NRAP workshop

¢ Introduction

e Fluid Migration Characterization

e State-of-stress Characterization

e Risk-based Area of Review

e U.S. DOE’s SMART Initiative

* Plume Dynamics and Conformance

e Induced Seismicity Management

e Monitoring for Leak Detection

e Site Closure

e Discussion
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Post-injection site care and site closure

40 CFR § 146.93

* Follows injection phase

and Monitoring

* Continues until non-endangerment of
USDWs can be demonstrated

* Default period of 50 years
* Alternative PISC periods can be justified
* Site-specific testing and monitoring

activities required according to
approved plan
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Non-endangerment

Definition

§144.12 Prohibition of movement of
fluid into underground sources of
drinking water.

(@) No owner or operator shall con-
struct, operate, maintain, convert,
plug, abandon, or conduct any other in-
jection activity in a manner that al-
lows the movement of fluid containing
any contaminant into underground
sources of drinking water, if the pres-
ence of that contaminant may cause a
violation of any primary drinking
water regulation under 40 CFR part 142
or may otherwise adversely affect the
health of persons. The applicant for a
permit shall have the burden of show-
ing that the requirements of this para-
graph are met.
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Non-endangerment

Definition
§144.12 Prohibition of movement of * 40 CFR § 146.93 — PISC and closure
fluid into underground sources of )
drinking water. * Non-endangerment demonstrations are:
(@) No owner or operator shall con- * project-specific

struct, operate, maintain, convert,

plug, abandon, or conduct any other in- * based on monitoring and other data

jection activity in a manner that al- * show that no additional monitoring 1s needed to
lows the movement of fluid containing guarantee the protection of USDWs.

any contaminant into underground

sources of drinking water, if the pres- * Information and conditions required for non-
ence of that contaminant may cause a endangerment justiﬁed in PISC plan

violation of any primary drinking
water regulation under 40 CFR part 142
or may otherwise adversely affect the
health of persons. The applicant for a
permit shall have the burden of show-
ing that the requirements of this para-
graph are met.
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Risk-based containment demonstration

Injection

eeeee———)

Leakage risk

Post-Injection

|
|
|
|
|
|
|
|

Site Operational Life (Years)

Potential Impact (Volume)

Injection

mmeeee———)

Post-Injection

e

Site Operational Life (Years)

* Leakage risk and potential impact volume increase during injection
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Risk-based containment demonstration

Leakage risk

eeeee———)

Injection Post-Injection

EEeeee——

I —

Site Operational Life (Years)
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Potential Impact (Volume)

Injection

mmeeee———)

Post-Injection

e

U0132313p )e3| 4O ‘qoid ‘wn)

Site Operational Life (Years)

* Leakage risk and potential impact volume increase during injection

* Reservoir uncertainty decreases and cumulative probability of leak detection increases
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Risk-based containment demonstration

Leakage risk

Injection

eeeee———)

Post-Injection

_

Closure Decision

-1————————

Site Operational Life (Years)

Ajuieysasun 1101953y

Potential Impact (Volume)

Injection

mmeeee———)

I Post-Injection

_

I

I -

I Closure Decision
I

I

I

U0132313p )e3| 4O ‘qoid ‘wn)

Site Operational Life (Years)

* Leakage risk and potential impact volume increase during injection

* Reservoir uncertainty decreases and cumulative probability of leak detection increases

* Closure decision 1s made when leakage risks and the cumulative probability of leak
detection are deemed to be acceptable
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Non-endangerment demonstration

Pre-injection

Site
characterization
& operational
scenario
selection

»

A priori site
performance
and risk
assessment
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Non-endangerment demonstration

Pre-injection

Site
characterization
& operational
scenario
selection

»

A priori site
performance
and risk
assessment
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Reservoir
Concordance/ Area of
Conformance Review
Evaluation
(I\S(Iatsliarflgn Injection & Leakage Risk
i C . Quantification
Evaluation) post-injection

Evaluate Post- Monitoring
Injection Closure Design &
Performance

Alternatives

Iterative performance and risk assessment
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Non-endangerment demonstration

Pre-injection

Site
characterization
& operational
scenario
selection

D

A priori site
performance
and risk
assessment
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Reservoir
Concordance/ Areg of
Conformance Review
Evaluation
(I\[;I;t;%arflgn Injection & Leakage Ris
et o Quantificati
Evaluation) post-injection

Evaluate Post- Monitoring
Injection Closure Design &
Performance

Alternatives

Iterative performance and risk assessment
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Keys to demonstrating non-endangerment

For Class VI wells

Site selection / characterization
History matching / conformance

Pressure decline and stability

= o=

Containment demonstration

(Van Voorhees, 2019)
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Keys to demonstrating non-endangerment

For Class VI wells

of commercial CCS projects, and the process by whic
maturity (readiness for commercial injection) of a proje

=

Site selection / characterization

. . ] Selected Potential Qualified
2. History matching / conformance i m@ ses s
3. Pressure decline and stability -/ ,\J QQQ /\-
4. Containment demonstration e~ R . |

Site Screening

Figure 1.2: lllustration of the Relationship Between Scale of Investigation
and Major Steps in Process of Finding and Developing Qualified Sites

(Van Voorhees, 2019)
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Keys to demonstrating non-endangerment

For Class VI wells

Site selection / characterization
History matching / conformance

Pressure decline and stability

= b=

Containment demonstration

»o%. U.S. DEPARTMENT OF

(@) ENERGY

TL

M5 - Saturation

M5 - Saturation

NATIONAL

TECHNOLOGY
LABORATORY

o
IS

o
[N

Monitoring
for 1yr

25 50 7.5 10.0 12.5 15.0
Time (years)

| for 7 yrs

Monitoring

25 50 7.5 10.0 125 15.0

Time (years)
(Harp et al., 2019)
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Keys to demonstrating non-endangerment

For Class VI wells

Site selection / characterization
History matching / conformance

Pressure decline and stability

= b=

Containment demonstration
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AP (MPa)
{for Specific Location)

Size of CO, Plume

||||| ion  pestinjection period

period

m2

Ri

i m; — growth rate f ly phase
E my — growth ra g-term phase

R | size (radius) at end of injec!
Time

Time

(Bromhal et al., 2014) 16
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Keys to demonstrating non-endangerment

For Class VI wells

Site selection / characterization
History matching / conformance

Pressure decline and stability

> b=

Containment demonstration

17

F= %5 U.S. DEPARTMENT OF N NATIONAL

;:‘.\'"" e E)
{8/ ENERGY TLJissiciss
N LABORATORY




Greenfield case study

FutureGen 2.0

Wisconsin

.,L ot
e Site characterization data and - o

modeling from Class VI permit
application for FutureGen 2.0

FutureGen 2.0
CO, Storage Site-

FutureGen 2.0
* €O, Storage Site

7,

Mllinols Basin

* Determine risk-based PISC period
using NRAP tools -

o 2 50 100
Hdometes
L] 5 50 100
International Journal of Greenhouse Gas Control 90 (2019) 102784
]
Contents lists available at ScienceDirect T
Greenhouse
Gas Control
International Journal of Greenhouse Gas Control
journal homepage: www.elsevier.com/locate/ijggc
Risk-based post injection site care and monitoring for commercial-scale )
carbon storage: Reevaluation of the FutureGen 2.0 site using NRAP-Open- o I 2019
g g P Bacon et al.,,

IAM and DREAM

Diana H. Bacon®, Catherine M.R. Yonkofski, Christopher F. Brown, Deniz 1. Demirkanli,
Jonathan M. Whiting

Pacific Northwest National Laboratory, P.O. Bax 999, Richland, WA, 99352, United States 18
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Greenfield case study

Class VI permit

(=Y
Pt
[=]

8

* 1.1 Mt injection of CO, into the 1,240 m deep Mt.
Simon sandstone.

sl
=]

o
[=]

* Default 50-year PISC for the permit application.

(%]
[=]

Relative CO2 Plume Area (%)
(1]
(=]

(=]

Time (yr)

500

400

300 o

200

Pressure Differential (psi)
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Greenfield case study

Class VI permit

* 1.1 Mt injection of CO, into the 1,240 m deep Mt.
Simon sandstone.

Relative CO2 Plume Area (%)
(1]
(=]

* Default 50-year PISC for the permit application. a0
* Did not account for: ’
0 - :
* Stabilization of CO, plume 2 years post-injection 0 2” 4 0 $ 100

Time (yr)
* Rapid reservoir pressure decline post-injection

500

Pressure Differential (psi)

0 10 20 a0 a0 50 60 70 BO 90 100

Time (year)
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Greenfield case study

Class VI permit

* 1.1 Mt injection of CO, into the 1,240 m deep Mt.
Simon sandstone.

* Default 50-year PISC for the permit application.

Relative CO2 Plume Area (%)
(1]
(=]

e Did not account for:

* Stabilization of CO, plume 2 years post-injection 0 2° By p i $ 100
me (yr

* Rapid reservoir pressure decline post-injection

500

* Study approach:

* Characterize leakage risks along injection and stratigraphic
wells at the site using NRAP Open-IAM

* Use DREAM to optimize well monitoring network

Pressure Differential (psi)

* Demonstrate containment and non-endangerment to
determine a risk-based PISC period

e
TR NATIONAL 45 "37/
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NRAP-Open-IAM

* Open-source integrated assessment is a system model used for
modeling leakage risk at GCS sites

1AM
A. Divide system into EEk
discrete mmpnnents\ Energy Data
B. Develop detailed Exchange (EDX) E
component models 8
that are validated : E Jn
_. Gio=— against lab/field data $ §
- -—_-||-|. / E 'E E
— D i §
EEn i EEE £
- | C. Develop reduced-order : 3
models (ROMs) that =
rapidly reproduce
component model :
pmiﬂﬁnns FEEaEsaaaEn
\ D. Link ROMs via integrated
assessment models (IAMs) to
E. Develop strategic monitoring predict system performance & risk;
protocols that allow verification of p’ calibrate using lab/field data from
predicted system performance NRAP and other sources

22
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NRAP Open-1AM Model

Overview

Joacrnim vol.

r—-—"—"—-—-=-=-""-""1

St. Peter Ss. USDW i¢=m yspw l Aquifer co.mp.onent (RQM) l
Uses monitoring detection
2,000 I !
' Shakopee Dol I thresholds to determine
' I impact plume size and leak I
------ New Richmond Ss. - Thief zone I detection I
2,500 Oneota Dol.-Gunter Ss. I |
Eminence Dol. : Multisegmented (ROM) :
1 000 Potosi Dol. == Thief zone | Calculates CO, and brine
' I leakage along faulty well with I
l leakage into USDW and thief I
“T | TrontonSs. | Nonpotable saline aquifer (¢ ACZ ' zones :
3500 — e I I
| |
I | | High-fidelity
4,000 | reservoir
' I | | simulations
| |
(Bacon et al., 2019) e o = = = = = = d
pen-lIAM 23
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Greenfield case study results

Risk-based PISC period

* Majority of leakage risk to

. o« o . 100 -
USDWs occurred during injection 1r o |
< %0 . Injectlon:-- . PISCperiod
* 98% of leaks detected during S | periods
. . . . 9 i |
injection period G 60 I |
© ] )
o o o . |
* The final 2% detected within first 240 ] |
° = . I
3 years of PISC period 8 20 - :
-l ] :
* A].O year PISC periOd W0u1d O ] .|||||‘||=|||||| i ||||||=||||IIIII=IIIIIIIII=IIIIIIIII=I||||||||=||||
reduce the default period by 40 o 1o 20 30 40 S0 60 70
Time to Leak Detection (y)
years and save $50M Injection Well ~ +-eeee. Stratigraphic Well
(Bacon et al., 2019)
24




Brownfield case study

Kimberlina

Existing well
. Considered well [

= w Faults
™ ™1 Model domain

(Lackey et al., 2019)

%5, U.S. DEPARTMENT OF

'ENERGY

* Hypothetical basin-scale injection of 250 Mt of
CO, over 50-year period

* 1,000 legacy wells penetrate storage reservoir
* Characterize well leakage risk

* Assess ability to manage leakage risks at site
during injection and after injection

International Journal of Greenhouse Gas Control 88 (2019) 182-194

Contents lists available at ScienceDirect

Greenhouse
Gas Contro

International Journal of Greenhouse Gas Control

journal homepage: www.elsevier.com/locate/ijggc

Managing well leakage risks at a geologic carbon storage site with many )
wells ety

Greg Lackey™®*, Veronika S. Vasylkivska"™, Nicolas J. Huerta™", Seth King“*, Robert M. Dilmore®

*U.S. DOE National Energy Technology Laboratory, 626 Cochran Mill Road, Pisssburgh, PA 15236, USA

® .S, DOE National Energy Technology Laboratory, 1450 SW Queen Ave, Albany, OR 97321, USA

“UL.5. DOF National Energy Technology Laboratory, 3610 Collins Ferry Rd, Morgantown, WV 26505, USA

9 Ouk Ridge Institute for Science and Education, 1299 Beshel Valley Rd, Oak Ridge, TN 37530, USA

© Leidos Research Support Team, 626 Cochran Mill Road, P.O. Box 10040, Pitsburgh, PA 15236-0040, USA

f Pacific Northwest National Laboratory, P.0. Box 900, Richland, WA 09353, USA 25
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Brownfield case study

Management scenarios
e Well attribute data from CalGEM

* Calculated well-specific leakage risk
score (Duguid et al., 2017). 250 1

Bl True leak score
m 78.6% base case

300 -

 NRAP Open-IAM § 200 1
* Application of well inspection and E 150
remediation strategy 5
e Risk-based 100°
e Distance-based e
* Hybnd

0 -
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Normalized leak score

(Lackey et al., 2019)
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Open-IAM model

Hypothetical Kimberlina GCS stie

Open-IAM

-—_—_—_—_—_—_—_—_—_—_—q

Multisegmented (ROM)
Calculates CO, and brine
leakage along faulty well with

leakage into USDW and thief
zones

Reservoir simulations

Time: 5.0 years Time: 50.0 years Time: 100.0 years

100
80
t
-t ry
= 60 .
. * &
40
20 3 :
20 40 60 20 40 60 20 40 60
x, [km] %, [km] x, [km]

%%, U.S. DEPARTMENT OF

(@) ENERGY

|- Freeman-|ewett —
Overlap E =

L (caprock) —
CO, plume )i Vedder

‘ ":_stprage formation)
Pressure increase _'._. — e —— e — e — . —]

Intermediate
formations
{not considered)

——
(6T0T “|e 139 Asxoe)
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Brownfield case study results

Leakage risk management

* Small degree of leakage even in worst-case scenario
e 102.1 t (4.08xX107°% of the 250 Mt of CO, injected)

(Lackey et al., 2019) 28
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Brownfield case study results
Leakage risk management

* Small degree of leakage even in worst-case scenario
e 102.1 t (4.08X107°% of the 250 Mt of CO, injected)

* Well monitoring and remediation reduced leakage in
all scenarios considered.

* Risk-based approach most effective with uncertain
reservoir behavior.

CDF

1.0 1 a.

0.8 A

0.6 A

0.4

»" mmmm distance-based
0.2 4 " ==  risk-based

.
r - hybrid
Yo A = = nomanagement

10~* 103 102 107! 10° 10t 107 103
Mass of CO; leaked to aquifer 1, [t]

(Lackey et al., 2019)
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1.04d.

0.8 ~

0.6 -

0.4 A

0.2 A

0.0

1072

10!

Mass of brine leaked to aquifer 1, [t]
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Brownfield case study results

Leakage risk management s .

?‘: (Sim ytv;a :iagrfa‘;frﬁent end)
D: 301 mmo years (year 50)
e Small degree of leakage even in worst-case scenario I ettt
. o ; 50 years (year 100)
e 102.1 t (4.08xX107°% of the 250 Mt of CO, injected) I
* Well monitoring and remediation reduced leakage in 2
all scenarios considered. T
L] Ll L] Ll ON
* Risk-based approach most effective with uncertain 5 o
reservoir behavior. [N | | _ _
* Increasing PISC period length reduced brine leakage Distance-bssed  Hubrid Risk-based
but had very little impact on CO, leakage = 20 h
1.0 a. - 1.0qd. S é 1.50
0.8 1 0.8 1 § 1.25
o 0.6 J' w 061 jé 1.00
a I a °
“ 0.4+ Jl . | © 0.4 % 0.75
0.2 4 K - :‘ilss;ia;ac:e_sasw 0.2 1 E 0.50,
r i hybrid T
0.0 e ——————— 'rJ._T:. - = no management 0_0 [ —— g 025
104 10~ 10~2 10-' 10° 10' 102 10° 1072 10t &
Mass of CO; leaked to aquifer 1, [t] Mass of brine leaked to aquifer 1, [t] = 009 LML LM 2 M1 M2 M1 LM 2

(Lackey et a I . 2019) Distance-based Hybrid Risk-based 30
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Summary

* Four keys to demonstrating non-endangerment
1.  Site selection / characterization
2. History matching / conformance
3. Pressure decline and stability
4

Containment demonstration

31
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summary

* Four keys to demonstrating non-endangerment
1.  Site selection / characterization
2. History matching / conformance
3. Pressure decline and stability

4, Containment demonstration

* Containment demonstration with the NRAP Open-IAM:
* Characterize leakage risks by stochastically varying uncertain parameters
* Simulate CO, plume size and detectability in a shallow aquifer
* Identity time required for leak detection in all possible scenarios

* Explore and understand the benefits of applying various leakage risk management plans

32
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Summary

* Four keys to demonstrating non-endangerment
1.  Site selection / characterization
2. History matching / conformance
3. Pressure decline and stability

4, Containment demonstration

* Containment demonstration with the NRAP Open-IAM:
* Characterize leakage risks by stochastically varying uncertain parameters
* Simulate CO, plume size and detectability in a shallow aquifer
* Identity time required for leak detection in all possible scenarios

* Explore and understand the benefits of applying various leakage risk management plans

* Iterative process where predictions are updated and uncertainties in reservoir performance, leakage
response, potential impacts, and leakage detectability are constrained

* Develop adaptive site monitoring plan and weight the incremental costs of additional PISC against the
associated risk and uncertainty benefits.
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NRAP workshop

¢ Introduction

e Fluid Migration Characterization

e State-of-stress Characterization

e Risk-based Area of Review

e U.S. DOE’s SMART Initiative

e Plume Dynamics and Conformance

e Induced Seismicity Management

e Monitoring for Leak Detection

e Site Closure
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e Discussion
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