9
BECS
»

PhD Consortium 2023

Bringing academia and
industry together

Fast Workflows for CO, Contalnment &
Leakage Risk Assessments P

Hariharan Ramachandran?, Iain de Jonge-Anderso'n\’\
Florian Doster!, Sebastian Geiger? & Uisdean Nicholsont

1 — Heriot-Watt University, UK, 2 - Delft University of Technology, Netherlands

-

04/12/2023



. HERIOT Seis Strat
Outline WAL /075 g

« Introduction to CCS & Storage Containment
« Vertical Equilibrium Modelling and CO2lab

« Fast workflows for CCS Assessments
— Storage capacity and spill risk

— Fault leakage

« Summary & Outlook
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——— CO, stored CCS 1st Round Licences

O CO, stored to date — 197 Mt
[l Planned deployment

UK government has ambitious CCS targets (30 Mt/yr by 2030-2035, > 50 Mt/yr by 2035)
Message - Storage must increase multi-fold to meet the IPCC 1.5 °C goal scenarios

— Impetus to develop fast technologies to assess storage security, develop injection strategies, etc.
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Motivation - Fast Screening + HERIOT

Leakage Risk + Uncertainty?

CO2 Injection Well

Groundwater Groundwater
QualityChlanges a o Wells

. Drinking Water
; Aquﬂer

Leakage of COg
~ Through Faults or Wells

Injection of
Supercritical CO2

%%%%%%%

Issue

Assessing secure storage containment is
computationally expensive = Flow +
Geomechanics in 3D for the entire domain
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Goal

SeisStrat
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Develop fast screening tools using Multiscale —

Multiphysics approach to get quick estimates

under uncertainty

UK CO, storage capacity by store type
2Gt

Outline

1. Spill point Analysis
2. Capacity Estimation
3. Fault Leakage

Methods
Vertical Equilibrium Models

3Gt |
\

HM Government, 2023
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well Ggs Saturation (Sg) from Fine Simulation after 0.00097721 yrs
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. Once CO; in injected into a reservoir ’ .
Thin and long reservoirs > vertical flow << overall flow 2D G”d- i N
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—  @Reservoir(P,T) > Density of CO, << Density of Brine -
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-  Gravity segregation occurs due to density difference Reconstruction l
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—  No vertical flow between phases - Vertical Equilibrium

/ Sg Reconstructed from VE after 0.00097721 yrs
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. The vertical dimension can be eliminated from the I
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Further Reading (Book) — Nordbotten, J.M. and Celia, M.A., 2011. Geological storage of CO2: modeling approaches for large-scale simulation.
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[] Use capillary fringe
[[] Use subscale trapping

[] Use dissolution

Outline traps
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Further Reading (Book)- Lie, K.A., 2019. An introduction to reservoir simulation using MATLAB/GNU Octave: User guide for the MATLAB Reservoir Simulation Toolbox (MRST). Cambridge
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Motivation - Storage Containment HERIOT Seis Strat
(Seismic to Capacity workflows) /a Sedi

(Underhill et al. 2023) (de Jonge-Anderson et al., 2022)

Issue - Seismic and well data used to define storage Solution > Use reduced complexity models (static

capacity based on Net Pore Volume: and dynamic tools) to arrive at a realistic capacity
MCOzt_g=GHV X NTGX d)effx (1 - Swn'r)xpcoz

Refined using flow simulations at site-level.

estimates in screening workflow

9



Study Area

INDIAN F ay - !(’ (,PHKL\PPH'JE SEA
PLATE - e PLATE
o MAINLAND & § » .
SOUTHEAST

AUSTRALIAN
PLATE

" ky
N
A 500
— KM

2200

735

10

Our study focuses on
an area of the Malay
Basin, offshore
Peninsular Malaysia.
This basin is being
appraised for CO,
storage potential.

A 440 km? area is
mapped using 3D
seismic.

The area gently slopes
downdip to the west
and contains an

anticline.
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The total capacity of the grid

Horizontal permeability
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« Asimple 3D grid of the reservoir is populated with
porosity and permeability values obtained from
gaussian distributions.

« The total capacity of the grid is 32 GtCO2
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Structural Trapping

=

trap (structural high)

« Using just the geometry of the

[Zl spill pathway from trap either
to updip trap or out of boundary

Jz\ reservoir, a static trapping
1400 - [§| area which ‘feeds’ given trap
A framework is built.

1800 - NS  The framework shows traps
(structural highs), trapping
regions (that feed traps) and

pathways (routes from one trap
to another)

 This is used to calculate the total

715 405

structurally trapped capacity:
12.5 GtCO,

11
de Jonge-Anderson, |., Ramachandran, H., Doster. F., and Nicholson U.. Storage Efficiency and Reduced Complexity Modelling. MRST Conference (Poster Session), 2023.



: : HERIOT Seis Strat
Spill Analysis @WATT Sedi

U\JthRSlTY

Injection to southeast of main closure 2 % of
is utilised by traps
along migration path

98 % of trapping
apacity is not filled

Injection into small northwest closure

Injection into main closure Injection downdip from main closure

96 % of trapping capacity
is utilised by traps along

96 % of trapping capacity
is filled by primary closure|

WELL

296%

I oy [ virvton I Mot Ftes |

» A series of trapping chains are tested to determine the optimal well placement that allows consecutive filling of

structural traps.

2 A trapping chain is a series of traps along a spill path that could be filled from one injection point.

de Jonge-Anderson, |., Ramachandran, H., Doster. F., and Nicholson U.. Storage Efficiency and Reduced Complexity Modelling. MRST Conference (Poster Session), 2023.



VE Modelling
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VE simulations approximate 3D fluid behaviour in 2D, thus reducing computational time

Example simulation

50 years of injection (3MT/year)
followed 950 years of migration

13

100s simulations, varying injection
well

a'w tor Well Cell =1

=3
8
CO2 Saturation

440 simulations. All other parameters
fixed.

de Jonge-Anderson et al., 2024 (In prep)

Map of storage capacity by
injection well location
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Storage capacity (Mt)

41 415 42 425
x coordinate x10°

Capacity is defined as the pore space
occupied by CO, at end of simulation.
The capacity from this optimised
scenario is 150 MTCO,
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Fault Leakage + Uncertainty? WATT Sedi

COz Injection Well

Groundwater Groundwater
Quality Ch:'anges a o Wells

(Apps et al., 2010)

Injection of

Supercritical CO2
ESD08-002

Issue > Assessing leakage is computationally

expensive = Flow + Geomechanics in 3D for

the entire subsurface domain
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Fault zone
» X

" Flow through the damage
// / zone
‘ i / /\ Protohth
L NI
A T Flow through fracture
Fracture network

Damage

zone

Experiments to understand the
fault-related fluid flow is performed
by GeoEnergy Research Group at
Heriot-Watt, headed by Andreas

Busch
-16 -18
s : il GeoEnergy
(b) 10"7-102 (Cappa and Rutqvist, 2011) — Group
» X
Goal - Develop fast screening tools using
Multiscale — Multiphysics approach to get quick SETEGCT

estimates for fault leakage under uncertainty ém.mﬁng
CS
Technologies

INTEGRATED GEOLOGICAL
CO, LEAKAGE RISK
ASSESSMENT

Propose - Vertically Integrated Models + Fault Leakage
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« Pattern simulations helps build relationship for fault leakage

Sg from Fine-Scale Simulation after 0.00078177 yrs Sg
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« CO2 layer below fault impedes water flow along fault
« Steady-state flux is a good conservative leakage estimate

16 Ramachandran, H., Doster, F., and Geiger, S.. A Quick Approach to Model Fault Leakage Modeling during CO2 Storage within Vertical Equilibrium Modelling
Approach. Interpore PMTTT (Presentation), 2023. - https://www.youtube.com/watch?v=L5f5IP7Yf2U
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« Similar mathematical structure to multi-continuum simulations

70.00

-« What is Q;* (e S P 58)7? O ey ]
- Simplest approach: gw e
& = =T (Bpg(siHr + L) + (Pa — Po)) E,.,
— TRR = A, LEl 8o
— ABR is upstream weighted 0;
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Height of CO2 (m)
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Simulation Grid
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Fault transmissibility along
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Fault leakage flux was added as a source term
with Q given as
= —TRRAgR(Apg(sgHR + L) + (g — Po))

Injection
well

%x10°

415
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Y - Distance [m]

X - Distance [m]

18 Ramachandran, H., Doster, F., March, R., Maier, C., Geiger, S., de Jonge-Anderson, |., and Nicholson U.. Fast Workflow for Fault Leakage Modeling During
CO2 Storage. MRST Conference (Presentation), 2023. - https://www.youtube.com/watch?v=jloaOP-F5Lk
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Time = 0 years y .
025 e
G ; O e e TeciaaTas
005 e | |
0 | e 1°°°
Injection rate = 0.75 MT/year for 50 years e CO2 leaks once it
Fault permeability = 0.01md, width = 5m encou nte rs the fa U It

Total injection = 37.5Mt
Total Leakage = 0.46MT or 1.23% of injected

Ramachandran et al., 2024 (In prep)



Fault Capillary Pressure

Damage
Core zone Protolith
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Faut | g
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Water Saturation
* Injection rate = 0.75 MT/year for 50 years, Total injection = 37.5Mt
*  Fault permeability = 0.01md, width = 5m
« Total Leakage = 0.08MT or 0.22% of injected (Pe = 0.5 bars)
« Total Leakage = 0.00MT or 0.00% of injected (Pe = 1.0 bars)
«  Capillary pressure will delay and decrease leakage
20
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Next - Fault geomechanics
— Pressure impact on perm/poro

Refine Flux function

Ramachandran et al., 2024 (In prep)
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What's next: CO2lab of MRST

<] Figure 7 — O >
File Edit View Insert Tools Desktop Window Help -~
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@ Closed ) Edit boundaries

Injection time (years): s0 Injection timesteps: 10

Migration time (years): Migration timesteps:
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Summary

« Fast workflows presented here are very useful to perform
assessments of CO, storage capacity and containment

— Plume behaviour and fault leakage risk can be assessed under

uncertainty Thans for

— Fast running times means these are ideal for uncertainty IO 'I' ° I
modelling, sensitivity analysis and value-of-information Is e n I ng °

assessments. °
outlonk Questions
« CO2lab with dynamic capacity predictor tool
« CO2lab with leakage risk

— Refined fault leakage models with geomechanics
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