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U.S. DOE’s National Risk Assessment Partnership NR_A_P

National Risk Assessment Partnership

NRAP leverages DOE’s capabilities to quantitatively assess and manage long-
term environmental risks amidst significant geologic uncertainty and variability.
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Engaging with Key Stakeholders
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Overview and Objectives

NRAP Tools and Recommended Practices for Containment Assurance and Leakage Risk Management

* NRAP Task 2: Containment Assurance

» Develop robust, science-based workflows and software tools to:
 predict containment effectiveness and leakage risk

« evaluate the effectiveness of leakage risk monitoring, management, and
mitigation

 NRAP Task 5: Validate Risk Assessment Tools and Methodologies

Using Synthetic Data and Field Observations

* Apply NRAP tools to field experiments and geologic carbon storage
projects

« Collect and develop synthetic datasets for NRAP community use
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NRAP Task 2: Containment Assurance

Subtask 2.1 NRAP-Open-lAM - Veronika

Vasylkivska (Lead)

e Diana Bacon, PNNL

® Greg Lackey, NETL

¢ Bailian Chen, LANL
*Yingqi Zhang, LBNL

e Ernest Lindner, NETL

e Seunghwan Baek, PNNL
e Shaoping Chu, LANL

* Nik Huerta, PNNL

* Megan Smith, LLNL

e Gavin Liu, NETL

e Julia de Toledo Camargo, PNNL
e Dylan Harp, LANL

E-mail:
N =|NATIONAL /_" - Acknowiedgements
m|ERERTY  eeeeeen ﬁ JLosAla 7 Reterences
TECHNOLOGY Los Alamos i
T LS8R _\ thwest usercuide

Subtask 2.2 Well Leakage - Jaisree lyer
(Lead)

Subtask 2.3 Dynamic Risk - Yingqi Zhang

(Lead)

e Diana Bacon, PNNL
e Ernest Lindner, NETL

® Greg Lackey, NETL

¢ Kevins Rhino, LLNL

* Megan Smith, LLNL

* Michelle Bourret, LANL

e Seungwhan Baek, PNNL

e Veronika Vasylkivska, NETL

e Mohammad Islam, NETL

e Curt Oldenburg, LBNL

e Nik Huerta, PNNL

* Bill Carey, LANL 000 oo
e Gavin Liu, NETL : P o
e Xiao Chen, LLNL

¢ Abdullah Cihan, LBNL
e Bailian Chen, LANL
e Gavin Liu, NETL
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Subtask 2.1: NRAP-Open-IAM Development

Vasylkivska, VR Dimore, G Lackey, Y Zhang, S King, D Bacon, B Chen, K Mansoor and D Harp (2021). "NRAP-open-
IAM: A flexible open-source integrated-assessment-model for geologic carbon storage risk assessment and
management." Environmental Modelling & Software 143.

Inputs Simulation Output Decision support
Literature review NRAP-Open-IAM Area.of ’ef’ie‘”
_________ e Leakage risk profiles delineation
Gather accepted values for Core fu nctlonallty ‘ """"" _-Inj. well
unknown model parameters | ‘ AoR:

* Risk-based

......

Field characterization

A

Characterize uncertainty
of key system parameters

Post-injection site
care period

Risk-based
site closure

I

Conformance

evaluation
Monitoring data

Monitoring data

ﬁ Parameter updating
Constrain model parameter

Continue data collection uncertainty and refine model

during site operation outputs with new data
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Subtask 2.1: NRAP-Open-I1AM

Improving existing component reduced order models (ROMs)

« Cemented wellbore ROM
« Completed: Michelle Bourret, LANL
* ImprovesROM'’s predictive capability using sub-ROMs

- Seal ROM!
» In progress: Ernest Lindner, NETL

Open Wellbore ROM3

. EQBANEompIeTe: Diana Bacon, PNNL; Lehua Pan and Curt Oldenburg,

FutureGen2 Components (Reservoir, Aquifer, AZMI)
« Quality Assurance (QA) complete: Diana Bacon, PNNL
« Updated to constrain plume thickness predictions to aquifer thickness oos

|

Multisegmented wellbore ROM
* QA in progress. Seunghwan Baek, PNNL
« CO, leakage rates predicted by the multisegmented wellbore ROM
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— TOUGH2 (CO2CRC/CSIRO Melboumne)
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O STOMP

FEHM (Los Alamos NL)
IPARS-CO2 (Uni Texas/Austin)
MUFTE (Uni Stuttgart)
RockFlow (BGR Hannover)

Semi-anal_sal _El $A (Lini Rergen/Princetan Lini) s

VESA (Princeton U i)
L L I L L I L L L I L

compare well to several full-physics models on a well-known benchmark

problem

'https://edx.netl.doe.gov/dataset/seal_flux-a-rom-for-flow-through-a-seal-beta-2-4-2021-02-24
2Bacon DH. 2021. NRAP-Open-IAM: NRAP-Open-IAM: FutureGen2 Component Models. In press. Richland, WA: Pacific Northwest National Laboratory.

3Bacon DH, LPan, and CM Oldenburg. 2021. NRAP-Open-IAM: Open Wellbore Componentv2.0. PNNL-31543. Richland, WA: Pacific Northwest National Laboratory. 7
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Subtask 2.1: NRAP-Open-I1AM

New Reduced Order Models (ROMs)

multilayered reservoir systems
* In progress: Abdullah Cihan, LBL

« Extend analytical solutions for injection
and leakage in non-hydrostatic multilayered

aquifer systfems

Analytical Reservoir ROM!
« Complete: Seunghwan Baek, PNNL

« Replaces Simple Reservoir ROM to include multiphase flow

Generic Aquifer ROM
* In progress: Diana Bacon, PNNL

« Syntheftic data-driven deep learning model of CO, and brine

leakage

Oil and CO, leakage ROM
* |In progress: Bailian Chen, LANL

« Enables leakage estimates at CO2-EOR sites

ROM for leakage through abnormally pressured

Injection Well
— Leaky Well
(b) B’ K: st
z J A PSS ()
’ p A 4—%-’ BN,KN,SN //// | ut
| - - — == — i+l,j
[ e i = t
I - ;
L e ' : — = 5
| — P =\ = T -
! = = Wij=-Uiyj
! - A - L
I — u;; = (=]
| A =T Bist, Kivrs Sisa - —
i = — — £y
: A Bi’K;:si e
r'=0 r—ow <= =—> 0 ==>=1+> B,K;,S; E\E
I — =
- v B Ki.p,Si.1 E
v S e rt=0
— i
X <«—E—> B,K.S;
- BY,K0 S0

ESD11-004

!Baek S., D.H. Bacon, and N.J. Huerta. 2021. NRAP-Open-IAM Analytical Reservoir Model - Development and Testing. PNNL-31418. Richland, WA: Pacific Northwest National Laboratory. 8
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Subtask 2.1: NRAP-Open-I1AM

New Reduced Order Models (ROMs)

* Wellbore Chemical sealing ROM

Sealing map

« Completed: Jaisree lyer, LLNL m ;
 Published in ES&T! 2 101
 |dentifies leakage pathways in dam %
that will seal due to precipitation % 10°
- Fault leakage ROM g
* In progress: Ernest Lindner, NETL ©

102 2x102 3x102

« Two-phase flow through faults using R .
Brooks-Corey relative permeability mouel

e Available on EDX?

thttps://pubs.acs.org/doi/abs/10.1021/acs.est.9b05039
. 2https://edx.netl.doe.gov/dataset/fauIt_ro-a-reduced-order-model-for-flow-through-a-fauIt-beta-l—7—version-202 1-02-19 9
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Subtask 2.2 Well Leakage

Experimentalstudies to improve the science behindwellleaks at CO, storage sites

o Interpla%_b.etween stress and flowpath governs e
permeability evolution of leakage pathways ®) Unreacted sample b Reacted sample ¢} Strain calculation

« Completed:KevinsRhino, LLNL
« PublicationinlJGGC

- Important chemicalinteractions upon CO,
leakage along cement-casinginterfaces
* In progress: Kevins Rhino, LLNL

. Prgr)bing the impact of different materials and flow 7 wea
rates
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Expansion
g £
3 3
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Subtask 2.2 Well Leakage

Modeling studies to improve the science behindwellleaks at CO, storage sites

* Impact of brine concentration, cement composition, diffusivity
and reactivity on chemical sealing of leakage pathways

* |n progress: Jaisree lyer, LLNL
« Highest sensitivity to cement diffusivity and reactivity
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Subtask 2.2 Well Leakage

Field studies to improve the scientific understanding of wellleaks at CO, storage sites

* New insights into well integrity from public
records
« Completed: Greg Lackey, NETL
» Publication in PNAS*
» Leakage frequencies may not be region-specific
* Variedbetween 0.3 and 26 % in this study &
« A much smaller fraction of wells b

tested can potentially induce leakage
outside the well

i

wells with SCP and/or CVF (%) N
| 0

Testeéi wells with SCP and/or CVF (%) ﬁ
B
0 Basins San Juan Testing Zones [_] Extent
Districts [ Denver-Julesburg [~] Permian 1M Creek 3 Buckeye
*https://www.pnas.org/content/118/14/e2013894118/ [ Northwest (1 Southwé | = piceance Dl Raton 2 Wattenberg 4 Hobbs City
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Subtask 2.3 lterative Risk Assessment and Mitigation

Data collection for building model(s)

v Data assimilation to
Initial risk assessment, initial monitoring plan —>| reduce uncertainty in
i risk assessment
r - | | ] I N S f S ..

+—>| Monitoring (€
l I Above-zone

— observations to

‘ ;| Model updates _Il update leakage risk

<— Monitoring plan update? Risk re-evaluation

Yes l

Acceptable NO [ Inte rvention,

risk? | Mitioati
\/ Mitigation 13
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Dynamic risk assessment with spatial measurements

Model updated by assimilating CO, saturationmaps + Prediction of CO, saturation plume atthe
at years 1, 3, and 5 interpreted from 4D seismic end of post-injection

Ground Truth

“True” map Prior map

30
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40

Posterior, year 1 Posterior, year 3 Posterior, year 5

0 L0 0 10
10 08 10 LX)
20 0.6 20 0.6

04 30 0.4
02 40 02
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0 10 20 50 0 10 20 30 40 50

30 a0

10
20
30
* .
- s
40
- .
i . .
so 4 M
0 10 20 30 40 50

Increased similarity between the updated model and the ground truth model with the increased number of seismic surveys.
Increased predictive accuracy in CO, saturation plume with the increased number of seismic surveys.

30 40 50
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Workflow: Evaluating Risk Management/Mitigation
Scenarios to Inform Risk Management Decisions

‘Mitigation
Alternative

NRAP-Open-IAM Calculated Monitoring Design and ‘ Metrics for
Well-Based Leakage to AZMI - Detectability Analysis Alternative Selection

Reservoir Simulation ‘

Base Monitoring Technology
Case 1 and Intensity Risk Ranking as
7 — — function of
% : 1 b Leakage Likelihood,
E e IETY S A . Severity, and
L. oL Detectability
Mitigation ;; s SR ek MRS
A mmmmmmmmmmmmm Mitigation Scenario Risk Comparison
B Estimate of Leak o ‘
Detection £os D o
Mitigation ! : g o PY
? g 0.8 0:1
B § 0.6 0 0.2 0.4 0.6 0.8
E i Likelihood
qH “é =
o, o . b & 0
M |t|gat|0n 3] 1 10 100 Yang, V. et al., 2015, , Int. J.
C £ Scenario parameter/Baseline parameter

Greenh. Gas Control 15
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NRAP Task 5: Validation of Risk Assessment Tools and

Methodologies Using Synthetic Data and Field Observations

Subtask 5.1: Risk Assessment and Management Tools and Subtask 5.2: Development of Community Data Sets —

Kelly Rose, NETL (lead)

Methodologies Field Validation — Diana Bacon, PNNL

(lead)
e Brandon Schwartz, PSU e Paige Morkner, NETL
e Shaoping Chu, LANL e Andrew Bean, NETL
e Rajesh Pawar, LANL e Quanlin Zhou, LBNL
e Signe White, PNNL e Bin Chen, LBNL
e Inci Demirkanli, PNNL e Liange Zhang, LBNL

e Nik Huerta, PNNL

e Delphine Appriou, PNNL
e Catherine Yonkofski, PNNL
e Susan Carroll, LLNL

e Kayla Kroll, LLNL

e Corrinne Bachmann, LBNL
o Jeff Burghardt, PNNL
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NRAP Application Catalog on EDX

N. Huerta, D. Appriou, D. Bacon (PNNL); P. Morkner (NETL); T. Jones A. Barkhurst (MATRIC)

&€ Chrome File Edit View History Bookmarks People Tab Window Help

J W) 74% @) Sun858PM Q =

L] @ Home - National Risk Assesst X+ ©

< C & edx.netl.doe.gov, * @

Streamlit — The f... International Jour... SCIANN Documen... Recovering Delete... Subsurface Fate &.. &, TensorBoard [ Editorial Manager® = Abstract submissi.. Research Computi... Talks - Physics Inf... [E Reading List

r—

NRAP :
[A_LA oI National Risk Assessment Partnership

The National Risk Assessment Partnership leverages DOE'’s capabilities to

NRAP Approach . . . . .
quantitatively assess and manage long-term environmental risks of geologic
NRAP Team . A
carbon storage amidst uncertainty.
NRAP Products -
News
Contact Us

Q WELCOME TO THE NATIONAL RISK ASSESSMENT PARTNERSHIP (NRAP) RECENT NEWS

nanowaL > NRAP Releases Draft
?1‘.3':‘1:5"..'

Recommended Practices Reports
EBX

Carbon capture, utilization and storage (CCUS) is recognized as a key technology to reduce anthropogenic
greenhouse gas emissions and enable the environmentally sustainable use of our nation’s abundant energy
reliources. A key technical challenge of CCUS is to demonstrate that captured CO; can be safely and
permanently stored in deep geologic formations (i.e., by geologic carbon storage-GCS).

(March 2021)

> NRAP releases Passive Seismic
Monitoring Tool (PSMT,
December 2020)

The U.S. DOE'’s National Risk Assessment Partnership (NRAP) is a collaboration of five U.S. national
laboratories focused on quantifying and managing subsurface environmental risks to support implementation of

safe and secure large-scale GCS.

> NRAP releases FutureGen 2.0
NRAP is focused on developing and demonstrating science-based methods, computational tools, workflows, data to public (December 2020)

and protocols to quantitatively assess and manage environmental risks at geologic carbon storage sites.

> Other NRAP News

Pacific Northwest

https://edx.netl.doe.gov/nrap/application-catalog/
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Workflow: Developing a Risk-Based Area of Review

Bacon, DH, DI Demirkanli, and SK White. 2020. “Probabilistic risk-based Area of Review (AoR) determination for a
deep-saline carbon storage site”, International Journal of Greenhouse Gas Control, 102: 103153.

10.1016/].iiggc.2020.103153 Risk-Based AoR (0.1 MPa/14.5 psi (black)
Key Flndlngs Class VI Permit AoR 0.69 MPa/10 psi (red)

« Uncertainty inreservoirand aquifer
characteristics yields a probabilistic risk-based
Area of Review.

« AOR is determined based on the probability of
aquifer impacts, rather than just on leakage
from an open conduit

« The workflowis demonstrated using
characterization and modeling data from a
permitted carbon storage project
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Workflow: Defining a Risk-Based Period of Post-Injection Site Care in Support

of Site-Closure Decision-Making

Bacon DH, CMR Yonkofski, CF Brown, DI Demirkanli, and JM Whiting. 2019. “Risk-based post injection site care and
monitoring for commercial-scale carbon storage: Reev aluation of the FutureGen 2.0 site using NRAP-Open-IAM and
DREAM.” International Journal of Greenhouse Gas Control 90:102784. 10.1016/].ijggc.2019.102784.

Key Findings

 NRAP-Open-lAM and DREAM were used
to determine an optimized monitoring
network for a commercial-scale CO,
storage project

 NRAP-Open-lAM revealed that maximum
simulated leakage rates of brine were
smalland could be detected during the
injection phase

* These NRAP tools can be used to define @
risk-based, and substantially shorter, PISC
period for the site

-_.,’*.».,_ U.S. DEPARTMENT OF
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Subtask 5.2: Development of Community Data Sets

Publishing of NRAP

Community Datasets CCS Site' |

Catalog on EDX
* Describing 20 sites which
have data available for
testing NRAP tools

Published FutureGen 2.0
Technical data on EDX as
community dataset
Published 5 Kimberlina
Datasets now available on
EDX

Aided with publishing and
cataloged other RCSP and
CarbonSAFE data resources
Data available for CCS on
EDX’s spatial data platform,
GeoCube

Morkner, P., Bauer, J., Creason, C.,
Sabbatino, M., Wingo, P, Greenburg,
R., Walker, S., Yeates, B.,and Rose,
K., inreview, Distilling Data to Drive
Carbon Storage Insights,Computers &
Geoscience

250 500 1,000 Miles

*l

= N
o o
(=) o

Percent ot  _af

https://edx.netl.doe.gov/

dataset/nrap-community-

45"‘{"""& U.S. DEPARTMENT OF
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Increasing # of features per 100 km? 20
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https://edx.netl.doe.gov/dataset/nrap-community-datasets-ccs-site-catalog

Subtask 5.2: Development of Community Data Sets

Liange Zheng, Pierpaolo Marchesini, Tom Daley LBNL

 Using synthetic data from San Joaquin
Valley to demonstrate methodologies

e Cores collected from a 50-mile fransect of

500-ft deep wellsdrilledin the San Joaquin
Valleywas used for a series of batch
experiments to study the release of metal
under different CO, partial pressure.

Geochemical models were developed to
inferpret the data collected from the batch
experiments.

2-D reactive fransport model with vertical
heterogeneity willbe developed

Global sensitivity analysis based on the 2-D
reactive transport model will be established
and a reduced order model willbe
developed.

"'ﬂ“«* U.S. DEPARTMENT OF

BT
.7 2

&, &
'4_. W

pH

,—@“"huy

P259-5C, fast

+ Model
= Expt

4.0E-07 | *Model
2.0E-07 | ®Expt

0.0E+00 &

0 20 40 60 0 20 40 60

Time (days) Time (days)

Data and model results from the batch experiments
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Subtask 5.2: Development of Community Data Sets sinchen & Quanlin zhou, LBNL

* Vertical Well Fracturing (Chen & Zhou, 2021a)
* Longitudinal thermal fractures

* Solutions for isotropic/strongly anisotropic stresses

Two-Wing Fractures

Dynamically Spaced Multiple Fractures

/2 4 ~—~ 10 .
o0 X, @) E — (7, L)
________ A
E - = =, ?) - ~— L)
O w4 _|-C_, 100 T_ 2
© [5Y) A w37
‘2 C - #25
wm Q o'k #7 ;
o /8 = A L 0060600000000 00
g 8 ..................
DD /16 - 1072 ®000000000000000000000
c B .,
<C o
/32 e 10 : : :
108 L 10° 102 104 10°
1(s)

"%, U.S. DEPARTMENT OF

(&) ENERGY

108

* Horizontal Well Fracturing (Chen & Zhou, 2021b)

* Parallel radial, transverse thermal fractures

Lo . . . . . , ; no
< Wellbore ~ Casing  Cooling surface ATs=T—Tw a di
i v i i ' . s ' e , v B
: -Si : r
o | | re | !
S |
a 1o’ b 1o
(Xa' ®a) 4 (Ta’ La)
- —(/\’OY @o) - _(To, Lo)
®  Numerical result o® A #343
¢ #367
100 100 = #186
° #100 EEEEEEEEEEEER
g E
3 =
0000000000000000000
107 {107
[ XXX ()
4
Fracture Spacing FractureLength
102 : : 1072 ' '
102 10" 10° 10" 107 10 10° 10°
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Key Findings

NRAP Subtask 2.1 NRAP-Open-IAM

* NRAP-Open-IAM software development continues to improve its
accuracy and applicability for enabling risk-informed analyses

« Ongoing QAQC work
« updates, debugs and benchmarks the existing components

« documents quality through technical reports and updates 1o
software documentation

« Iimproves quality and user engagement through additional tests
and example problems

 Development of new components and decision support functionality
expands capabilities

- Addressing community feedback improves user engagement
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Key Findings

NRAP Subtask 2.2 Well Leakage

« Generated experimental data sets that quantify the change in flow,
chemical and mechanical properties of damaged interfaces in the

wellbore
» Developed models that predict leakage through damaged wells

« Quantified occurrence of well integrity issues using information in regulatory
databases

« Developed ROMs to quantity leakage through wells, seals and faults at CO,
storage sites
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Key Findings

NRAP Subtask 2.3 Dynamic Risk

« ES-MDA-GEO can effectively assimilate the monitoring data to reduce the
uncertainty inrisk metrics

» Updated model is closer fo the ground truth model with the increased number of
seismic surveys

* Predicted CO, plume is more accurate with the increased number of seismic
surveys

« A monitoring-based risk mitigation, decision making workflow is developed and
demonstrated (https.//www.netl.doe.gov/energy-analysis/detailsgid=8b2e9210-
e202-4ede-b865-dd2b59bf0d/a )

. I\Xﬁl\l—bcsed leakage risk mitigation strategies were illustrated using NRAP-Open-

« Risk metrics withintensity, leakage detection, ranking inrisk priority number was
demonstrated
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https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.netl.doe.gov%2Fenergy-analysis%2Fdetails%3Fid%3D8b2e9210-e2a2-4ede-b865-dd2b59bf0d7a&data=04%7C01%7CDiana.Bacon%40pnnl.gov%7Cb1fffa1a403f4911516608d9479dfeb8%7Cd6faa5f90ae240338c0130048a38deeb%7C0%7C0%7C637619566179646280%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=r7sLWwtEIQZKnd301oubKseIh1AmwDDxT4JtKrAs5rU%3D&reserved=0

Key Findings

NRAP Subtask Task 5.1 Field Validation

* NRAP Tool and Recommended Practice
Appllcqhons

« provide a valuableresource for operators and
stakeholders to understand the utility of the tools

« allow the NRAP team to validate the underlying theory
and approach for a given tool

» elicit feedback from users to improve the tools

 New probabilistic risk-based Area of Review
application

« Determined AoR based on the probability of aquifer
Impacts, rather than just on leakage from an open

conduit
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Key Findings

NRAP Subtask Task 5.2 Community Datasets

* To date, over 1.161B of carbon storage relevant open data has been made
publicly available on EDX, and that number keeps growing

 The NRAP Community Datasets CCS Site Catalog, published in fall of 2020,
outlines the datasets from 20 field sites which serve as community datasets,

including preservation and improved access to over 6000 files published for
the FutureGen 2.0 Technical data release

 New datasets related to aquifer reactivity and thermal fracturing are under
development
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Phase Il Remaining Milestones

National Risk Assessment Partnership Tasks 2 & 5

 NRAP Task 2: Containment Assurance
« Complete analysis on leakage risk mitigation scenario evaluation.
» Decide if beta-testing results and feedback warrant transitioning NRAP-
Open-lAM to final version release.
« Complete draft NRAP-Open-IAM quality assurance documentation.

« Complete summary of containment assurance/leakage risk
accomplishments.
 NRAP Task 5: Validation of Risk Assessment Tools and
Methodologies Using Synthetic Data and Field Observations
« Complete draft final catalog of NRAP tools field validation.
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Thank you! -N-R.A-P

Comments and Questions:

National Risk Assessment Partnership

NRAP@NETIL.doe.gov

NRAP Website: https://edx.netl.doe.gov/nrap/

Sign up for NETL EDX: https://edx.netl.doe.gov/user/register
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