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Abstract

Carbon capture and sequestration (CCS) is an option to mitigate impacts of atmospheric carbon
emission. Numerous factors are im portant in determining the overall effectiveness of long-term
geologic storage of carbon, includi ng leakage rates, volum e of st orage available, and system
costs. Recent efforts have been m ade to apply an existing probabilistic performance assessment
(PA) m ethodology developed for deep nuclear wa  ste geologic repositori es to evaluate the
effectiveness of subsurface car bon storage (Viswanathan et al ., 2008; Stauffer et al., 2009).
However, to address the m ost pressing m anagement, regulatory, and scie ntific co ncerns with
subsurface carbon sto rage (CS), th e existing PA methodology and too Is must be enhanced and
upgraded. For example, in the evaluation of a nuclear waste repository, a PA model is essentially
a forward model that samples input param eters and runs multiple realizations to estim ate future
consequences and determ ine important parameters driving the system performance. In the CS
evaluation, however, a PA model must be able to run both forwar d and inverse calculations to
support optimization of CO ; injection and real- time site monito ring as an integral part of the
system design and operation. The monitoring data must be continually fused into the PA m odel
through m odel inversion and param eter estim ation. Mod el calculation s will in tu rn guide the
design of optim al m onitoring and carbon-injecti on strategies (e.g., interm s of m onitoring
techniques, locations, and time intervals).

Under the support of Laboratory-Directed Resear ch & Development (LDRD), a late-start LDRD
project was initiated in June of Fiscal Year 2010 to explore the co  ncept of an enhanced
performance assessment system (EPAS) for carbon sequestration and storage. In spite of the tight
time constraints, significant progress has been made on the project:



(1) Following the general PA m ethodology, a pr eliminary Feature, Event, and Process
(FEP) analysis was perf ormed for a hypotheti cal CS system. Through this FEP analysis,
relevant scenarios for CO; release were defined.

(2) A proto type of EPAS was developed by wrapping an e  xisting m ulti-phase, m ulti-
component reservoir simulator (T  OUGH2) w ith an uncertainty  quantification and
optimization code (DAKOTA).

(3) For demonstration, a prob abilistic PA ana lysis was successfully perform ed for a
hypothetical CS system based on an existing project in a brine-b earing sandstone. The
work lays the foundation for the developm  ent of anew generation of PA tools for
effective management of CS activities.

At a top-level, the work supports energy security and climate change/adaptation by furthering the
capability to effectively m anage proposed ca rbon capture and sequestration activities (both
research and development as well as operational), and it greatly enhances the technical capability
to address this national problem.

The next phase of the work will include (1) full capability demonstration of the EPAS, especially
for data fusion, carbon storage system opti mization, and process optim ization of CO ; injection,
and (2) application of the EPAS to actual carbon storage systems.
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1. INTRODUCTION

Carbon capture and sequestration (CCS) is an option to mitigate impacts of atmospheric carbon
emission. The basic con ceptual setup for subsurface carbon sequestration is shown in Figure 1.
There is a capture com ponent to the system, as well as the injection or storage component. The
viable geologic system s being evaluated and cu  rrently injected include saline aquifers,
abandoned coal seam s, and oil and gas reservoirs. The engi  neered system may result in
additional or enhanced recovery of oil and gas.  The injected carbon dioxide is intended to be
stored or sequestered for long time frames, with only limited leakage out of the system.

Power Station/industrial Facility

e IMPERMEABLE -
1000m CAP-ROCK

+— COAL

7 L] places Mot Rana SEAN
IMPERMERABLE Trapoed in Coal SEAM
CAP-ROCK
1500m k=
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Figure 1. Conceptual diagram of CO, sequestration (WRI, 2010)

Numerous factors must be considered to determine the overall effectiveness of long-term carbon
sequestration/storage (CS). Recent efforts have been m ade to apply the existing probabilis tic
performance assessm ent (PA) m ethodology deve loped for deep nuclear waste geologic
repositories to evaluate the effectiveness of subsurface carbon storage (Viswanathan et al., 2008;
Stauffer et al., 2009). However,  systematic application of th is m ethodology to a subsurface
carbon storage (CS) system is st ill undergoing developm ent, and could benefit with enhanced
capabilities. The m ajority of the e xisting work on CS m odeling has been focused on detailed
physical/chemical processes (e.g., G homian et al., 2008; Sasaki et al., 2008; Class et al., 2009),
with little attention to uncertainty quantification of the model predictions. In addition, to address
the m ost pressing m anagement, regulato ry, an d scientific concerns with subsurface carbo n
storage (CS), the existing PA m ethodology and t ools m ust be enhanced and upgraded. For
example, in the ev aluation of a nu clear waste repository, a PA m odel is essentially a forward
model that propagates uncertainty in input param  eters to estim ates of uncertainty in future
consequences. In the CS evaluation, however, a PA model must be able to run both forward and
inverse calculations to rapidl y support optim ization of CO ; injection and site m onitoring as an
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integral part of the system design and operation. The monitoring data must be continually fused
into the PA model through model inversion and parameter estimation. Model calculations will in
turn guide the design of optim al monitoring and carbon-injection strategies (e.g., in term s of
monitoring techniques, locations, and time intervals).

Under the support of Laboratory-Directed Resear ch & Development (LDRD), a late-start LDRD
project was initiated in fiscal year 2010 to ex  plore the concept of an enhanced perform ance
assessment system (EPAS) for carbon sequestrati on and storage. This report docum ents the
results of this project obtained to date. The remaining sections of the document are as follows:

e Section 2 describes the concept of the enhanced performance assessment system (EPAS),
with both a forward m odeling and an inverse modeling structure. The inverse m odeling
structure has been defined, and prototyped with software linkage in this docum ent, but
not significantly exercised.

e Section 3 documents the review of the features, events and pr ocesses that are applicable
to the ev aluation of sub surface carbon storage. Prelim inary scenarios for evalu ation of
such systems are identified.

e Section 4 provides the overall structure of th e prototype EP AS, with a description of the
two major softwares used in this evalua tion, DAKOTA and TOUGH2. The conceptual
depiction of the linkage of the codes provides a high level understanding of the important
aspects of this type of analysis, and points to the future application in a high-performance
computational platform for analysis of such complex systems.

e Section 5 presents the dem onstration of the prototype EPAS case conducted in this
LDRD. The param eters for the model, both deterministic and uncertain, are provided.
The general overall results for the simulated case are also provided, with some discussion
of their im portance. A brief discussion of  uncertainty quantification and sen sitivity
analysis is also provided. Th is aspect of the EPAS structu re is exp ected to be exercised
significantly in future work.

e Section 6 provides a brief roadm ap to the op timization approach that can be conducted
utilizing th e EPAS approach, specif ically focusing on the subsurface carbon storage

application.

e Section 7 lists a brief summ ary of the wo rk conducted thus far on EPAS, and pot ential
additional aspects of the modeling effort that can be further developed.

e Finally, Section 8 provides the references for the report.
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2. CONCEPT OF ENHANCED PERFORMANCE ASSESSMENT
SYSTEM (EPAS)

A probabilistic perform ance assessment (PA) of a geologic repository wa s originally developed
for nuclear waste dispo sal. In that arena, a PA intends to pr  ovide the stakeholders with an
analysis of disposal system perform ance. A PA analysis is designed to answ  er four ke y
questions related to the waste is olation capability of a nuclear wa ste disposal system (Helton, et
al., 1999):

I Scenario identification - What can happen?
II. Likelihood of scenarios — How likely is it to happen?
II1. Consequences of scenarios — What are the consequences if it does happen?

IV. Credibility — How much confidence do we have in the answers to the first three
questions?

The performance of a disposal system is generally described with pre-defined regulatory metrics;
for example, the peak dose or cum ulative dose that a hypothetical rece ptor can potentially be
exposed to within a regulato ry time, typically ranging from 10, 000 to 1 m illion years. The
release dose is calculated by accoun ting for the release rates of all radionuclides at a specified
disposal system boundary, the diluti on factor, and the toxicity of radioisotopes. In a license
application, the licensee is required to com pare the projected dose with a standard set up by a
regulatory agency. The safety m argin of a dispos al system is defined as the difference between
the regulatory standard and the projected value of the perform ance metrics. A licen see is als o
generally required to provide the uncertainty — the confidence — associat ed with th e projected
safety margin. The safety margin analysis and uncertainty quantification are thus an integral part
of the perform ance assessment of a nuclear waste disposal system. It is generally believed that
the PA methodology could be extended to evaluate the performance of a CS system.

Some effort has been m ade to use probablisti c risk analysis m ethods to assess the potential
failure of CS systems (e.g., leakage; Walton et al. 2005; Rish 2005) or to evaluate C O, retention
performance and economic issues (Viswanathan et al. 2008; LeNeveu 2008; Burruss et al. 2009;
Oldenburg et al. 2009; and Stauffe r et al. 2009). The work of  Viswanathan et al. (2008) and
Stauffer et al. (2009) is the m ost relevant to our current approach of system modeling. Their
model, CO2-PENS, analyzes CO ; injection and trapping in th e reservoir along with econom ics
by adopting probability m ethodologies to character ize uncertainty in their sim ulations. CO2-
PENS is defined by process-level modules that are coupled together using the Goldsim® software
package (GoldSim , 2010) to capt ure all pertinents tages of CO ; sequestration from gas
generation at the plant to injection into the target reservoir. This model makes use of a ‘reduced
complexity injec tion function’ tha t takes th e form of an analytica 1 s olution to ¢ ompute CO ;
injection into a reservoir. The authors indicate that th e analytical solution, albeit considerably
simplified, can r epresent th e line ar behavior of reservoir prope  rties such as p orosity and
permeability for a spec ified injection pressure, relative permeability, pressure and te mperature.
The analy tical so lution is ‘tuned ’ to represen t the general trends obt ained by a fully coupled
injection flow m odel. The ‘tuni ng’ of the reduced com plexity analytical solution is done by
slope reg ression using 2-D radia 1 calculations from the LANL multip hase porous flow code
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FEHM (Stauffer et al. 2009). The m ain advantage of using a reduced com plexity approach is to
greatly decrease the am ount of time needed to ex ecute the simulations. However, Stauffer et al.
(2009) recognize that such an approach cannot captur e the details of a fully coupled flow model.
Moreover, the author s note tha tth e m ain intent of the model isto  provide initial scoping
calculations to es timate important qu antities such as reservoir capacity in the evaluation of site
selection. For the PA of aspeci  fic site with well-established reservoir properties, then the
module can be substituted with one that can perform more complex multiphase flow calculations
(Stauffer et al. 2009). T he authors also note that although the reduced co mplexity approach can
produce results in ~40 m inutes (5000 realizations ), the sam e problem using the FEHM flow
simulator would take ~3 days to co mplete. In addition, the capability of the FEHM for capturing
supercritical CO, behavior still needs to be demonstrated.

In this report we attempt to formulate the enhanced PA concept for CS systems and estab lish a
prototype framework for this concept. The flow chart for the enhanced approach is shown in
Figure 2. The forward m  odel components repres ent the typical steps of the existing PA
methodology. According to the existing m ethodology, a PA starts with Feature, Event, and
Process (FEP) evaluation, through which potentially important FEPs are identified for inclusion
for further PA analysis. FEP evaluation also help s define performance scenarios of a CS system
of intere st by identif ying major CO ; release pathways. The next st ep of a PA analysis is to
develop appropriate computationa 1 models for the selected FEPs and the defined perform ance
scenarios and then to constrain m odel input parameters. The m odel input param eter values and
their unce rtainty distr ibutions are constrained from field observations and laboratory
experimental data. The whole cycle of a PA analysis is then completed by uncertainty
quantification and sensitiv ity an alysis, typ ically perf ormed using m ultiple Monte-Car lo
simulations. The whole PA process is genera lly ite rative. EPAS extends the existing P A
methodology by adding the inverse m odel components, as shown in Figur e 2. These inverse
components provide necessary tools for optim ization of long-term system perfor mance, process
optimization of CO ; injection, as well as updating of param  eter estim ates as ne w data are
obtained. To f ulfill these new f unctionalities, the EPA S m ust have a bu ilt-in optim ization
capability. The new PAf ramework inc ludes a built- in optim ization capability f or m odel
parameterization and monitoring system design.
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Figure 2. Enhanced Approach to Performance Assessment of Carbon Storage

The high-level architect ure of the EPAS for carbon sequest ration is shown in Figure 3. The

system consists of three layers. The middle layer hosts detailed proc ess models to capture all
important physics involved in carbon sequestration. The bottom layer provides all necessary data
to support process model runs. These two layers are then wrapped by a PA driv er that is able to
couple different process m odels, direct Monte-Carlo sim ulations, and assist PA analysis. A s
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discussed above, in order for the EPAS to be a ble to do inverse m odeling, the PA driver m ust
have a built-in optim ization capability. For this reason, for the LDRD project described here,
code DAKOTA version 4.0 was chosen to be th e PA driver. DAKOT A (Design Analysis Kit
for Optimization and Terascale Ap plications) is a powerf ul and ve rsatile software toolkit th at
provides a flexible and extensib le interface be tween sim ulation codes and iterative analys is
methods used in large-scale system s engineer ing optim ization, uncertain ty quantification, and
sensitivity analysis (E Idred et al, 2002). A full set of PA calculati  ons im pose stringent
requirements on process code performance. The process codes must be robust and fast enough to
run m ultiple m odel simulations in a widely sp anned m odel par ameter spac e. For the work
documented here, TOUGH2 version 2.0 is used as the reservoir simulator.

The DAKOTA-TOUGH2 coupling allows for concurre nt execution of code runs in a parallel
computation mode when multiple CPUs are available. This scalable code execution mode allows
fully coupled m ultiphase TOUGH?2 si mulations w ith various levels of com  plexity to be
completed in a reasonable am ount of tim e. Also, im portantly, the TO UGH2 mod ule ECO2N
allows capturing the behavior of supercritical CO,.

Performance Assessment & Integration Layer

Uncertainty Sensitivity .

Fluyh&ﬂmﬂnnt Wapping
Process Model Layer

Mult- : ((,‘::;fuca " Reactive Heat Creepmg/
componen!
R eaction s T!aﬂSPOff transfer defonnabon

Technical Database Layer

Figure 3. Enhanced Performance Assessment System (EPAS) Architecture

Following the general m ethodology illustrated in Fi gure 2, there are a num ber of steps to the
research documented in this report. These steps include:
e Capture main features, events, and proce sses (FEPs) of a hypothetical carbon storage
system by a systematic FEP analysis (see the FEP table in Section 3.2).
e Formulate major CO; injection, storage, and release scenarios (Section 3).
e Constrain parameter ranges and distributions of model input parameters (Sections 5.1 and
5.2).
e Run multiple simulations (Section 5).
0 Correlation between uncertainty parameters (e.g., permeability vs. porosity)
e Demonstrate uncertainty and sensitivity analyses (Section 5.4).
o] Il3erformance param eters
0]
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Reservoir pressure (t)
= Leakage rate (t)
= Quantity of CO; stored
= Quantity of CO, leaked
0 Identification of key input parameters
Demonstrate optimization capability (planned as follow-on work) (Section 6).
0 Objective functions
= Maximize total dissolved CO,.

= Minimize the leakage.
= Others

Other im portant parameters such as cost of th e system were not considered. Currently in the
U.S., there is not a carbon tax or other m echanism in the U.S. to provide a m etric for
affordability of carbon sequestra tion projec ts. Projec ts could be e valuated ba sed on the

European carbon exchange (~13-15 Euros/to n (~$16.50-$19)) (European Clim ate Exchange,
2010), but that would not fully validate the projects for the U.S. market.
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3. FEP ANALYSIS AND SCENARIO DEVELOPMENT

3.1. Hypothetical Carbon Sequestration System

The potential storage system designs and conditions can be repres ented in a system architecture
in many ways. Figure 4 shows one approach to  discretizing the syste m for analysis purposes.

From top to bottom in the figure, the overall system contains the engineered system consisting of
an injection well, which 1is drilled into the g eosphere. The s ystem flow ultimately leads to the

biosphere through a fault, abandoned unsealed well, or caprock. F  or sim plification, fixed

hydraulic pressures are imposed on the top surfa ce of the shallow sandstone form ation, while no
flux condition is im posed on the bo ttom surface of the host rock. Fixed hydraulic pressures are
imposed on both left and right sides, which are assumed to coincide with faults.

u
| |
| |
Injection L I:
£ well eakage
0 well
— -
|}
Fault -
. Fault
1km ) 0.5, 1, 0or 1.5 km - .
< > - g |
M " n
x .
S Sandstone ¥
a .
L)
A []
.
= ]
R Shale (caprock) .
v ., u
A ]
£
g Sandstone (host rock)
I

3 km

Figure 4. Schematic of Modeled System

The conceptual model of the generic CSS system is developed based on a s ite in eastern Texas,
that is currently being investigated for suitability for carbon storage. The injection zone is into a
brine-filled Oligocene Frio Formation (U.S. DOE, 2006). The site consists of a deep sandstone
aquifer (targeted for CO, storage), an overlying shale aquita rd, and a shallow sandstone aquifer
above the shale formation (see Figure 4).

17



3.2. Evaluation of FEPs

The features, events and process es (FEPs) th at need to be includ ed in th is an alysis were
determined using the F EPs database developed by Quintessa (2010) as the basis. FEPs were
either included or excluded based on the type of problem being considered. The full listing of
FEPs included in this an alysis is shown in Table 1 with a brief description of why the FEP was
included.

Table 1. FEP Analysis

FEP Class 0: Assessment Basis

FEP
Number

Description

Decision for Inclusion or Exclusion

To provide a system-level assessment of the injectivity
and the post-closure performance of a hypothetical CO,

0.1 Purpose of the assessment geological storage system.
The capacity of the storage system and the magnitude
and timing of fluxes of CO, escaping from the storage
0.2 Endpoints of interest system.
0.3 Spatial domain of interest Host rock and caprock (see Figure 4)
0.4 Timescale of interest 30 year injection, with 100 year total simulation time
Hydrologic trapping and dissolution; no mineral
0.5 Sequestration assumptions reactions and residual trapping
Future human action
0.6 assumptions Abandoned wells
Legal and regulatory
0.7 framework Not considered explicitly.
A hypothetical carbon sequestration system based on
0.8 Model and data issues the Frio site

FEP Class 1.1:Geological Factors

FEP
Number Description Decision for Inclusion or Exclusion
Both left and right side boundaries coincide with growth
1.1.1 Neotectonics faults
1.1.2 Volcanic and magmatic activity Excluded
Discrete seismic events are excluded from this analysis.
However, the impact of overpressure on caprock
integrity is included through an increased caprock
1.1.3 Seismicity permeability.
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1.1.4 Hydrothermal activity
Hydrological and
hydrogeological response to

1.1.5 geological changes
1.1.6 Large scale erosion
1.1.7 Bolide impact

FEP Class 1.2: Climatic Factors
FEP

Number Description

1.2.1 Global climate change

Regional and local climate
1.2.2 change

1.2.3 Sea level change

1.2.4 Periglacial effects

1.2.5 Glacial and ice sheet effects
1.2.6 Warm climate effects

Hydrological and
hydrogeological response to
1.2.7 climate changes

1.2.8 Responses to climate changes

FEP Class 1.3: Future Human Actions
FEP
Number Description

1.3.1 Human influences on climate

Motivation and knowledge
1.3.2 issues

Social and institutional

1.3.3 developments
134 Technological developments
1.3.5 Drilling activities

Excluded

Excluded

Excluded

Excluded

Decision for Inclusion or Exclusion

Excluded

Excluded

Excluded

Excluded

Excluded

Excluded

Excluded

Excluded

Decision for Inclusion or Exclusion

Excluded

No societal memory of the storage assumed, and only
inadvertent human intrusions are considered.
Excluded

Excluded

Assumed to be the most likely relevant human intrusion
activity
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1.3.6

1.3.7

1.3.8

1.3.9

1.3.10

Mining and other
underground activities

Human activities in the surface
environment

Water management
CO, presence influencing

future operations

Explosions and crashes

FEP Class 2.1: CO, Storage Pre-Closure

FEP
Number

2.1.1

2.1.2

2.1.3

2.14

2.15

2.1.6

2.1.7

2.1.8

2.19

2.1.10

Description

Storage Concept

CO, quantities, injection rate
CO, composition
Microbiological contamination
Schedule and planning

Pre-closure administrative
control

Pre-closure monitoring of
storage

Quality control

Accidents and unplanned
events

Over-pressuring

FEP Class 2.2: CO, Storage Post Closure

FEP
Number

2.2.1

2.2.2

Description

Post-closure administrative
control

Post-closure monitoring of
storage

Not explicitly considered. Impacts assumed to be
covered by consideration of drilling activities (1.3.5).

Excluded
Excluded
Excluded

There are low probability events that are assumed to
have possible consequences similar to seismic events.

Decision for Inclusion or Exclusion

The model is applicable to a range of different storage
systems.

The total amount of CO, injected is a model input.
Pure CO, assumed.

Excluded

Not explicitly considered

Not explicitly considered

Any monitoring wells will be considered as an
abandoned well.

Not explicitly considered

Excluded

Over-pressures due to the amounts of CO, injected will
be calculated by the model.

Decision for Inclusion or Exclusion

No administrative controls are assumed post-closure.

No post-closure monitoring is assumed.
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2.2.3 Records and markers

224 Reversibility

2.2.5 Remedial actions

FEP Class 3.1: CO, Properties

FEP

Number Description

3.11 Physical properties of CO,

3.1.2 CO, phase behaviour

CO; solubility and aqueous
3.1.3 speciation

FEP Class 3.2: CO, Interactions
FEP

Number Description
Effects of pressurization of
3.2.1 reservoir on caprock
Effects of pressurization on
3.2.2 reservoir fluids
3.23 Interaction with hydrocarbons
Displacement of saline
3.2.4 formation fluids
Mechanical processes and
3.25 conditions
3.2.6 Induced seismicity

3.2.7 Subsidence or uplift

Thermal effects on injection
3.2.8 point

3.2.9 Water chemistry

Interaction of CO, with

3.2.10 chemical barriers

Sorption and desorption of
3.2.11 CO;
3.2.12 Heavy metal release

No records and markers are assumed

Outside the assessment context.

Outside the assessment context.

Decision for Inclusion or Exclusion

The variation of CO, viscosity is calculated as a function
of pressure and temperature.

The variation of CO, density is calculated as a function
of pressure and temperature.

Dissolution in water is represented explicitly.
Dissolution in oil is not considered.

Decision for Inclusion or Exclusion

Implicitly included. The effects will be incorporated as
anincrease in caprock permeability.

Induced groundwater flows will be calculated.
Outside the assessment context.

Included. The volume of brine displaced is a
performance parameter.

Part of it is implicitly included as damage to caprock.
Excluded

Excluded

Temperature is calculated based on geothermal
gradient.

Included in CO, solubility calculations

Salt precipitation due to dryout is included.

Excluded

Not explicitly included. It can be estimated from the
calculated CO, pressure and the amount of CO,
dissolved outside the PA calculations.
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3.2.13

3.2.14

3.2.15

3.2.16

3.2.17

3.2.18

3.2.19

Mineral phase

Gas chemistry

Gas stripping

Gas hydrates

Biogeochemistry

Microbial processes

Biomass uptake of CO,

FEP Class 3.3: CO, Transport

FEP
Number

3.3.1

3.3.2

3.3.3

334

3.35

3.3.6

3.3.7

Description

Advection of free CO,
Buoyancy-driven flow
Displacement of formation
fluids

Dissolution in formation fluids
Water mediated transport

CO, release processes

Co-migration of other gases

FEP Class 4.1: Geology

FEP
Number

41.1

4.1.2

4.1.3

414

Description

Geographical location

Natural resources

Reservoir type

Reservoir geometry

Mineral trapping of CO, is ignored.

Will affect CO, solubility and thus included implicitly in
some process algorithms.

Outside the assessment context.

Any formation of gas hydrates is assumed to be
unimportant on the timescales of interest.

Not represented explicitly.

Not represented explicitly. Methanogenesis is
conservatively assumed not to occur (thereby
maximizing the amount of stored CO,).

Excluded

Decision for Inclusion or Exclusion

Not explicitly included due to the limitation of TOUGH2
Vertical transport of free CO, due to buoyancy forces is
directly represented.

Included

Dissolution of CO, in groundwater is represented
explicitly.

Advection of dissolved CO, in groundwater is
represented explicitly.

Included.

Excluded

Decision for Inclusion or Exclusion

The model can be applied to any location.

Included in defining human intrusion scenarios and
probabilities.

Represented explicitly.

Represented explicitly.
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4.1.5 Reservoir exploitation
4.1.6 Cap rock or sealing formation
4.1.7 Additional seals
4.1.8 Lithology
4.1.9 Unconformities
4.1.10 Heterogeneities
4.1.11 Faults and fractures
4.1.12 Undetected features
4.1.13 Vertical geothermal gradient
4.1.14 Formation pressure
Stress and mechanical
4.1.15 properties
4.1.16 Petrophysical properties

FEP Class 4.2: Fluids

FEP

Number Description
4.2.1 Fluid properties
42.2 Hydrogeology
4.2.3 Hydrocarbons

FEP Class 5.1: Drilling and Completion
FEP

Number Description

5.1.1 Formation damage

5.1.2 Well lining and completion
5.1.3 Workover

Represented implicitly in the human intrusion scenario.

Represented explicitly.

Represented explicitly.

Properties of all rocks in the system domain are
represented explicitly or implicitly.

Represented implicitly in rock properties.

Represented by varying properties of model
compartments.

Represented implicitly in rock permeability and
boundary conditions

The importance of undetected features can be assessed

by varying the representation of the system geology.

Represented explicitly.

Represented explicitly.

Included implicitly in some process algorithms.

Represented explicitly.

Decision for Inclusion or Exclusion

Represented explicitly.

Represented explicitly

Outside assessment context.

Decision for Inclusion or Exclusion

Included in the initial conditions if relevant.

Not represented explicitly, but included implicitly in
borehole permeability

Any effects relevant to the initial conditions will be
included implicitly.
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514

5.15

Monitoring wells

Well records

FEP Class 5.2: Borehole Seals and

Abandonment
FEP
Number Description
Closure and sealing of
5.2.1 boreholes
5.2.2 Seal failure
5.2.3 Blowouts
5.2.4 Orphan wells
5.2.5 Soil creep around boreholes

FEP Class 6.1: Terrestrial Environment

FEP

Number

6.1.1

6.1.2

6.1.3

6.1.4

6.1.5

6.1.6

6.1.7

6.1.8

Description

Topography and morphology
Soils and sediment

Erosion and deposition
Atmosphere and meterorology

Hydrological regime and water
balance

Near-surface aquifers and
surface water bodies

Terrestrial flora and fauna

FEP Class 6.2: Marine Environment

FEP

Number

Description

May need to be represented in the system description.

Screened out. No memory of the sequestration is
assumed.

Decision for Inclusion or Exclusion

Not represented explicitly, but included implicitly in
borehole failure rate

Included in borehole failure rate and permeability
changes.
Not explicitly considered

Included as abandoned boreholes

Not considered

Decision for Inclusion or Exclusion

Represented in a simplified way.

Excluded.

Excluded

Excluded

Implicitly represented by groundwater flow

Not explicitly represented

Not considered

Decision for Inclusion or Exclusion
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6.2.1 Coastal features

6.2.2 Local oceanography

6.2.3 Marine sediments

6.2.4 Marine flora and fauna
6.2.5 Marine ecological systems

FEP Class 6.3: Human Behaviour
FEP
Number Description

6.3.1 Human characteristics
6.3.2 Diet and food processing
6.3.3 Lifestyles

6.3.4 Land and water use

6.3.5 Community characteristics

6.3.6 Buildings

FEP Class 7.1: System Performance
FEP
Number Description

7.1.1 Loss of containment

FEP Class 7.2: Impacts on the Physical
Environment

FEP

Number Description

Contamination of

7.2.1 groundwater
Impacts on soils and
7.2.2 sediments
7.2.3 Release to the atmosphere

Excluded

Excluded

Excluded

Excluded

Excluded

Decision for Inclusion or Exclusion

Calculations do not consider impacts on humans,
therefore no description of human behavior is required.
Calculations do not consider human behavior.
Calculations do not consider human behavior.
Calculations do not consider human behavior.

Calculations do not consider human behavior.

Calculations do not consider human behavior.

Decision for Inclusion or Exclusion

Represented explicitly.

Decision for Inclusion or Exclusion
Only for dissolved CO,.
Outside assessment context.

The model calculates the total CO, release from the
storage.
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Impacts on exploitation of

7.2.4 natural resources
Modified hydrology and
7.2.5 hydrogeology
7.2.6 Modified geochemistry
7.2.7 Modified seismicity
7.2.8 Modified surface topography

FEP Class 7.3: Impacts on Flora and
Fauna

FEP
Number Description
7.3.1 Asphyxiation effects
Effect of CO, on plants and
7.3.2 algae
733 Ecotoxicology of contaminants
7.3.4 Ecological effects
Modification of
7.3.5 microbiological systems

FEP Class 7.3: Impacts on Humans
FEP

Number Description
7.3.1 Health effects of CO,
7.3.2 Toxicity of contaminants
Impacts from physical
7.3.3 disruption
Impacts from ecological
7.3.4 modification

3.3. Scenario Description

Excluded

Represented explicitly.

Implicitly included.

Excluded

Excluded

Decision for Inclusion or Exclusion

Impacts on flora and fauna not calculated.

Impacts on flora and fauna not calculated.

Impacts on flora and fauna not calculated.

Impacts on flora and fauna not calculated.

Impacts on flora and fauna not calculated.

Decision for Inclusion or Exclusion

Impacts on humans not calculated.

Impacts on humans not calculated.

Impacts on humans not calculated.

Impacts on humans not calculated.

The basic scenario for this analysis includes a caprock overlying the potential injection zone, and
a vertical fault on the boundary of the injection zone. The scenario also includes the potential for
CO; release from an abandoned borehole in the fo rmation. The location of the abandoned well
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can be considered uncertain. However, for this  evaluation a value of 1km distance from the
injection well was used. A time period of 30 years duration for injection, and a total simulation
time of 100 years was evaluated.

Other scenarios to be evaluated in future work include analysis of additional abandoned wells,
additional injection wells and altern ative injection rates, potential for leakage from the caproc k
due to overpressuring or lack of caprock integrit y, inclusion of heterogeneities in the in jection
zone, and alternative cost models for the injection/monitoring facilities. The base case as well as
some of these additional scenarios are listed in Table 2.

Table 2. Sequestration Scenarios

Number Scenarios Description

1 Base case Injection to base case system,
with potential for release
along distant fault system or a
single abandoned well.

2 Multiple abandoned, leaking boreholes Injection to base case system
with potential for release from
multiple abandoned, degraded
closed wells.

3 Leaking caprock Overpressure the system due
to injection rates, and allow
leakage through the caprock.

4 Impact on upper groundwater aquifer Injection through the system
escapes to hypothetical upper
groundwater  aquifer, and
impacts the water chemistry in
the aquifer.

5 Heterogeneous injection zone Modify the injection zone to
include heterogeneities in
permeability/porosity.

6 Surface facility optimization Incorporate surface facilities,
including cost and alternative
injection rates.
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4. DEVELOPMENT OF PROTOTYPE EPAS

The prototype of EPAS was developed by wr apping an existing m ulti-phase, multi-component
reservoir simulator (T OUGH2) with anun  certainty qu antification and optim ization cod e
(DAKOTA).

4.1. Description of TOUGH2

TOUGH2 is a widely used num erical simulator for a variety of problem s (Pruess et al, 1999).
The simulator facilitates modeling of nonisothermal flows of multicomponent, multiphase fluids
in one, two, and three dim ensional porous and fr actured media. The simulator in cludes several
equation-of-state (EOS) modules, includi ng one that allows injection of CO ; and simulation of
all the surrounding processes.  This EOS specific to CO , is the so-called ECO2N m  odule
(Pruess, 2005), and is a fluid property module designed for applications of geologic sequestration
of CO; in saline aquifers. For this analysis, TOUGH2 version 2.0 was utilized.

4.2. Description of DAKOTA

DAKOTA ( Design Analysis Kit for Optim ization and Terascale Applications) is a software
toolkit that provides a flexib le and extens ible interface between sim ulation codes and iterativ e
analysis methods used in large-scale sy stems engineering optim  ization, uncertainty
quantification, and sensitivity analysis (Eldred et al, 2002). The DAKOTA toolkit can perform
parameter optimization through the use of gradie nt and nongradient-based m ethods. It can also
be used to conduct sensitivity analysis with the purpose of investigating variability in response to
variations in m odel param eters using sam pling m ethods such as Latin Hypercube Sam  pling
(LHS), among others. Further ca pabilities of the toolk it include uncertainty quantification with
sampling, analytic reliability, and stochastic fi nite elem ent methods; and param eter estim ation
with nonlinear least squares m ethods. These cap abilities m ay be use d on theirownora s
components within system models. By e mploying object oriented design to im plement
abstractions of the key components required for iterative systems analyses, the DAKOTA toolkit
provides a flexible and extensible problem -solving environm ent for design and perform ance
analysis of computational models on high performance computers. For this analysis, DAKOTA
version 4.0 was utilized.

4.3. Wrapping TOUGHZ2 with DAKOTA

Specific to this study, a DAKOTA based nondeterm inistic sampling algorithm is implem ented
for the enhanced perform ance assessment (EPAS) fra mework. Figure 5 schem atically depicts
the overall schem e of how DA KOTA is coupled to TOUGH2. The  overall sampling flow
involves em bedded TOUGH2 func tional evaluations within a DAKOTA run. First, a set of
uncertain parameters with assigned probability distributions is specified in the DAKOTA input
parameter file. A sam ple is drawn using Lati n Hypercube sam pling (LHS). The sam ple is
processed by an input filter routine to transcri be each sample elem ent, comprising a value for
each uncertain parameter, into a formatted template file that is compatible with TOUGH2. After
each sam ple elem ent is executed, an output filte r extracts the pertinent output v alues via an
output filter routine and returns these to DAKOTA.
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LHS can be described as a stratified sa mpling method where the range of each variable to be
sampled is divided into intervals of equal probability and a value is randomly sampled from each
interval (Adams et al., 2010). Sampled values are random ly paired for different variables to
form sample elements. Overall, L HS needs f ewer samples relative to other rando m sampling
methods (e.g., Monte Carlo) to obtain statistica  lly stable estim ates of m ean values and has
become widely used in uncertainty analysis. DAKOTA summarizes the statistical spread of the
output observations at the completion of each DAKOTA run.

DAKOTA SAMPLING SCHEME

Sampling

Parameters

functional evaluations

Figure 5. Schematic of DAKOTA-based EPAS framework
4.4. Parallel Version of DAKOTA-TOUGH2

DAKOTA is designed to support large-scale simulati ons that can be comput ationally intensive.
Different levels of parallelism are available fo r users to utilize in DAKOTA. Fo r the EPAS
framework, a hybrid parallelism is assumed. Figure 6 shows how the flow of infor mation works
in a hybrid implementation. Extraction scripts embedded in the DAKOTA simulation script were
also developed for the extraction of TOUGH?2 outputs in each code run.
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DAKOTA - TOUGH2
HYERID PARALLELISM

Asynchronous
concurrency

Serial
TOUGH2 TOUGH? TOUGH2 functional
evaluations

Caollect
Observations

Figure 6. Schematic of hybrid parallelism used in the CSS-PA study

Specification of asynchronous concurrency within DAKOTA provides a level of parallelism at
functional evaluation level. Thr ee concurrent serial TOUGH2 (T2) jobs can be executed at any
given time as long as the computational CPUs are available. This level of parallelism essentially
shortens the overall calculation cycle. Such coupling can further be refined and expanded to run
in parallel on the high-performance computational clusters at SNL.
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5. DEMONSTRATION OF PROTOTYPE EPAS

5.1. General Description of the Model

Here we present a hypothetical conceptual an  d num erical m odel of t he carbon sequestration
system that we used to dem onstrate feasibility for our coupled reservoir-optim ization portion of
the PA model. This conceptual m odel is a si mplified version of a proposed benchm ark problem
for CO; injection and storage discusse d by Class et al. (2009 ) and is used to develop input for a
numerical model, as well to help guide evalua tion of uncertainty of a variety of relevant
parameters as identif ied in Table 3. This is designed to be generally applicable to subsurface
carbon storage pilot projects currently underway as part of DOE/NETL’s partnerships for carbon
sequestration (NETL, 2010a). Petrophysical parameters and spatial heterogeneity were chosen to
loosely correspond to the Frio p ilot injection project near the Texas Gulf Coast, USA involving
the Oligocene Frio Form ation as storage  reservoir and the overlying Miocene Anahuac
Formation as caprock. Parameter values are listed in Table 3.

Table 3. List of Input Parameters

Input parameter Value Note

Physical configuration & geologic setting

Length 3 km

Dip 0 No dip

Thickness of host rock 30m

Thickness of caprock 70m

Thickness of shallow 100 m

aquifer

Depth at top of host rock at 1.5 km

injection well

Distance of leakage well 1.0 km A fixed location selected

from injection well

Temperature 25°C A constant temperature
selected

Salinity of brine 20,000 ppm A constant value selected
for the host rock only

Velocity of brine flow 0 No regional ground water
flow considered

Operational conditions

Injection rate 0.05 - 0.3 kg/s Uniform dist.

Productivity index 1x10% - 2x10# m? Uniform dist.

Flowing wellbore pressure ~15 MPa Constant — hydrostatic for
each element

Duration of brine-CO, 30 years Injection followed by 70

injection cycle years of observation
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Injection depth

1512 m-1522 m

Below surface

Hydrologic properties

Reservoir Average Porosity 0.322 Constant
Reservoir Average 3.12x10 "% m? Constant
horizontal permeability

Reservoir Average vertical 3.12x10"°*m? Constant
permeability

Reservoir Residual water 0.0 Constant
saturation

Reservoir Residual gas 0.222 Constant
saturation

Reservoir van Genuchten 0.43 Constant
parameter A

Reservoir van Genuchten 1.45x10” Pa™ Constant
parameter 1/Po

Caprock porosity Range: 0.01-0.10; mean: Normal dist.

0.055; std dev: 0.0225

Caprock permeability

Range: 5x10™° - 5x10™ m*;
mean: 1.1802x10*®* m?; std
dev: 6.807x10%® m?

Lognormal dist.

Caprock Residual water 0.0-0.3 Uniform dist.
saturation

Caprock Residual gas 0.2 Constant
saturation

Caprock van Genuchten 0.40 Constant
parameter A

Caprock van Genuchten 1.61x10” Pa™ Constant
parameter 1/Po

Aquifer Average Porosity 0.322 Constant
Aquifer Average 3.12x10"% m? Constant
permeability

Aquifer Residual water 0.0 Constant
saturation

Aquifer Residual gas 0.222 Constant
saturation

Aquifer van Genuchten 0.43 Constant
parameter m

Aquifer van Genuchten 1.45x10° Pa* Constant

parameter 1/Po

Fluid properties

Critical pressure of CO; 7.38 MPa
Critical pressure of brine 22.09 MPa
Critical temperature of CO, 31.05°C
Critical temperature of brine 374.2 °C

Critical volume of CO,

9.4x10° m®mol
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Critical volume of brine | 5.6x10™° m*mol |

Other parameters

Time scale for model 100 years
simulation

5.2. General Attributes of the Model
Computational Model and Ranges of Parameters

To demonstrate feasibility of the approach, we constructed a 2D m odel based on the commonly
used storage reservoir — caprock- overlying aqui  fer conceptual m odel. For our purposes, our
simulation domain is a 3000 m by 200 m rectangular domain 1330 m below gr ound surface
(Figure 7; also Figure 4). The reservoir is ta ken to be 30 m thick, with both hom ogeneous and
heterogeneous properties. The overlying caprock, with homogeneous properties, is 70 m thick,
and the aquifer, at the top of the domain, is taken to be 100 m thick. A finite volume grid used in
the numerical simulations discussed below is shown superimposed upon the three spatial regions.
Injection of super critical CO, (scCO,), a leaky well scenario, cap rock leakage, and brine and
CO; migration driven by injection- related rise in pressu re are th ree asp ects of the conceptual
model that are investigated by num erical means. The 2D nature of the simulation dom ain could
represent a slice im pacted by injection from a horizontal well oriented in the out-of-plane
direction.

Porosity
0.322
1330 meters below ground surface
WD‘:DJ&E\DUJ
I Il L 0.266
= IIIInII
(il Ml 200 m
Caprock _h-‘ i
Ruz—:‘ser\foirj| = 0.156
b 3000 m ¥
0.100

Figure 7. Conceptual reservoir-caprock-aquifer model for subsurface carbon storage, with
superimposed numerical grid for TOUGH2 simulations.
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Ranges in porosity, pe rmeability, capillary pressure-saturation curves, and relative perm eability
that will be used in the num erical modeling are taken from values determ ined by the Texas
Bureau of Economic Geology as presented by Holtz et al. (2005). Mean values for the storage
reservoir correspond to those from the upper por tion of the Frio Form ation, while the lowest
value for the caprock is taken to be that for the overlying Anahuac Formation. Higher values of
caprock permeability would result from, e.g., natural or induced fractures, an important leakage
scenario. Values for the “aquifer” region are taken to equal the m ean porosity from the upper
Frio as given by Holtz et al. (2005). These are summarized in Table 4.

Table 4. Petrophysical parameters for the upper Frio Formation and Anahuac Formation shale
(after Holtz et al., 2005)

Parameter Clean Upper Frio “Shaley” Frio Anahuac
Formation

Mean Porosity 0.322 0.100

Mean Permeability, m* 3.12x10%3 1.67x10* 5.29x10*°

Sis 0.999 0.999 0.999

P, (psi)* 10 10 4000

AL 0.43 0.43 0.67

Sy (residual water 0.08 0.54 0.0

saturation)®

Sy (residual gas 0.20 0.20 0.10

saturation)*

ISIS, P,, A, Sii, and S, are parameters in the Van Genuchten (1980) model for capillary pressure and relative
permeability.

Multiphase Flow Parameters

For multiphase flow parameters (capillary pressure curves, and relative perm eability), we apply
the van Genuchten formulation (van Genuchten, 1980) to the experimental results given by Holtz
et al. (2005). Although we did not attem pt rigorous curve fits  to extract param eters, the

parameters given in Table 4 were found by a qui ck trial and error visual fit to several data points
from capillary pressure curves; thes e are shown in Figure 8. Inte restingly, the curves for the
“Clean” and “Shaly” Frio of Holtz et al. (2005) can both be fit  just by modifying the residual

water saturation. These parameters are summarized in Table 4.

34




G000

A 70000
N N A Clean Frio, model —  coonn C.
— S000 A -G =L
n o
2 - “ . Clean Frio, Holtz o 50000 - + Anahuac Fm Model
E i etal E
= . T 40000 *
o3 1w { Shaley Frie, $
@ model Pl Anahuac Fm, pts
= oo 30000 - '
o .
> 2 “ Shaley Frio, pts = from Holtz et al
© = from Holtz et al g 20000 4
5— 100 % 10000 - *
© ) ‘e *s
~ X',-\— . K3 w . ’..."00000
ol " Shaapaaasd P uwuwnux 0 - - - : -
0 0.2 0.4 0.6 0.8 1 0.2 04 0.6 0.8 1
1 M lm b
> 4 | - 094 @ .
= 0 B. e scCO,
= = g 4
- 0.8 - pp ]
0 L0 .
48} 0.7 SCC02 o 0.7 4 ™ *
m - . m 0.6
E o6 - = U ™
- [ .
T s = o 05 - brine *
(a1 ’ = [l
g 04 . g 4 [ ] L 4
Z 45l ] brine 2 03 ] .
o | o, n ¢
o 02 - . [ " .t
e [ | . +* oc g1 y 3
0 O—O—H—O—Q—Q—H—O—:—'—.—.-‘—‘—\ 0 ..,_._._._._._Q_L,_.l.._._._._
0 0.2 04 0.6 08 1 0 0.2 0.4 0.6 0.8 1

Brine Saturation Brine Saturation

Figure 8. A. Capillary pressure curves for “Clean” and “Shaly” Frio Formation sands showing
select data points from Holtz et al. (2005) and corresponding fit to van Genuchten formation. B.
Corresponding gas and liquid relative permeability for the upper Frio “Clean” sand plotted as a

function of liquid, or brine, saturation. C. Capillary pressure function for Anahuac Formation
shale, via select data points, and corresponding fit to van Genuchten formulation. D. Gas and
liquid relative permeability for Anahuac Formation as determined using capillary pressure curve
parameters.

Heterogeneity in Reservoir Properties

Because subsurface carbon storage involves a certain degree of uncertainty in storage reservoir
properties (as most saline formations are not targets of explorati on for resources like petroleum
and water), we need to account for heteroge neity in reservo ir pr operties like porosity,
permeability, and capillary pressure. Distributions of porosity and perm eability, and their cross -
correlation for the Frio exam ple, are taken from well log and core plug m easurements as given
by Holtz et al. (2005). S uch data are generally analyzed for thei r spatial correlation using auto-
correlation functions or so-ca lled variogram s which describe  graphically how porosity and
permeability vary spatially. One m ethod to include heterogeneity in petrophysical properties for
flow sim ulations is to use a variogram for aparticular sedim entary facies, along with
distributions of porosity and perm eability and their correlation, to generate m ultiple realizations
of porosity and perm eability fields. This is  beyond the scope of the current work; for our
purposes here we have generated one such r ealization using the geostatistic  al techn ique
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“Sequential Gaussian Simulation” via the SGSIM program, part of the GSLIB soft ware package
(Deutsch and Journel, 1 998). A correlated perm eability is obtained using the coregionalizatio n
method that uses a relationship between core and wireline log porosity values and perm eability
measurements made on core, produ cing spatially correlated perm eability values (R autman and
McKenna, 1997). This was done with the COREGS5  software provided by Sean McKenna of
Sandia National Laboratories (McKenna, 2010). Capillary pressure heterogeneity can be derived
from the porosity and permeability fields using the Leverett “J” function as is commonly used in
petroleum engineering (Saadatpoor et al., 2007). Although not describe d in detail here, we have
found that the Leverett “J” m ethod can be reconciled with the e xperimental capill ary pressure
data of Holtz et al. (2005) by varying only the residual water saturation.

Numerical Solution

For numerical solution of the par tial differential equations describing injec tion of super cr itical
CO; (scCOy), immiscible displacement of subsurface brines, and subsequent fate and transport of
scCO; in our simple model, we use the finite volume method and TOUGH2 reservoir simulator
(Pruess et al., 1999) along with the ECO2N equa tion of state module (Pruess, 2005). We employ
a 2D grid with 4160 cells (shown in Figure 7) wh  ich is fairly coarse, but permits num erical
convergence over a range of param  eters, that we can us e to de monstrate feasibility of our
approach. Heterogeneity in por osity and perm eability are mapped onto the TOUGH2 grid usin g
the GSLIB software described previously by discre tizing the distributions in terms of 20 distinct
material types. Frequency distributions of values of porosity and permeability determined by this
method are shown in Figure 9.

> 2500 o 2 o®e
S 2 . @ .
= 1500
T
E 1500 - r'Y & * *
(N 1000
100 . . * &
500 .
g & * . ¢
L ]
0 ——.—m“’—.—.ﬁo“—. et e o
1] 01 0.2 0.3 04 0.5 15 -14 13 12 11 1
Porosity LoglO(Permeability, m?)

Figure 9. Frequency distributions of porosity and permeability used in 20 TOUGH2 material
properties.

Injection is accom plished by m eans of 5 cells with a con stant injection rate, and a leaky we 11
scenario is investigated usi ng the “well-on -delivery” capab ility of T OUGH2. We em ploy a
leakage rate that is proportional to the fluid pressure above hydrostatic and a productivity index
that is a f unction of the perm eability of the cells sur rounding the lea ky well cells. For our
purposes here, leak age is only to the surface, and not through the caprock into the overly ing
aquifer. Als o included are so-called FOFT cells , used to obtain tim e dependent cell-specific
output during a TOUGH2 run. These, along w ith plots showing an exam  ple of spatial

36



heterogeneity in porosity and permeability in th e simulated upper Frio reservoir, are shown in
Figure 10, and are used in an example simulation in the next section.

Mesh and Spatial Porosity/Permeability Heterogeneity

RN
AR

I N
s

FOFT cells ==

Injection well Leaky well and

Porosity

Horizontal Permeability (mA2)

Figure 10. Mesh, location of injection and leaky wells, FOFT cells, and spatial heterogeneity in
porosity and permeability in the storage reservaoir.

5.3. Results of EPAS demonstration
5.3.1. Deterministic case

An example of CO; injection using the 2D m odel in Figure 10 is shown in the next two figures.
The injection rate for this exam ple was 0.35 kg/ s and was distributed equally over 5 cells.
Permeability of the caprock was fairly  high in this ex ample, equal to 2.7x10 > m* The van
Genuchten A param eter was taken to be equal to 0.67, as givenin T able 4 for the Anahuac
Formation. A fairly substantial overpressure, equal to 21 MPa, develops adjacent to the injection
well (Figure 11A). This exceeds the hydrostatic pressure beneath the caprock (~15 MPa) by a
significant amount and, depending on the horizontal  stress regime, may be getting close to a
level large enough to induce fracturing near the = wellbore. This dissipate s after about 10 years
largely due to leakage through the caprock so th  at pressures return to near hydrostatic. The
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influence of the leaky w ell is evident in the as ymmetric pressure; the productivity index chosen
for this run is high enough so that well release buffers the zone downstream from any injection-
related pressure increase.

Figure 11B shows the progressive development of the scCO; plume. A typical “gravity override”
profile is seen to develop and persist after 1 year of injection, but caprock properties are such that
scCO; leakage into the caprock is ev ident even after one year. By 5 years, som e scCO; has been
transported into the overlying aquifer. The presence of the conductive leaky well is evident in the
asymmetry of the scCO; plume. The pressure dissipation surr ounding the leaky well is such that
the s cCO, plume develops an asymm etry and has adva nced more toward th e leaky well than
away from it after 5 years of injection. By 50 years, scCO ; has begun to pond at the top of the
aquifer, which by default is an impermeable boundary.

Leakage of NaCl and aqueous CO; into the caprock associated with injection is shown in Figure
11C and D. Little if any brine is seen to m igrate into the aquife r after 50 years of injection, as
most water displa cement is to th e sides of the reservoir domain or up the leaky well. However
aqueous CO ,, which attends the scCO ; transport through the caprock , is quite evident in the
aquifer after 5 years of injection. The heightened NaCl mass fraction near the wellbore is due to
salt precipitation accompanying dryout of brine near the wellbore.

Figure 12 shows tim e series of pressure, scCO , Sg (saturation), aqueous CO ,, and NaCl m ass
fraction at two cells during the injection simulation. Element 2121 (this is the TOUGH?2-assigned
cell nam e in the grid, shown in the blue curves) occurs just above the injection zone at the
reservoir caprock boundary, while elem ent 3551 (brown curves) occurs just above the injection
zone at the caprock-aquifer boundary. Both cells experience a si milar pulse of pressure increase
following initiation of injection, which di ssipates after about 10 years as the scCO  , plume
migrates to larger portions of the reservoir and leaks through the caprock. A similar rise in scCO,
is seen in b oth cells, but a maximum in cell 35 51 occurs and then levels off, presumably as the
pressure levels off and scCO; spreads upward through the caprock and into the aquifer. From the
time series of NaCl mass fraction for cell 3551, no brine has migrated upward from the injection
well from injection.

This simple case illustrates the physics behind our leakage scenarios o fleaky well and leaky
caprock and is used for the coupled DAKOTA- TOUGH?2 feasibility study discussed below. In
order to m inimize sim ulation tim es, for the DAKOTA realizations, we assum e ho mogeneous
reservoir p roperties, an d will assu me zero salinity throug hout the s imulation do main. These
assumptions have little effect on the overall leakage realizations we investigate below.
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Figure 11. Profiles with time of consequences of CO, injection using the mesh and model
shown in Figure 7. A. Profiles of pressure (Pa) after 1, 5, 10, and 50 years of injection. B.
Profiles of scCO, saturation after 1, 5, 10, and 50 years. C. Profiles of mass fraction of NaCl
(both dissolved in aqueous solution and solid) after 1, 5, 10, and 50 years. The high NaCl
amounts near the injection well are solid salt, due to dry-out associated with injection near the
wellbore. D. Profiles of aqueous CO; after 1, 5, 10, and 50 years of injection.
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FOFT Results {Elem 2121 is just above

injection well atreservoir-caprock boundary;
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Figure 12. Time series of pressure, scCO, saturation, aqueous CO, and mass fraction of NaCl

for elements 2121 and 3551 in the TOUGH2 grid. Element 2121 occurs just above the injection

well at the reservoir caprock boundary, while element 3551 occurs just above the injection well
at the caprock-aquifer boundary.

5.3.2. Multiple realization case

The coupled DAKOTA- TOUGH2 s ystem was run using sampled values of the five uncertain
parameters specified in Table 3; injection ra te, abandoned well productivity index, and caprock
properties of permeability, porosity and residual liquid saturation. For this demonstration, twenty
seven input vectors were developed and utilized in TOUGH?2 simulations. In all cases a sampled
constant amount of CO, is injected for a p eriod of 30 years and the simulation is continued to a
total tim e of 100 years to observe CO  ; m ovement in the injection zone and through the
abandoned well and caprock. Key results from the twenty seven vectors are shown in Figures 13
to 19. Figures 13 and 14 show pressure and gas  saturation results in an injection well m odel
element (Element 821) located in the middle of a 5-element injection column. The horsetail plots
of pressure and saturation for the twenty seven vectors show a spread in results, a direct effect of
the range of sampled parameters. Pressure builds up rapidly in the injection well element and the
surrounding elem ents as m ore CO ; is injected and brine is pushed o  ut. The increased CO ,
injection also results in incr eases in gas saturation. The magn itude of the increases depends
primarily on the injection rate and to a lesser extent on the other sampled param eters. Thus,
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vectors with low injection rates show lower pre ssure build-up. W ith time the pressure build-up
decreases as the brine is pushed further and fluid m oves to the abandoned well and the caprock,
away from the injection well. Use of a hom ogenous reservoir with a permeability of 1.94 x 107
m?” also facilitated movement of fluid away from the injection well. Higher gas saturations in the
injection w ell were maintained by high capilla  ry pressure conditions . W hen t he capillary
pressure in the injectio n well element reach es the m aximum specified (i.e. 2 x 10’ Pa in the
reservoir) brine flow into the element is reduced, and thus high gas saturations are maintained.

Figures 15 to 17 show results of pressure, gas saturation and CO , leakage in an abandoned well
element (Element 1782) located in the middle of a 6-element column. Pressure and gas saturation
build-up occur early, as a result of fluid (CO, and brine) movement into the abandoned well. The
build-ups occur at a d elayed time when com pared to the injection well, as the injection effects
are felt in the abandoned well. The build-up in pressure and saturation at the abandoned well also
resulted in increas ed C O, leakage. As shown in Figure 1 7, leakage increases until around 30
years, when the CO , injection is stopped. To evaluate th e amount of leakage the Deliverability
model of TOUGH?2 wa s utilized. A ccording to the Deliverability m odel the am ount of leakage
(liquid and gas) is a function of pressure difference between the reservoir pressure in the selected
element and a specified flowing bottom hole pressure, productivity index and relative
permeability. For this exercise the bottom hole flowing pressure was selected to be equal to the
hydrostatic pressure at the element, while the productivity index was sampled as shown in Table
3. The variation in the m agnitude of leakage in Figure 17 depends on the sam pled values of the
uncertain parameters, including the productivity index. The peak le akage rate is a big portion of
the total injection rate, indicating that for this exercise the ab andoned well is a major conduit for
CO, migration. In a more realistic setting the heterogeneity in the host rock and the caprock, and
conditions of the abandoned well would control ~ fast migration. A fine r m eshing would also
provide m ore accurate results. Als o, note the tim e step selection in th e simulations leads to
discrete, rather than co ntinuous results. This could be m itigated with m ore refined tim e-

stepping.

The CO; also migrates to the cap rock overlaying the reservo ir and to th e aquifer abo ve it. The
mass balance of CO ; in the three modeled m aterials (rock types) provides the total am ount of
CO; that migrated to the caprock an d the aquifer. Migration patterns at specific locations can be
studied by plotting fluxes at specific elem ent boundaries. F igures 18 and 19 show gas flux or

flowrate versus time plots for the 27 vectors, at two selected locations representing the reservoir-
caprock boundary and the caprock-aquifer boundary. [Note: Figures 20 to 23 provide the total
extent of CO ; movement to the caprock and the aquifer over 100 years.] The selected elem  ent
boundaries are located on the sam e column as the injection well, shown in Figure 10 designated

as FOFT cells. Figure 18 shows m ovement of ga s from the reservo ir to the cap rock during the
30-year injection period, with a small amount of reverse flow after 30 years. Figure 19 provides

the same trend as in Figure 18.
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Figure 14. Gas Saturation in Injection Well (Element 821) —27 Vectors
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Figure 15. Pressure in Abandoned Well (Element 1782) —27 Vectors. Discrete appearance of
the curves are due to the limited number of model output data points.
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Figure 16. Gas Saturation in Abandoned Well (Element 1782) — 27 Vectors
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Figure 17. CO, Leakage from Abandoned Well (Element 1782) — 27 Vectors
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Figure 18. Gas Flowrate at the Reservoir-Caprock Boundary (Element 1991 to Element 2121) —
27 Vectors. (Negative flowrate indicates flow from reservoir to caprock)
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Figure 19. Gas Flowrate at the Caprock-Aquifer Boundary (Element 3421 to Element 3551) —
27 Vectors. (Negative flowrate indicates flow from caprock to aquifer)

5.4. Uncertainty Quantification and Sensitivity Analysis

The system for storage of carbon dioxide in the s ubsurface has potentially large uncertainties in
the material properties of the st orage area, as well as in the m easurements taken to a ttempt to
characterize the subsu rface. Hetero geneous geologic materials are ubiq uitous in su ch systems.
The degree of uncertainty varies from  site to site, as som e have been investigated m  ore
thoroughly than others (e.g., existing oil and gas re servoirs), and some are more homogeneous in
their material properties than others. There are a number of methods to support quantification of
uncertainty. This quantification can provide a measure of how reliable or accurate results are for
a given carbon storage scenario.

As an exam ple of uncertainty quantification, co ncentrations of carbon dioxide in caprock and
aquifer are important m etrics for evaluating the extent of leak age and therm odynamic balances.
Mass of CO ; appearing in either ga seous or aqueous phase is used as DAKOT A’s response
functions. Figures 20 to 23 show the cum ulative distribution functions of resulting CO  ,
concentrations based on the sam pled parameter vectors. The total CO ; in the gas phase within
the overlying aquifer spans alm ost two orders of m agnitude from 1x10° to 3.5x10 ’ kilograms,
while the total CO, dissolved in aqueous phase varies onl y by a factor of a pproximately 2 from
one sampling point to another. The amount of dissolved carbon dioxide in the overlying aquifer
varies from approxim ately 1.6x10 " to 2.6x10 ’ kilog rams af ter 100 y ears. The two phases
combined yield a substantial presence of carbon dioxide. Lesser am ounts of CO, appear in both
phases within the caprock compared to the injection aquifer after 100 years. The mean values of
CO, mass within the caprock are 1.75x10° kilogram in the gas phase and 1.1x10° kilogram in the
dissolved phase.
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Figure 20. Total amount of carbon dioxide in gas phase within the overlying aquifer after 100
years.
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Figure 21. Total amount of dissolved carbon dioxide in agueous phase within the overlying
aquifer after 100 years.
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Total caprock CO2 in GAS PHASE after 100 years
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Figure 22. Total amount of carbon dioxide in gas phase within caprock after 100 years
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Figure 23. Total amount of dissolved carbon dioxide in agueous phase within caprock after 100

years.
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In addition to checking CO ; quantities in the caprock and overly ing aquifer, the amount of CO ,
in the host rock is assessed. Figures 24 and 25 show cumulative distribution functions of carbon
dioxide within the reservoir in gas and aqueous phases, respectively, after 100 years. Total CO ,
varies from 4.5x10 °to 5.7x10 ® kilogram in th e gas ph ase while the total m ass v aries from
2.0x10° to 1.4x10” in the aqueous phase. For this initia 1 prototype case, the results indicate the

injected CO; is not remaining in the injection zone.
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Figure 24. Total amount carbon dioxide in gas phase within reservoir after 100 years.
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Figure 25. Total amount of dissolved carbon dioxide in aqueous phase within reservoir
after 100 years.

The results from multiple PA realiz ations also allow us to perf orm sensitivity analysis through
variable correlation to identify the important m odel input param eters for CS perfor mance. To
check for correlations between input parameters and the amount of carbon dioxide present in the
reservoir, the param eter values ar e plotted against total am ounts of CO ; in gas and in aqueous
phases. Gr aphs of caprock prope rties (po rosity, perm eability, and res idual water satura tion),
injection rate, and productiv ity index versus aqueous CO , mass are shown in Figures 26 to 30
respectively. Other than the in jection rate, there are no v isible correlations between dissolved
CO; in the aqueous ph ase and cap rock poros ity, caprock perm eability, and capro ck residu al
water saturation. Moreover, ther e is no correlation between productivity index and dissolved
CO; in the aqueous ph ase. However, th e correlation is h igh between the inje ction rate and
dissolved CO; in the aqueous phase. This stronger correlation is expected since the injection rate
directly impacts the amount of CO, entering the reservoir.

Graphs of caprock properties (porosity, perm eability, and residual water saturation), injection
rate, and productivity index versus CO , mass in the gas phase are shown in Figures 31 through
35, respectively. Other than the injection rate, there are no visi ble correlations between gaseous
CO; in the reservoir and caprock porosity, capr  ock perm eability, and caprock residual water
saturation. Similarly, there is no correla tion between productivity index and gaseous CO ; in the
reservoir domain. As depicted in Figure 34, the correlation  is less pronounced between the
injection ra te and CO ; in the gas phase at low injectio  n rates in the ra nge of 0.01 through
approximately 0.025 kg/s. Additional analysis is need ed to clarify this effect. The effect of low
and high injection rates is also evid ent in Figures 33 and 35 where two dis tinct “bands” of data

50



can be discerned. In Fi gure 33, larger values for gaseous m ass of CO , correspond to higher
injection rates. Thus, the correlation with caprock residual water saturation is not evident as the
correlation with in jection dom inates. However, a t lower inje ction r ates, a tren d is obse rved
where high er cap rock residual saturation would correspond to lower brine m  obility in the
caprock, and therefore, higher CO , gas mobility. This would lead to higher CO ; migration into
the caprock, and reduced gaseous CO , mass in the reservoir. Figu re 35 also indicates the data
“band” separation for the lower and higher injection rates. However, any meaningful correlation
at these injection rates is not eviden t because of the narrow range of productiv ity index selected
for this problem.
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Figure 26. Sampled porosity values versus total dissolved CO, within the reservoir after

100 years.
Caprock Average Permeability vs. Reservoir Dissolved CO2
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Figure 27. Sampled permeability values versus total dissolved CO, within the reservoir
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Residual Water Saturation vs. Reservoir Dissolved CO2
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Figure 28. Sampled residual water saturation versus total dissolved CO, within the
reservoir after 100 years.
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Figure 29. Sampled injection rates versus total dissolved CO, within the reservoir after
100 years.
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Productivity Index vs. Reservoir Dissolved CO2
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Figure 30. Sampled productivity indices versus total dissolved CO,within the reservaoir
after 100 years.
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Figure 31. Sampled porosity values versus total gas-phase CO, within the reservoir after
100 years.
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Figure 32. Sampled permeability values versus total gas-phase CO, within the reservoir

after 100 years.
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Injection Rate vs. Reservoir CO2 in GAS PHASE
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Figure 34. Sampled injection rates versus total gas-phase CO, within the reservoir after

100 years.
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6. DESCRIPTION OF OPTIMIZATION APPROACH

Because of time constraint, we have dem onstrated the capability of the EPAS for its forward PA
calculations but not for its invers e model part. Since we have successfully dem onstrated the use
of DAKOTA as the PA driver of the EPAS (see S ection 3), the inverse model part can readily be
demonstrated with the built-in optimization capab ility in DAKOTA. Such demonstration will be
part of future work. To fully utilize the capabilities for optim ization within DAKOTA, a
conceptualization of the system was develope d including high level param eters for m ajor
components of the system. The selection of th ese optimization metrics and the overall approach
to optimize the system performance is described below.

6.1. Selection of Optimization Metrics

There are a num ber of issues arising from recent co mplex system s (both controlled and
uncontrolled) that may support the effort to m inimize the cost and the risk, while optim izing the
injection of carbon dioxide. The ov erall carbon storage system has a top-level set of m etrics to
be optimized. These include the m aximum injection rate, the accep table form ation pressure,
minimum level of leakage of the injected carbon dioxide, and overall cost of the system. For the
cost com ponent, such things as the num ber of injection wells, the number of downhole and
surface sensors to detect both pressu re and leakag e, and the appropriate tim ing of satellite data
collection to evaluate s urface el evation changes and leak age. The prim ary objective is hig h
performance accuracy and reliability in an uncontrolled and uncertain environment.

6.2. Detailed Optimization of Carbon Sequestration System

The initial effort to optim ize the carbon storage system invol  ved assessing the key system
parameters as described in Section 3. There were a number of natural system parameters, as well
as the engineered system parameters for the injection well and its operation. The cost parameters
were not included in th e optimization of the system , though th ey clearly are im portant if the
subsurface carbon storage approach istob ea significant benefit in the reductio n of carbon
dioxide emissions.

The initial effort provided som e useful lessons a pplicable to future scaleup of these analyse s.
The computational power required for codes such as TOUGH2 and DAKOTA is significant, and
may be a key to the f uture applicability of the tools. The concept of a desktop assessm ent may
not be feasible in real tim e, due to the pro cessor and m emory requirem ents of the analyses,
especially when we con sider larger data s treams and m ore injection/leakage wells. W e used a
simple structured grid for this analysis, and uns tructured or Voronoi meshes could be applied for
more efficient num erical strategies. Linkage of TOUGH2 and DAKOTA was not a seam less
process either, indicating there m ay need to be some development on the inte rface with othe r
process models if the substantial capability of the DAKOTA toolset are to be further utilized for
subsurface carbon storage analyses.
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6.3. Fusion of Modeling with Carbon Data

There are a num ber of ¢ arbon sequestration or injection projects ongoing both in the U.S, and
internationally. Figure 36 shows the location of projects in the U.S. (NETL, 2010b). There are
several significant international projects often cited as exam ples of successful injection projects,
including Weyburn in Canada (NETL, 2010c), Sleipner in the North Sea, and In Salah in Algeria
(EPA, 2010). These projects are pr oducing significant data for an alysis and poten tial inclusion
into models to support enhanced predictive capabi lity. To appropriately incorporate this large
amount of data, applicability to the m odel, and appropriate ness for updating the m odel, the
inverse m odel capability developed in the E PAS would be useful. This effort would be
conducted in future phases of the development of the PA capability.

Carbon Sequestration Projects |@ eecambsoncoar
Locations of Primary Contractors :: Seologic Carbon Capture
-

Sim & Risk Assessment

CO, Use/Re-Use

iy
ETL "Project location may be different than location of Primary Contactor
A 0%

Figure 36. Map of Carbon Sequestration Projects in U.S. (NETL, 2010b)

6.4. Management Tools for Prioritization of Carbon Sequestration
Program

To be useful for m anagement decision m aking, the approach needs to be able to be conducted
rapidly, with capability to conduct sensitivity analyses for param eters perceived important, have
useful visualization capabilities, and properly optimize the system. As noted previously, some of
the key param eters to be optim ized include the overall injection schem e (volumes, tim ing,
number of injection points, etc), the cost ev aluation/investment eval uation scenario. The
injection scheme will necessarily include the uncertainties of the host formation.

57



7. SUMMARY AND FOLLOW-ON WORK

Under the support of Laboratory-Directed Resear ch & Development (LDRD), a late-start LDRD
project was initiated in June of Fiscal Year 2010 to explore the concept of an enhanced
performance assessment system (EPAS) for carbon sequestration and storage. In spite of the tight
time constraints, significant progress has been made on the project: (1) Following the general PA
methodology, a prelim inary Feature, Event, and Process (FEP) analysis was perf ormed for a
hypothetical CS syste m. Through this FEP analysis, relevant scenarios for CO , release were
defined. (2) A proto type of EPAS was develop ed by wrap ping an exis ting multi-phase, multi-
component reservoir simulator (T OUGH2) with an uncertainty quantification and optim ization
code (DAKOTA). (3) For demonstration, a probabilistic PA analysis was successfully performed
for a hypothetical CS system based on an existing project in a brine-bearing sandstone. The
work lays the foundation for the developm ent of a new generation of PA  tools for effective
management of CS activities.

During the conduct of the research provided here in, there were a number of areas that were
determined to be of interest in development of the enhanced performance assessment capability
for these systems (see Table 5).

The dire ct integ ration of m ultiple sensors, b oth land an d sate llite based, in to an adaptiv e
integrating modeling system is one of these ar eas. So-called data fusion would be a useful
addition to the too Ikit for th ese analyses. Data fusion involves the comb ination of data from
multiple sources into a struc ture to delive r in ferences or m eaning that is m ore ef ficient and
accurate than if looking at a sing le source of information. For exam ple, pressure monitoring
from C O, injection wells could be com bined with sa tellite land surf ace monitoring to evalua te
potential areas to highlight CO ; monitoring looking for potential releases. Adaptiv e modeling
and mesh or parameter refinement could also uti lize the updated pressure information to further
calibrate the site CO, model. The time scale for such analysis and updating would be dependent
on site and injection characteristics.

The scenarios evaluated in this project were li  mited due to tim e constra ints. However, the
modeling and sim ulation structure has been estab lished to conduct extensiv e scenario analysis
with alternative conceptu alizations (e.g. leakage possibilities) , and cost evaluations. Som e of
these alternative conceptualizations were listed in Section 2. The scenarios can be tailored to be
dependent on the generic or specific storage site under consideration.

Optimization of the key param eters in the carbon storage system was also constrained by the
time allotte d f or the late start L DRD. There are a nu mber of addition al too Is within th e
DAKOTA framework that could be exercised to evaluate the optimal solution for key parameters
in the carbon storage system.

DAKOTA contains a large num ber of capabilities. The research conducted herein pointed out

the need for som e specialized additions to the DAKOTA fram ework to support the conduct of
assessing the carbon storage systems.
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Table 5. Summary of Follow-on Work to Further this Research

Activity

Description of workscope

Estimated level of effort

Refinement of FEP analysis

Additional evaluation and
model development for
FEPs not currently included

4-6 man months

Data Fusion

Develop linkage to various
data sources to provide
rapid updating of site carbon
storage models

3-6 man months

Additional scenarios

Develop and conduct
additional scenarios for
analysis of the performance
assessment technology

2-4 man months

Additional optimization

Utilize the full breadth of the
DAKOTA toolkit for
optimization of the key
parameters of the carbon
storage system

2-4 man months

Additional development of
DAKOTA

Update DAKOTA for PA
specific requirements

1-3 man months
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