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Integrated R&D Approach for Commerci8cale Deployment

-

§ 2017
Carbon Large Capture

' Capture Pilots Initiated

® 2020

2017

Initiate Storage
Feasibility for
Integrated CCS

R&D Completed for Carbon Capture
2nd Generation Technologies

2025
Integrated CCS
Projects initiated

2022
Commerciatscale ‘
storage complexes

characterized

2030

Advanced technologies
available for broad
commerciatscale

deployment
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achieve a 562 percent reduction from
2005 levels in economyide net
ANBSYyK2dzaS 3l a Lkf
~ Biden Administration, 4/2021
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The NRAP Team (2021)
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NRAP Phase |l Technical Tasks and Org. Structure

A Task 2: Containment assurance /(e [ "4 e oreco

Assurance

1 - epu echnical Director /xecu ive Commi Q
leakage risk management aver, LANL (g ] | P e R
r \ Birkholzer, LBNL
- L . Induced eridas,
A Task 3: Induced seismicity risk Seismicty sk roiec Bomarle L
N ——— Coordination Team 0X,
management EEETREE wyatt NETL ) Nl TS
. . . Monitqring ceholder Gro
A Task 4: Strategic monitoring for Gemeney | ~ vcPherson, . Uah
- . (. ) . Chair
Uncertainty Reduction Fio g PorP=d ¢ Leadership
— Team

A Task 5: Validating NRAP tools  [resrsnmsx)
and approaches - ‘
A Task 6: Addressing critical risk I

1
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A Task 2: Containment assurance .

leakage risk management

A Task 3: Induced seismicity risk J. White, D. Templeton (LLNI
management

A Task 4: Strategic monitoring for e— D. Bacon (PNNL)
Uncertainty Reduction

A Task 5: Validating NRAP tools Bob Dilmore (NETL),
and approaches E. Gasperikova (LBNL),

A Task 6: Addressing critical riske B. Thomas (NETL)

related questions
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NRAP Phase | (20(?016)

Risk Assessment & Uncertainty Quantification

/

How big might the risks
be from a GCS operation?

Environmental Risk Profile

Injecticn
bagins

(Benson, 2007)

Injection
slops

2 ¥ injection 3 x injection
pariod period

n x injection
period

wDeveloped computational tools for quantifying

wDeveloped foundation for strategic (riskased)

wPioneered hybrid methods for quantifying comple\x)‘
h

systems (physics coupled to empirical, e.g., machi
learning)

storage post injection

monitoring (e.g., DREAM tool; nompact thresholds)

oo

5 Mt/yr (37 realizations)
1 Mt/yr (29 realizations)

Pressure Plume (km)
(effective radius for AP>1 MPa)

60

40
Time (yrs post injection)

20 30 50 70
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NRAFOS approacn T O0Or I apsysiemgiske
A. Divide system into
discrete components
o | I I I (IBeln itk i|2007)
B. Develop detailed : ! ' P FpLm
component models that : | D
are validated against P L1
|ab/f|e|d data LEInje:tion Injection 2xInjection 3 xInjection nxllnj'ecﬁon
%; Field Validated Methods
B and Tools for Physics-
Based, Quantitative Risk
sk e Assessment
C. Develop reduceebrder 2. 2014 Pawar etal. 201
models (ROMs) that D. Link ROMs via :
rapidly reproduce integrated
component model assessment mode = & ,
predictions (IAMs) to predict e
system E. Exercise whole system model t
performanc explore risk performance
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NRAP Phase | Accomplishments

Quantifying potential well leakage
and critical well dynamics

Estimating containment
effectiveness of fractured seals
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and leakage risk

Prototype design
approaches for
strategic monitoring

Identify critical reservoir
storagelrisk relationships

adec

Probabilistic assessment of
whole-system containment

Rapid estimation of
atmospheric dispersion

Estimating ground
motion response from
potential induced
seismicity
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Predicting groundwater
impacts from potential leakage
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Tima, hours

Events / Day

Forecasting short-term,
injection-related induced

Reducing uncertainty in
seismicity

fault/fracture slip-induced
permeability changes

55 Years ol_lnventlon

INTIENATIDNS

Greenhouse
Gas Control

JHUENAL DY

[JGGC Virtual Special
Issue (August, 2016)
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NRAP Tools Available at:
www.edx.netl.doe.gov/nrap
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http://www.edx.netl.doe.gov/nrap

NRAP Phase (R017/2021)

Risk Management and Uncertainty =~ Reducdtion

-

AHow can risks be
managed at a GCS
site?

AHow can a risk-based
approach help inform
stakeholder decision
making?

\_

Supporting riskbased decisions at GCS site?

Leakage Risk Management and Containment Assurance

Risk-based AoR

Aquifer Impact AR AoR Determined by EPA
; ,\ N\

o SR

I

Metrics for Plume
Stability

Risk Management and
sssssssss t and Site Closure Evaluation
uncertainty reduction -

@ 15 years SR o2
- |

Induced Seismicity Risk Man

agement
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Probabilistic seismic risk
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Site-specific, Physics -Based Risk Assessment

Receptors of Concern

* Groundwater aquifers
* Atmosphere

Potential
Migration Pathways

* Wells and boreholes
* Fractures and faults
* Intermediate reservoirs

Storage System

* Storage reservoir
* Cap rock

L
=
2
a
E
Qualitative, Generalized 2
Representation of T.CE
Geologic Storage Risks g
(Benson, 2007) é
2
w

Injection Injection

Begins Stops

2 x Injection
Period

3 % Injection n % Injection
Period Period

Decay rate for leakage risk at
CO, storage sites is strongly
correlated to reservoir
pressure and decreases
much more rapid than
previously thought (modified ey, |

niection 2 x Injaction

Begi et
from Bromhal et al. 2014 NS SM09s periog gt

riod

and Pawar et al.,, 2017)

Period

B xInjection

Field Validated Methods
and Tools for Physics-
Based, Quantitative Risk
Assessment

Overpressure

8 x Injection
Period 10x Injection
Pe
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Integrated Decision Support for GCS Site Rigkmt

Quantitative, Site
Specific Risk Profiles

Metrics for Plume
Stability
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NRAP Products and Stakeholder Engagement
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NRAP Foundational Research and Community Data

INSIGHTS ANRAP Phase I} Virtual Special Issue
International Journal of Greenhouse Gas
Control - (September 2020

PROTOCOLS/
Workflows

A Community Datasets

I Kimberlina(initial release March 202)0
I FutureGen 2.0r(itial release October 2020
- Ahttps://www.osti.gov/

~450 publications, 13,650 citationsiridex 65
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NRAP Phase Il Tools

Leakage Risk/Containment Assurance
INSIGHTS A NRAP OpeSource Integrated Assessment Model (NRAP
OpenlAM)- Beta Release May 2020

m
<
C

erg)

Induced Seismicity Risk
PROTOCOLS/ A Shortterm Seismic Forecasting Tool (STSF)

Workflows

A State of Stress Analysis ToBbSAJ¢ Beta release October
2018

A Probabilistic Seismic Risk Assessment RiskCat- Beta
release April 2020

Monitoring Design and Optimization
A Designs for Risk Evaluation and Management (DREAM 2.0)
Beta Release March 2020
A Microseismiamonitoring design optimization toa@ Beta

release October 2020 1
) ENERGY NRAP Tools Available at | Ny oeee ﬁ @ Lodlamos  race e oo
https://edx.netl.doe.gov/nrap/toolsmain/ LABORATORY ommmmmm~l S0 UL




NRAP Opetbource Integratea Assessment Model
(NRAPOpenlAM)

Quantitative, Site Metrics for Plume
Specific Risk Profiles Stability
RiskbasedAoR | |. < EIAS =
ins Stops Period P:{"::ﬂwn Sxirecion ik i — Spreating H
Aquifer Impact AoR AoR Determined by EPA b e xijcion mm“ jf\ : =
YT T Y e ——r
'\4 =R et Conformance
7, X assessment and
/ L R uncertainty reduction
;" -; AAAAAAA i ';‘_i _________________ Uncertainty @ 15 years

Risk Management and
Site Closure Evaluatior

/ . Monitoring Design
o 8 e Evaluation

. -
Performancebased S
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https://gitlab.com/NRAP/OpenIAM

NRAP Induced seismicity RISK Assessment and Vlanagement

Tools

State of Stress Analysis Tool
(SOSAT)

Stress probability distribution

140 F T T T T T ] 1-00)(10_4
. 120 | N 8.00 x 107
§ 100 | 1 M6.00x10°
— 80f 1 M 4.00x10-°

S B 2
R0 2.00 x 107°

40 | i

L . 0.00 x 10°

o o o o o o

<+ O (o] o oN <

— — —

agp (MPa)

P(faulr activation)
0.07

0.06
0.05
0.04 |
0.03 |
0.02
0.01

Probability of Fault Activation

(Burghardt, 2018

Short-term seismicity
forecasting (STSF)

x10°

T T
~—Injection Rate

T T T T T

© N & o o

—sns]
T

E 10 R
@5 “ ﬁl R

(Bachmannet al., 2014)

r

Beta tool available atvww.edx.netl.doe.gov/nrap

Beta tool available atyww.edx.netl.doe.gov/nrap

Probabilistic seismic risk
analysis ( RiskCat)

Seismicity catalog

Recorded Simulated Stochastic
seismicify selsmicity hybrid
modeling

l RISKCat

Hazord Calculation

Ground mofion funcfions

Emplrical Emprical Analytlcal Numerical
GMPEs Green's Ing Green's fns modeling

4 "

(Savyand Foxall, 2018)

Beta tool available at: https://gitlab.com/NRAP/RiskCat
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Monitoring Design and Optimization Tools

. . . . .
Design for Risk Evaluation and Management (DREAM) Passive Seismic Monitoring Tool
e ks
Cost and Time To Detection v v v B 2Rt §
1 i 1
7200 v v v v/ v g
v ¥ v v 'v ;
D DREAM Wizard i Il
v vy v v, '
v v Y v \ !
1 '
t I 1
Designs for Risk Evaluation and Management : ! * )
Welcome v | l‘ r"
The DREAM tool i an optimization software that determines | | I
subsurface monitoring configurations which detect carbon dioxide v | | i
(CO2) leakage in the least amount of time. DREAM reads | " “
ensembles of CO2 leakage scenarios and determines optimal ‘
monitoring locations and techniques to deploy based on v I /*'— . —,* 1 f
user-identified constraints. These data result in well configurations I *,_ ~ _*{ | I !
with the highest potential to detect leakage and minimize aquifer v 1 | I 3 !
degradation in the shortest t of ti .& H !
legradation in the shortest amount of time. : I e -k / e i
DREAM was developed as part of the National Risk Assessment v *- ' h
; P ~———mmmm—— -
- 1
v, S
!
e hS !
. Y]
”
-
-
-
'
-
-,

Partnership. For more information see: www.netl.doe.gov

NiRAP

16.09-1.
Developers: Porter, E; Rodriguez, L.

y

* Microseismi@vents

National RIskAsussmentPannershlp
%L ‘ |m| Iﬁaam%r;?t‘la.l%errar&%e f’%ﬁlgmgﬁ Pacmc Northwest
E 100 E 1500
TG T B = =
£ T Target monitoring region
. v Geophone distribution
(Yonkofski et al., 2016) T et T g (Chen and Huang, 2020)
https://edx.netl.doe.gov/workspace/resources/nrapols https://edx.netl.doe.gov/nrap/passivseismiemonitoring-
tool-psmt/ 18
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https://edx.netl.doe.gov/nrap/passive-seismic-monitoring-tool-psmt/
https://edx.netl.doe.gov/workspace/resources/nrap-tools

New NRAP Phase Il Tools User Forum on EDX

NRAP Phase Il Tools
NPAP Welcome to the NRAP Phase Il Tools Testing Group.
e =2

Mtrae? Sk A s Furtmen b

73

https://edx.netl.doe.go Bovons & semsiot ) @ED0ne ) B ogunt  RGr W @ sy
V/WO rkS Dace/fO ru m/n r Bl Workspaces < NRAP Phase Il Tools ~ Forum

ap.too|s Search NRAP Phase  Tools Forum o
Requires EDX account
and permission to o
access NRAP tools ® Genera Discussion 0 0
workspace ® o ot 1 2

September 18, 2020

® DREAMvV2 No recent threads. 0 0
ew B CMCAT Ne recent threads. A A
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https://edx.netl.doe.gov/workspace/forum/nrap-tools

Recommended Practices for Risk Management

Leakage Risk Management
and Containment Assurance

I N S I G HTS S Perform a preliminary screening evaluation. -
Sl Implement an outreach and communication program. \

Induced Seismicity Risk Management

Operational
Monitoring Data

SIS Review and select criteria for ground vibration and noise.

Monitoring ~

System

S8 Establish seismic monitoring. ’ Faluation -\

PISC Period
Evaluation

Risk-Based

SN Quantify the hazard from natural and induced seismic events.

AoR
Evaluation

]

Periodic
Risk
Updating

S{=osY Characterize the risk of induced seismic events. ‘

WA Develop risk-based mitigation plan.
Mitigation

Scenario
Evaluation

Leakage Risk
Quantification

\ Conformance /

Drafts Released March 8, 2021

|

Feedback still being accepted
Comments toNRAP@netl.doe.gov
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NRAP Tasks 4 and 6 Contributors

Task 4 Strategic Monitoring for Uncertainty Reduction

Task 6¢ Addressing critical ristelated questions

Task LeadErika Gasperikova (LBNL)

Task LeadR. Burt Thomas (NETL)

ADelphine Appriou (PNNL) wDiana Bacon (PNNL)
wAlain Bonneville (PNNL) wChristopher Brown (PNNL)
AXiao Chen (LLNL) wRobertDilmore (NETL)
AMichaelCommer(LBNL) wChristine Doughty (LBNL)
Adulia Correa (LBNL) wErika Gasperikova (LBNL)
ATom Daley (LBNL) wGreg Lackey (NETL)
ARobert Dilmore (NETL) wCurtis Oldenburg (LBNL)
AzZongcai Feng (LANL) wOmotayoOmoseb{LBNL)
AKai Gao (LANL) wRajesh Pawar (LANL)
AAlexander Hanna (PNNL) wlom Richard (NETL/PSU)
Awilliam Harbert (NETL/ORISE) wMegan Smith (LLNL)
AlLianjie Huang (LANL) wRobert Van Voorhees (NETL)
AAbhash Kumar (NETL) wVeronikaVasylkivakgNETL)
AYyouzuo Lin (LANL) wJosh White (LLNL)
AMegan Smith (LLNL)

AXianijin Yang (LLNL)

ACatherine Yonkofski (PNNL)

Azan Wang (NETL)
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Task 4. Strategic Monitoring for Uncertainty Reduction

Estimating Leak Detection Thresholds of Monitoring Techniques

Monitoring Model Geophysical
Stochastic Technology Monitoring Estimate Leak

L k I m I n ‘ 4 175{ €O2 Plume Depth (m) .~ _ 100] €02 Plume Depth (m) - agn
¢ MT 57 T ST e
g Pl Tmm  (@MT | D (M)ERT 1
Magnetotelluri Ll igs P e e b
> e 800-1000 e 800-1000 I
(Magnetotellurics) - § ol oo
2 . >1200 g . >1200
ERT (Electrical Resistivity §%  Detection ]
w 2 5 threshold 2
U H S
50 years —h ) o @
y k Tom Ograp hy < 10% 10° 10% 10¢ 1 10° 104 10% 10°
L €O, Leakage Mass (tonnes) €O, Leakage Mass (tonnes)
( 3 @ o 2.0} €02 Plume Depth (m)
. D . <200 o
Lure = * 200-400 . H B
wn ] : 3 3 d) Seismic -
o Gra\"ty 8 -100 (c) Gravity L oo (d) - V2: 5x107 m®
— e \ J 5 & || o o0 ' E s
o 1 5 10 50 100 500 1000 5000 § —200 £ * 1000-1200 ~
ATDS (mg/L) z €02 Plume Depth (m) Z10 o >1200 -
§ e <200 é’ R
: ( ) Ll & e a s
200 H H £ 600-800 - £ 3: 2x10° m”
e Seismic Dl = M t i =
= soe o >1200 % 00 - e
g o b / R e e 107 1o¢ 163 100
1"::: €O; Leakage Mass (tonnes) oA Lastans ey (o) Und tabl
T SN N OS] R ) FA AESPAERT STU TS SINTR TN R Iy ] o ~ Jndetectable
1100 - { \ R A% €02 Plume Depth (m) €02 Plume Depth (m)
X (m) TDS J . <200 * 800-1000 < 2 800-1000
O *  200-400 * 1000-1200 10 e 200-400 * 10001200
_ 10% 400-600 e >1200 400-600 e >1200
o o, . . I e 3 ot 25 50 75
(Total Dissolved Solids) = £ TDS Increase (%)
\ g“’ i | (f) Pressure
r \ g £10?
. (e)TDS £
Pressure 8
s g 1005 10° 00 é; S li;‘ 10255 ) -“s"
€0; Leakage Mass {tonnes) & <4 co; Leakalg“a Mass (lonne:io 0
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Gasperikova, E.; Daley, T.; Appriou, D.; Bonneville, A.; Feng, Z.; Huang, L.; Yang, X.; Wang, Z.; Dilmore
U.S. DEPARTMENT OF K. Detection Thresholds and Sensitivities of Geophysical Techniques for CO2 Plume MonitoriigRSNRAP

EN ERGY 001-2020; DOE.NETA021.2638; NRAP Technical Report Series; U.S. Department of Energy, National Ene
Technology Laboratory: Pittsburgh, PA, 2020; p 64. DOI: 10.2172/1735331.
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Seismic imaging of CO
__JwﬂLﬁﬁﬂEmg;xmﬂnu;nmﬁe

, plumes using Kimberlina 2 models

Zongcai Feng, Lianjie Huang, Kai Gao, Erika Gasperikova
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Seismic imaging of CO

with realistic seismic noise

Zongcai Feng, Lianjie Huang, Kai Gao, Erika Gasperikova

plumes using Kimberlina 2 models

Noise free data
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e

, plumes using Kimberlina 2 models
Huang, Kai Gao, Erika Gasperikova
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CO2Grav 0 reduced complexity gravity modeling of CO , migration

Delphine Appriou , Alain Bonneville

INPUT OUTPUT

. . . Site specific
Site-specific properties:

« Geothermal Gradient Observation point Gravity response ’ properties
- Surface Temp. * obsxmin/obsxmax/stepx
» Gradient » obsymin/obsymax/stepy .' ' = A
* Hydrostatic pressure - . .
gradient. | w  § i L
G - - - - - ' 750 -750-1
- - X - ' 02
o) o
- CO, plume I B0 2 30 % & 130 300 430 600
coz Plume properties: ) f" /:,,'/,/,/, - /3' ) A — = 0001- Temperature [*C] €02 Density (kg/m3]
* €O, Sat. L e e 2 s S
* Matrix Porosity - MW gaml s e irerrimis-ull
CO, Plume Dimensions B e Gravity anomaly max= -27.0 uGal
* xmin/xmax/stepx0

* ymin/ymax/ztepy0 Vodel t
e zmin/zmax/stepz0 odel parameters
and results
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Deep learning inversion of gravity data for detection of CO
overlying aquifers (1)

Density models

°] Single
5001 plume
1000 T . .
4000 5000 6000 7000 8000
0
2007 plumes
1000

4000 5000 6000 7000 8000

|
0.0 0.1 0.2 0.3 0.4 0.5
CO, Saturation

U-net network

> plumes in
Xianjin Yang, Xiao Chen, Megan Smith
Results

Single Plume Detectablity

116 16 3216161 10]
Input o Output 5 !

Gravity : _COZ E
image =» Conv2D 3x3, BatchNormalization, relu Image £ °
¥ MaxPooling2D 2x2 5

| PP — Concatenate 64 32 1 £
$ Conv2DTranspose 2x2 =,

=+ Conv2D 1x1, sigmoid

256
- -

64 64 128 64
. I»
i 128 128 256 128

A Deep learning inversion can
plume model accurately

A Undetected single plumes correspond to

small gravity anomalies

A Detecting one of two plumes is possible, but
detecting both plumes in the tpimme

scenario is challenging

’ ) Detection Fraction
6
5
"

TL

resolve single .
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Deep learning inversion of gravity data for detection

of CO, plumes in overlying aquifers (2)
Xianjin Yang, Xiao Chen, Megan Smith
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The deep learning
Inversion accurately
detects >80% of single
plumes, but more noise
In the data lowers
detection fraction
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Monitoring Design and PISC Period Determination 0
FutureGen 2.0 case

NRAPRPOpenlIAM simulations || Optimization of monitoring || Decision support for
of Storage and Leakage design usindPREAM monitoring design and PIS
o Stratigraphic
Injection Well 8100 5 .
Well § Zg |
USDV\” - P— %8? Zg : Injection periodi
2,000 g 50 3 i
S — . 5
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Zone B Time to Leak Detection (y)
ACZ == . = -
c . - Supports a net PISC
N : . v 4 period reduction of 40
A
Y years and a total cost
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ea» Scnsors mDissolved 00, @ Temperature @ TDS O Pressure

~
F55%,  J.S. DEPARTMENT OF Bacon DH, CMR Yonkofski, CF Brown,DI Demirkanli, and JM Whi t i-baged 2 0 1 [F\J= IB-\frIGNfAI. \g?’/
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Task 6: Addressing critical rigsklated questions

Recommended Practices Containment Assurance and
Leakage Risk Manageme(ifhomas et al DRAF)Y

A Planning and Execution of Risksed GCS Site Characterization

A Characterization of State of Stress @domechanicaConditions

A Developing a Rigkased AOR

A Riskbased Strategic Monitoring

A Assessing GCS System Conformance

A Evaluating Mitigation Scenarios to Inform Risk Management Decisio
(under development)

A Defining a Riskased Period of Poshjection Site Care in Support of

SiteClosure Decisiemaking Draft Released March 8. 2021

Feedback still being accepted
Comments toNRAP@netl.doe.qgov

https://edx.netl.doe.gov/dataset/drafinrap-recommendedpracticesfor-
containmentassurancendleakagerisk-guantification
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