phase Bow, compositional effocts due 1o dissolution of 00, o the ambicst brine sad
. - . ot sothermal effects due 10 tempernture gradients and the Joule-Thomgson effect. The
pygeosx Examples o Viscosity-Storage-Dominated PKN Hydraulic Fracture

o Proppant Slot Test
o Wellbore Problems
o Kirsch Wellbore Problem
o Cased Elastic Wellbore Problem
o Deviated Elastic Welibore Problem
o Elasto-Plastic Near-Well Deformation
o Modified Cam-Clay Model for Wellbore Problems

o Deviated Poro-Elastic Wellbore Subjected to Fluid Injection

Datastructure Index

Comributors

o Deviated Poro-Elastic Wellbore Subjected to In-situ Stresses and Pore Pressure

Publications

o Vertical PoroElasto-Plastic Wellbore Problem
Acknowledgemen o Pure Thermal Diffusion Around a Wellbore

o Cased ThermoElastic Wellbore Problem
e Thermoporomechanics

o Thermoporoefastic Consolidation

31



—1 S— — Code Max leakage [%)] Time at max leakage [day] Leakage at 1000 days [%]

i ” GEOSX 0219 046 01172
) o~
oo Soveld i COORES 0219 50 0.146
] DuMusx 0.220 61 0.128
ECLIPSE 0225 48 0.118
.- [ FEMM 0216 53 0.119
000 pme - - : v oo e
= e y IPARS-CO2 0242 80 0.120
e s MUFTE 0222 58 0.126
Fig. 5 Leakage scenario {image taken from [Ebigbo, Class, Helnig, 2007))
RockFlow 0.220 74 0132
ELSA 0231 43 0109
TOUGH2/ECO2N 0226 93 0.110
TOUGH2/ECO2N(2) 0212 44 0.115
TOUGH2 {3) 0227 89 0.112
VESA 0227 41 0.120
025 025
=== ECLIPSE
'y "we TOUGH?
R g RV (Eosx
-t ._.. 4 A e . -0 02 020 4
— —
£ z
g 015 $ 015
[ 3
L
0.05 005
' 102 v e gt
. WESA (Princaton U
0 1 L L L 000 v v v -
0 200 400 600 800 1000 0 200 %00 €00 800 1000
time [days] Time [days)

https://geosx-geosx.readthedocs-hosted.com/en/latest/docs/sphinx/advancedExamples/validationStudies/carbonStorage/isothermallLeakyWell/Example.html



Thermoporoelastic Consolidation pinl yvvy

p=0Pa
Thermoporoelastic consolidation is a typical fully coupled problem which %
involves solid deformation, fluid flow and heat transfer in saturated \ R
porous media. T=0°C — > 7m
In this example, we use the GEOSX coupled solvers to solve a one- \ :
dimensional thermoporoelastic consolidation problem with a non-isothermal , R
boundary condition, and we verify the accuracy of the results using the fL E’
> X —

analytical solution provided in (Bai, 2005)

R iy

Fig. 62 Sketch of the problem (taken from (Geo and Ghassemi, 201%)),

104 1204 === GEOSX z=00m ~=- GEOSX Z=14m
weme GEOSX 2=42m 00004 4 === GEOSX - z2=42m
wee GEOSX 2= SEmM mwme GEOSX 2=56m

o8 4 e Analytical z=00m w— ANMYUCH 2= 14 m

04 = Analytical 2 =472 m — Anaiytical 2= 42 m
— Anabytical 2=56m 00003 { = Analytical z=Tm
® 06 = E
&- 13 f
v 5 3004 ]
5 = 3
¢ % & 00002
| é 3
" 5
“ss GLOSX 2= 0O0m 290
wee GEOSX 2=42m 00001
021 ce- GEOSX 2=56m
— Analytical z=00m
— ARGUCHL Z = 42 M 280 1
004 = Analytical z=56m 00000
2 -1 : 1 2 3 3 > e i 2 o o i, o X -~
10 10 10 10 104 10 lo‘ 10 104 1°~1 10° 10~ lo-l 10° lol 10° lol 10‘ lo\

Time [5)

Time [s] 33


http://gclx.xml-journal.net/en/article/id/3369

GEOS + DARTS

Fluwd compestion
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Finite volume flow with porosity alterations using
FIM with OBL from DARTS in GEOS

T = 3.6e7 [sec]

T = 3.1e7 [sec]

40 x 160

FC MAELSTROM

T = 2.6e7 [sec]

100 x 400

Instable dissolution (wormhole) at various mesh
resolution using OBL in GEOS
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Our GitHub repository

Pull requests Issues Codespaces Marketplace Explore

[ GEOSX/GEOSX Puiic X EditPins ~ @ Unwatch 27 « Y Fork 53 . Starred 120 .

<> Code (2 Issues 144 Il Pull roquests 66 T Discussions () Actions [ Projects 3 @ Security |~ Insights

¥ develop - ¥ 227 beanches © 2 tags Go to file Add file ~ <) Code - About

GEQOSX Simulation Framework
bmhani2 Fix doxygen path on Read TheDocs (#2260) . v 9597806 yestorday 04,242 commits

hpe geu ilnl reservorr -simdation
Qithub/ISSUE_TEMPLATE Tag removal in the title of the github ssues. (#18586) 2 months ago goomechanics carbon-storage
benchmarks Repairemove dead syminks. (#1664) 2 years ago {0 Readme

cxamples Sequential coupling in CoupledSolver (822 3 months ago 6 LGPL-21 license

(2 Cite this repository «
host-configs Remove PAMELA support from GEQOSX (#2204) 3 months ago

o 126 stars
ide_files CLon now uses camel case for member functions (#1162) 3 years ago TIRY

& 27 watching
rnputFiles Add documentation for a casad ThermoElastic wellbore example (82 4 days ago Y 53 forks
megratedTests @ 844d7¢7 Add documenation for & casad ThermoElastic wellbore exarnple (92 4 days 890
scripls EDFM improvements - add Cl computation kernel that uses numenca 2 months ago Releases 2

CooODoOoORERERDDERERRERESR O

wC Fix doxygen path on ReadTheDocs (#2260) yesterday r_\i:, v0.2,0 | Latest
gitignore ACSY oyihon 1ools documentation 1o sphynix (#1991) 6 months ago

+ 1 reioase
gitlab-cymd Remove PAMELA support from GEOSX (#2204) 3 months 8go
gitmedules Remove PAMELA support from GEQOSX (#2204) 3 months 8go

Packages
gmp«:cnhg Change veor fyssi=False ir Qrapecor ‘n_; 10 get around « oriifcate prob 5 years 50

NO Sachsg el hed
readthedocs ymi Fix doxygen path on ReadTheDocs (#2260) yesterday Publsh your frst po
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A GEOSX

Docs » Publications Q) Edit o

Quick Start Guide

Publications |s there a

Tutorials Last updated 23-October-2022

documentation

Advanced Examples Pl’epl'ints arld Eal’ly-Views

o webpage for GEOSX?

Developer Guide

Doxygen

Smooth implicit hybrid upwinding for compositional multiphase flow in porous media

Py on Too . .
ython Tools SBM Bosma, FP Hamon, BT Mallison, HA Tchelepi

Build Guide Computer Methods in Applied Mechanics and Engineering

< 4ot 10 1014 2T 144588
Datastructure Index 00:10.1016/.cma 2021.114288

Contributors

A Multi-resolution approach to hydraulic fracture simulation
3 Publications A Costa, M Cusini, T Jin, R Settgast, JE Dolbow
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