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Tools to Manage Subsurface Risks

Objective: fo demonstrate and improve the utility of NRAP integrated
assessment model and workflows for GCS leakage and containment
decision-making

EYZ1 EY 2022 EY 2026

Code development m\?
plan for site-scale |
ll:c:-rnpletﬂ analysis on Class Il tc:-#fi
Class V| transition.

I |
Complete simulations and re;ultsg
interpratation for case studies

b&mplete development beta NRAP integrated é
assessment model for public review

| Complete report on recommended practices for b
site-scale leakage risk assessment/decision support

Outcome: Release of final NRAP site-scale integrated risk assessment model
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NRAP-Open-lIAM Updates

Latest release: August 2023
(https://gitlab.com/NRAP/OpenlAM)

New Components Released
= Generic Reservoir

= Fault Leakage

= Hydrocarbon Leakage

Components Updated

= Lookup Table Reservoir (3d
interpolation; h5 data format)

= Plume Stability (3d interpolation; h5
data format)
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New Developments: User Interface

Spatiotemporal Evolution of Dissolved CO; Plumes,
Multiple Depth Intervals in each Subplot, Realization 23

Depth Range: -1044 m to -849 m,
Plume Timing Range: 1 years to 70 years

Depth Range: -849 m to -655 m,
Plume Timing Range: 4 years to 60 years

Control File Interface

(New) Workflow section oo R ® s "
= Risk-based Area of Review (AoR) S wane 0§ s “f
= Total time to the first detection (TTFD) f e k
Visualization capabilities 0 amsa S 0

236.4 236.6 236.8 237.0 236.4 236.6 236.8 237.0

PP Y Acn POV

° A O R Depth Ranﬁe:r;?ss m to -460 m, . - . .
o Plumes Maximum increase in pressure at each point (gray: 0 MPa)

* TP £ o

- Stratigraphy plots B oo
- Time series plots * 2 . .
« Sensitivity analysis * e o :‘:é

« 2d plots * )
* Updates of the existing capabilities S D
5
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Connections Between NRAP Tools

Development of Functionality and Workflows

= Pressure outputs to spatial and temporal
ORION ensemble forecast of seismicity

NRAP-Open-IAM

SOSAT = Reservoir pressure changes (at site and
basin scale) to state of stress forecasts
= Temporally and spatially-resolved
ORION - Operationdl Forecasfing RAMP leakage r|sI§ for.ecos’rs .’ro adaptive, risk-
of Induced Seismicity based monitoring design
SOSAT - State of Stress Analysis Tool
RAMP - Risk-Based Adaptive
Moniforing Plan | = CO, plume and pressure front evolution
CO2_S_COM - CO, Saline Storage i )
Cost Model CO2 S COM forecasts to financial performance of a
CO, storage project 4
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Well Leakage Modeling Workflows  remecom asgmen

) No Select Stochastic
start — Gather all —— Dynamic? ——— Representative —> Permeabilit

available data Distribution Assignmen

« One-page fact sheet describing well leakage £

Representative

modeling in NRAP Open-IAM =

Select
Leakage Event
Frequency

« Aids model selection and well permeability |

Select
Remediation

assignment =
 Will be available online and in user manual

Initial
Permeabilit
Assignmen

Well Model Selection

Open Wellbore Multisegmented Wellbore Cemented Wellbore —
i N
Start ) Seversl e - lomi ——Cmmm
Atmosphere available data i Generator
— lYes
Shallow Groundwater
Aquifer >
Open Wellbore __Yes s No Depth
Rt <«—— Conservative? «—— Known?
Above Zone
Monitoring Interval Yes
(Thief Zone) No
“Bepth ——— fomerie Mo oo
ks Assignment "I?arget Model
lYes
Above Zone i
Monitoring Interva . No No
(Thief Zone) Conservative? — Cemented? —— Open Wellbore
Component
lYes l
Open Wellbore
Component

Leakage Pathways > 1 Thief No Cemented

Zone? Wellbore
Component
Yesl

Storage Reservoir
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NRAP tools and bowtie risk analysis

Objective:

Increase utilization of
NRAP tools by the
carbon geologic
storage (CGS)
community

Approach:

Demonstrate how
NRAP tools can
complement these risk
assessment methods
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Area of Review Comparison

» Original AoR had an area of 3,780
km?

» Revised (2015) AoR has an area of
461 km?or ~12% of the original AoR

* NRAP-Open-IAM AoR has an an
area of 102 km?Zor ~3% of the
original AoR

 An AOR based solely on the TDS &
CO, plumes has an area of 28.5
km? or ~0.8% of the original AoR
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Multisegmented Wellbore ROM

Qu I Abandoned
* Leakage of CO2 and brine through cemented wellbores Y E@J

* Leakage into multiple impermeable caprock layers and permeable aquifers o
* Overcomes deficiencies of the analytical multisegmented wellbore ROM — ]
using ML /DL-based approach ] /| E=——Bn—=

* A S Dy Ky
Model Structure e e
Input Classification | Regression Output I, I e N e R i
e [ ]
Non-zero flow rate —»  CO, leakage rate -] .
> CO,leakage type —|: | | e
Zero flow rate S e [
______ J,_________E_I ———
s M v I S
large flowrate ——» Brine leakage rate =~ | = momm—=—— =g e ] [ e ==
 Ei D2 K>
—»  Brine leakage type Smallflow rate ——»  Brine leakage rate :_:-‘__T*-_:“"___:-__T“_:“: "—___-“___'“_:“—__?"__T*—:*_::_Tﬂ__- “'___"“___“'*____“___{_B:é___“
1 ' jl
sz n — Brine leakage rate ! : : ! DT K;‘
leakage __“__.“__ML mmmmm ':H..._m._._'_;_..! mmmmmmmm
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Caprock Segment Wellbore Model

Classification Reqression USing Only simulation input Without Separation

-2 2 : s 2
4
30000 '//
/”
False Positive 25000 2 E 3
E} = &
0.08% g g 2 .5
-~ @ @
20000 g 4 § %
= = © ©
£ 5 < 2
] “‘:: 8 -4 8 -4
— b o
15000 B ;',i s g g
=1 =1
2 3] s &
g B -6 -6
= -
] - — 10000 T
False Negative True Positive 3 -6 .
19 19985
0.04% 39.25% -6 -4 -2 0 2 -6 -4 -2 0 2
- 5000 True CO; leakage rate, logio(kg/s) True CO; leakage rate, logio(kg/s)
7 Analytical MSW
-7 -6 -5 -4 -3 -2 2
1 mmm  Numerical simulation features
True CO; leakage rate, logio(ka/s) A7 , === Fullfeatures
/' n 10 mmm Full featgures without zero leakage
o o ) ya % mmm  Reduced features without zero leakage
Classiﬁcalion” Regressi 0"2) g o= /’ S mmm  Multisegmented wellbore ROM
Data set - 5 = G
Accuracy Mean Squared Error3 8 )
g =
.. o = -
Training 0.9990 9.2302e-05 g 2 2o '
E ' o
. N 3 o
Validation 0.9988 2.8170e-04 i” S 0
o 3
A -4
Testing 0.9991 2.0172e-04 3 §
=1
.. . - . - E 10_3
IThe numbers of data set for training, validation and testing are 737,713, 229,779 and 50,921, respectively. & II II I
| ]

2IThe numbers of data set for training, validation and testing are 290,754, 89,316 and 20,004, respectively. -6
Anit: log,glkg/s)
“Accuracy and mean squared errors for training and validation are at 200t epoch.

1E-7 ~1E-6 1E-6 ~ 1E-5 1E-5~1E-4 1E-4 ~1E-3 1E-3~1E-2 Zero
CO,, leakage rate, logyo(kg/s)

-6 -4 -2 0 2
True CO; leakage rate, logio(kg/s) ‘I ‘I
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Caprock Segment Wellbore Model

Model Application
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Saturation

Pressure, MPa

24 |

Reservoir LUT

(Kimberlina Site)

Pressure in Reservoir

20 40 60 80
Time, years

CO, Saturation

Time, years

Multisegmented
Wellbore ROM

Cumulative CO, leakage

Aquifer Impact

ROM

CO, Mass Fraction
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The Effect of Hydrocarbons on the AoR

« Study the effect of initial conditions with hydrocarbons on the extent of the AoR
« Use simple, generic models

. Depfh 1900 m 0 Brine Only 1
o Thickness 300 m : T IIIIIII T NIHHI I NHIIIIr I=I1I-N7H'::‘n LI NIrIPII! 4.I3Iklr;1lll:l
» Porosity 0.08 — | =Taor |
* Permeability 10 mD horizontal, 1 mD vertical o5 |- ” Jdos
« Reservoir pressure  15.7 MPa i |
- CO,injectionrate 41 kg/s = 3500 T/day i S ]
« Injection duration 40 years =Ar 106
. o
« Compare P(r) to P ry is where P(r)<P_; = [P, =18MPa \ )
= |
+ Maximum extent of gas phase determines r, T 1%
 Extent of the AOR is the greater of r, and r, i
10 |- —0.2
i free-phase |
i CO, 1
L IIIIIII L JI]\I]I Ll ]\IIIII Ll \HII\I L \I\II\I L L L1l
07 10° 10’ 10° 10° 10° 107

Radial Distance (m)
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- AOR dependence on Initial Conditions
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Reduced order model for hydrocarbon fields

s Wc}lbﬂre

Minimum Maximum
Reservoir depth 3000 9000 f1
Aquifer depth 200 2000 ft
Reservoir pressure multiplier 1.0 1.2 - Caprock
Wellbore permeability 0.01 1000 mD
Average water saturation 0.2 0.8 -
FCight 0.05 0.3 -
FCinTermedio’re 0.05 0.3 N
FCheOVy 0.05 0.3 X - -
Time o) 1000 year
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Leakage profile for hydrocarbon fields

le7 R’: 0.9997
— 5 i
|
(4]
o 41
=
=
3 3
Z
(7}
[3
2 i
=
o
3
S 1]
=
=
D T T T T T
0 1 2 3 4 5
Neural Network Prediction (1e3 Ib) Je7

=% U.S. DEPARTMENT OF

{6) ENERGY

10!

10°

le7 le6 175
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S 1.50 1 - 1.25
c
2 o
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8 1.25 - 1.00 8
S o
51001 5
0 - 0.75 %
3 0.75 S
c =
= - 0.50 =
= 0.50
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0 200 400 600 800 1000
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Leakage through Uncemented Annuli

The multi-segmented well leakage ROM in NRAP Open-IAM doesn’t account for leakage through

uncemented, open annuli.
Methodology:

« Reservoir & Aquifer flow model: Using Multiphase Darcy flow capabilities of TPFLOW
« Uncemented annulus: Using a simplified Drift-flux model or a liquid column model.

t=154 hrs
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Integration of SALSA into NRAP Open-IAM

SALSA Python, t = 7300 days

Semi-Analytical Leakage
Solutfions for Aquifers (SALSA) is @ 3000

FORTRANY77 code that
calculates pressures in a mulfiple 2000

600

aquifers-aquitard system, along 200
with cumulative leakage rates in 1000 -
individual leaky wells.

We are creating python ° 300
wrappers of SALSA to enable

integrating it into NRAP Open- 1090
IAM as a new feature

200

—2000 100

—3000
—3000 -2000 -—1000 0 1000 2000 3000
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Leakage Through Wellb

ore Microannuli

12 +
m Pressure-dependent aperture
,g 10 + m Constant aperture
L
vy
L £ 8
AP g
L2 ¢
O
%
S
5 4
¥
O
2 2
/d Hydraulic aperture (W},)
0
COZ Methane Water Light HC Heaw HC
Mechanical aperture
(WnJ:Wmux
Constant aperture assumption underestimates the
leakage up to 4 times.
Rough fracture
19
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Thank you!
mzm@lanl.gov
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