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EXECUTIVE SUMMARY

The National Risk Assessment Partnership (NRAP) brings together scientists and engineers from
five U.S. Department of Energy’s (DOE) national laboratories (NL), to develop insights into the
environmental risk behavior of long-term carbon dioxide (CO.) storage in geologic formations.
Through stakeholder involvement, the NRAP program also benefits from the perspective of
industry, government, non-government organizations, and academia regarding research needs on
this topic. Phase | of the NRAP effort has recently concluded and this report summarizes the
results of this 6-year effort. Phase | was focused on quantification of risk and related
uncertainties, using the approach detailed in this report, and summarized in Figure 1, below.
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Figure 1: In the NRAP approach to quantitative risk assessment, sets of full-complexity numerical
simulations of key system components (e.g., reservoir, potential leakage pathways, and overlying receptors)
are used as the basis from which to build computationally-efficient reduced-order models (ROMs). Those
ROMs can then be exercised to understand component behavior, or coupled in an integrated assessment
framework with Monte Carlo-type analysis used to explore full-system risk performance through time, in the
context of system uncertainties.
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Improving the science base to build confidence for long-term CO: storage decisions was another
key aspect that was studied by the project personnel. The main results for this part of the effort

are:

Development of physics based models of geologic carbon storage (GCS), systems and
system components

Demonstration of the validity and limitations of reduced complexity models, and
integrated assessments models

Computational and experimental analysis to address key system uncertainties
Simulation of long term carbon storage system performance, in the context of those
uncertainties

An important set of products from NRAP’s Phase | effort is the set of tools that can be used to
explore environmental risk behavior at CO- storage sites. The NRAP toolset is comprised of ten
simulation tools representing important components of the engineered geologic system related to
understanding the risk for and associated with potential fluid migration and induced seismicity.
The tools, described in greater detail in the body of this report, are summarized below.

The Reservoir Evaluation & Visualization (REV) tool generates pressure and CO-
plumes sizes over time. It may be helpful for making Area of Review (AoR)
determinations.

The Reservoir Reduced-Order Model - Generator (RROM-Gen) tool generates reservoir
look-up table reduced-order models (ROMSs) from established reservoir simulations. It
acts as a conversion tool which creates output that can be used directly by the NRAP
Integrated Assessment Model-Carbon Storage (NRAP-IAM-CS).

The Wellbore Leakage Analysis Tool (WLAT) evaluates existing wells for leakage
potential. The tool also models migration of brine and/or CO; outside of storage reservoir
and explores leakage response as a function of well disposition.

NRAP Seal barrier Reduced-order model (NSealR) estimates leakage through a fractured
seal and flux through a fractured or perforated seal. This tool computes two-phase (brine
and supercritical CO2) flux and includes fluid thermal/pressure dependence.

The Aquifer Impact Model (AIM) tool gives a rapid probabilistic estimation of aquifer
volume impacted by a potential leak. It distinguishes between CO> and brine leaks and is
used to determine impact of threshold criteria.

Multiple Source Leakage Reduced-order model (MSLR) determines the probability that
the receptors are located within the radius of dense gas concentration that is above a
given critical concentration. MSLR handles single- or multiple-source CO> leakage using
a ROM.

NRAP Integrated Assessment Model-Carbon Storage (NRAP-IAM-CS) simulates long-
term full system behavior (from storage reservoir to aquifer/atmosphere). This tool
provides results that can be used to compute risk profiles (time-lapse probability of
leakage and groundwater impacts) and quantitative estimates of a storage site, with
respect to system uncertainty.
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e The prototype Designs for Risk Evaluation and Management (DREAM) monitoring
optimization tool evaluates and selects the optimal monitoring design including
subsurface monitoring design for a specific site. The tool also estimates the time to
detection for the monitoring system.

e The Short Term Seismic Forecasting (STSF) tool forecasts seismic event frequency over
the short term for a window of a few days using probabilistic methods and historical data.
The tool can complement stoplight approach for induced seismicity planning and
permitting.

e Ground Motion Prediction applications to potential Induced Seismicity (GMPIS) tool
estimates ground motion at the surface that could result from potential induced
earthquakes at CO, storage sites, providing useful information for use during the project
planning and permitting stages.

These tools and supporting information can be accessed on the NRAP website
https://edx.netl.doe.gov/nrap.



https://edx.netl.doe.gov/nrap
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1. INTRODUCTION

Geologic carbon storage (GCS), the injection of carbon dioxide (CO) into permanent
underground storage sites, is an important part of our nation’s strategy for managing CO>
emissions. Several pilot-to intermediate-scale carbon storage projects in the United States (U.S.)
and across the world have demonstrated the technical feasibility of GCS. However, some
technical, regulatory, and policy questions remain to be addressed before full-scale GCS can be
implemented in the U.S. and internationally. Business and regulatory concerns still hinder its
rapid commercial deployment. Industry
investors worry about the uncertainties and

potential liabilities inherent in owning an “NRAP is comprised of the Nation’s leading
operation that must remain safe and secure for national laboratories in the areas of
hundreds, if not thousands, of years. geosciences. This work, in turn, will provide
Regulators also need broad technical an incredible toolset for the assessing,
information to effectively address CO: storage.  development, and management of geologic
Of particular relevance to making a business storage of CO for its users. The

case for large-scale, long-term GCS is the development of this tool kit reflects the
development of quantitative, science-based stakeholder collaborations with the labs
methods for estimating long-term resulting in practical and well researched
environmental risks related to potential leakage ~ 2Pplications.”

and induced seismicity. Such methods, and ~Michael Moore,

tools based on those methods, will help inform Executive Director NACCSA,
decision making with respect to two critical NRAP Stakeholder

considerations for full scale carbon storage: 1)
long-term liability and 2) cost of monitoring,
particularly in the period of post-injection site care (PISC).

The U.S. Department of Energy’s (DOE) Office of Fossil Energy and the National Energy
Technology Laboratory (NETL) are conducting research to advance the science and engineering
knowledge base for technologies that will accelerate the business case for large-scale CO>
capture and storage, including prediction and quantification of risks. As part of this effort, NETL
is leading a multi-laboratory effort that leverages broad technical capabilities across the DOE
complex into a mission-focused platform to develop a critical science base and predictive tools
that can be applied to risk assessment for long-term storage of CO»: the National Risk
Assessment Partnership (NRAP). NRAP brings together researchers from five DOE national
laboratories: NETL, Los Alamos National Laboratory (LANL), Lawrence Berkeley National
Laboratory (LBNL), Lawrence Livermore National Laboratory (LLNL), and Pacific Northwest
National Laboratory (PNNL) to conduct integrated, collaborative, mission-driven research. This
collaboration is strengthened even further by drawing on the expertise of academic and industry
partners. Directed by multi-lab technical working groups (WGSs), these research organizations
conduct integrated, collaborative research.

The goal of NRAP is to develop defensible, science-based methodologies and tools for
quantifying risks amidst system uncertainty and to better inform decision making for GCS sites.
To achieve this goal, the NRAP project is being executed in two phases, each of which improves
the science-based platform.
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NRAP has completed Phase | activities (2011-2016), which focused on developing approaches
to quantitatively assess site-scale risk performance. Phase | included efforts to build a critical
science base to constrain key uncertainties in the behavior of important system components,
develop methodologies and predictive tools for rapid estimation of long-term system
performance and related uncertainties, and communicate the functionality and utility of those
products to key GCS stakeholders. Through Phase I, NRAP researchers:

e Generated the first long-term quantitative risk profiles for a full CO. storage system

e Developed predictive tools and conducted focused experimental studies to improve
understanding of potential leakage pathway behavior

e Developed a comprehensive risk model for induced seismicity, as well as tools to forecast
near-term seismic potential and estimate potential ground motion effects from induced

seismicity

e Provided insights into the utility of select monitoring approaches and explored the
potential for optimization of monitoring design

e Developed an integrated assessment model (IAM) coupling computationally efficient
ROMs of various system components to describe whole-system CO; containment
behavior and potential leakage risks and impacts

NRAP Phase | efforts have resulted in the generation of a set of ten risk assessment tools that
have been openly distributed for testing and use by the international carbon capture and storage
(CCS) community. Products from these efforts also include the publication of numerous peer-
reviewed articles and technical reports detailing key findings from laboratory and computational
studies, innovative reduced-order modeling approaches, new risk assessment and uncertainty
quantification methodologies, and new insights into whole system risk performance and key
storage security relationships and issues. Together, these accomplishments help to advance the
state of understanding and provide a path forward for quantitative assessment of risks, risk

management and uncertainty reduction.

The tools and improved science base
developed by NRAP will help operators design
and apply monitoring and mitigation strategies.
They will help regulators and their agents
quantify risks and perform cost-benefit
analyses for specific CCS projects. Finally,
financiers and regulators will be able to invest
in, and approve, CCS projects with greater
confidence because the costs of long-term
liability can be estimated with less uncertainty.
Armed with the ability to quantify risk and to
estimate the cost of long-term liability,
industry will gain the confidence necessary to
invest in CCS projects and regulators,
government agencies, and the public will gain
confidence in predictions of CCS site
performance.

“The NRAP toolkit provides users with the
first complete suite of models to predict and
diagnose the geological integrity of CO2
geological storage sites. Previously this has
been performed using discrete and
independent models, so this is a significant
accomplishment in providing assurance to
stakeholders that CO2 Capture and Storage
(CCS) is safe and secure. Testing and
comparison of results now is an important
step to validate use, along with
incorporation into risk management
methodologies prior to deployment.”

~ Nigel Jenvey, BP
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2. PHASE | ACCOMPLISHMENTS BY WORKING GROUP

NRAP consists of multiple research organizations conducting integrated, collaborative research.
NRAP Phase 1 is further broken down by technical WGs, comprised of researchers from
technical teams from each NL. WGs are responsible for identifying key research needs to meet
NRAP goals and for coordinating research across NLs. Throughout NRAP Phase I, six (6) WGs
were structured around key technical elements associated with risk assessment at a potential
storage site.

2.1 RESERVOIR PERFORMANCE WG ACCOMPLISHMENTS

The Reservoir Performance WG studies during Phase | focused on developing models, tools, and
methods to quantify and assess pressure buildup and CO2 plume behaviors in injection
reservoirs. Extents of pressure buildup and CO. plume are important to describe area of review
(AoR) for monitoring and assessment requirements based on the U.S. Environmental Protection
Agency’s (EPA) Class VI rule for CO; injection wells. The Reservoir Performance WG
investigated and quantified the effects of both operational variables, such as injection rate and
duration, and geological variables on the pressure buildup and CO2 plume extents. The WG
developed new mathematical models for more accurate prediction of post-injection CO>
distribution and trapping. Significant effort was also given to develop computationally efficient
algorithms for visualizing and analyzing reservoir simulation results and developing reservoir
ROMs used in NRAP integrated assessment studies. Approaching the end of NRAP Phase I, the
Reservoir Performance WG conducted other important transitional studies such as development
of a methodology for risk—based description of AoR and development of adaptive management
strategies for risk management. The Reservoir Performance WG accomplishments for NRAP
Phase | are summarized under three categories: 1) Reservoir Modeling, 2) Tool Development,
and 3) Method Development.

2.1.1 Assessment of Pressure and CO2 Plume Behavior

Collaborative efforts between LANL, LBNL, and NETL produced numerical simulations under
different reservoir conditions to assess maximum extents of critical pressure buildup and CO>
plumes as function of injection rate and volume. Selected reservoir types and properties included
1) a generic sandstone formation (regional dip), homogeneous, and permeability variations; 2)
multilayer, domal sandstone reservoir (based on Citronelle [Alabama] field data); 3) domal,
sandstone, and limestone reservoir (based on Rock Springs Uplift in Wyoming) with
heterogeneous properties and multiple injectors; and 4) Vedder formation, sandstone alternating
with shale, Kimberlina, California. An NRAP Technical Report Series (TRS) document
(Bromhal et al., 2014) reported the analyses of the reservoir simulation results in detail, with all
the simulation results achieved. Some of these reservoir simulation results (e.g., the simulations
in Vedder formation published in Wainwright et al., 2013) have been used to generate ROMs
including look-up tables (LUTSs) for NRAP integrated assessment studies. The results have been
used across different NRAP groups for geo-mechanical damage and groundwater leakage risk
assessments.

The simulation results in general, indicate that the pressure plume size increases rapidly during
injection and decays at a relatively faster rate, depending on reservoir boundaries and properties.
The COz plume continues to grow slowly during post-injection time periods. Although the
patterns of the plume sizes as a function of time look similar, the plumes sizes can be
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significantly different for different sites. As shown by the global sensitivity analyses by
Wainwright et al. (2013, 2014), the growth and decay of the pressure plume and extent of the
CO2 plume are very sensitive to different hydraulic and two-phase flow properties existing in
different reservoirs. This indicates the importance of reservoir characterization for reliably
estimating the plume sizes for actual CO; storage projects.

Extracting the data from different simulators and printing the risk metrics related to critical
pressure buildup and CO2 plume sizes required development of a Reservoir Evaluation &
Visualization (REV) tool. Additionally, the REV tool has a graphical interface to visualize
results from different models/simulators under the same platform.

2.1.2 Development and Testing of Improved Reservoir Models

Most of the existing reservoir simulators make the common assumption of constant residual
saturation, neglecting the hysteresis effects. However, there is strong experimental evidence that
residual saturation of the CO depends on the history and the maximum value of CO: saturation
experienced during the invasion of CO.. This necessitated the Reservoir Performance WG to
improve numerical reservoir models by considering hysteresis for accurate assessments and
quantifications of post-injection reservoir processes. The Reservoir Performance WG developed
new hysteretic two-phase flow models (Cihan et al., 2014a, b; 2016) and tested successfully
against experimental data (Trevisan et al., 2014a, 2015). These studies indicated that both
heterogeneity and hysteresis play significant roles for controlling migration and entrapment of
supercritical CO2 (scCOz) during post-injection and also showed the limitations of the existing
reservoir model predictions that neglect hysteresis effects.

2.1.3 Development of Reservoir ROMs

The Reservoir Performance WG developed and tested the applicability of different ROMs
including LUTSs, surrogate reservoir model (SRM) (Mohaghegh et al., 2012), and polynomial
chaos expansion (PCE) (Pau et al., 2014; Shahkarami et al., 2014; Zhang and Sahinidis, 2013a,
b). Some of these methods were reported to be applicable under certain reservoir conditions. The
Reservoir Reduced-Order Model — Generator (RROM-Gen) tool, produced by the Reservoir
Performance WG, interpolates the reservoir simulation results onto a workable grid using LUT
for integrated assessment studies.

2.1.4 Upscaling Tool for Reservoir Modeling

The Reservoir Performance WG also developed an upscaling tool for computationally efficient
calculations of reservoir pressure and CO> plume behavior using coarsened high-fidelity
simulators. This tool generates coarser models from high-resolution reservoir models, including
the effects of sub-grid scale heterogeneities.

2.1.5 Risk-Based Methodology for Area of Review

The Reservoir Performance WG developed a methodology to generate risk maps based on the
potential impact to underground sources of drinking water (USDW) (Woodburn et al., 2016).
Expanding a tiered-AoR description work by Birkholzer et al. (2013), the methodology can be
used to provide risk-based descriptions of the AoR to inform site selection and monitoring during
and post-injection. The demonstration studies assumed the two largest sources of uncertainty to
be the location of the leaky well and the leaky well permeability. The results indicate that 1)
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characterizing conductivity variations of abandoned wells in a storage site is critically important
for reliable predictions of risks, and 2) presence of thief zones (i.e., high permeability non-
USDW layers between the storage zone and USDW) can dramatically decrease risk of brine
leakage into USDW through leaky wells.

2.1.6 Adaptive Management Approaches for “Conformance”

The Reservoir Performance WG developed adaptive management approaches and tested an
initial computational algorithm under generic reservoir conditions. Under an actual CO> storage
scenario, initial model predictions typically carry significant uncertainty due to incomplete
knowledge, and model results can deviate significantly from actual observations. The Reservoir
Performance WG studies demonstrate that conformity of long-term model results with the actual
system behavior could only be approached reasonably closely, modeled within a reasonable
variance by adaptively improving the model with the monitoring data. The adaptive strategies
development initiated during NRAP Phase | will continue to be tested and expanded by adding
“risk management” as part of the adaptive scheme during NRAP Phase 1.

2.2  WELLBORE AND SEAL INTEGRITY WG ACCOMPLISHMENTS

Wells and seals represent the primary pathway through which leaking CO> and/or brine can leave
the storage formation and impact groundwater or other resources. The focus of NRAP Phase | for
wells and seals was on understanding fundamental behavior through laboratory experiments and
detailed numerical simulations. This work was then used to develop predictive tools that enable
the rapid estimation of leakage behavior at the field scale.

2.2.1 Laboratory Experiments

During NRAP Phase I, laboratory experiments conducted by the Wellbore and Seal Integrity WG
were used to characterize the reactive transport processes that affect leakage along pathways in
wells and seals. These resulted in critical observations that solidified the understanding of key
chemical reactions and mechanical alterations that occur along leakage pathways (Carroll et al.,
2016). While the cement used in wells is reactive with CO. and CO.-saturated waters, the
chemical reactions dissolve cement phases while leaving a silica-rich phase that resists flow and
potentially precipitating calcium carbonates. This finding has been observed for a range of
conditions, e.g., pressure, temperature, cement composition, presence of formation rock, and
injected gas contaminants (Carey, 2013; Jung and Um, 2013; Newell and Carey, 2013; Zhang et
al., 2014a, 2014b). Thus, under many conditions, a leak path involving well cement is not
expected to become a self-enhancing leak path. However, there may be conditions when the
system becomes self-sealing. Self-sealing was observed due to secondary mineral precipitation
(Huerta et al., 2015; Um et al., 2014) and due to geomechanical closure of the pathway (Mason
et al., 2013; Walsh et al., 2014). Less laboratory work has been performed on characterizing seal
leakage due to the difficulty in obtaining representative samples and the inability for
experimental apparatus to simulate the correct subsurface conditions, though several case studies
were attempted (Crandall and Bromhal, 2013). Recent advances within NRAP now allow
experimental studies of leakage processes in fractured caprock using direct shear devices (Carey
et al., 2015). These studies reveal the important role of ductile deformation in limiting
development of significant permeability in damaged caprock. These new tools can make use of
more readily available samples (due to the shale drilling boom) to understand how leak-path
permeability changes due to various subsurface phenomena. While there remains several areas
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that need fundamental experimental observations (e.g., casing corrosion and more seal leakage
work) NRAP’s Phase | laboratory experiments have made significant contributions to
understanding leakage risk in wells and seals.
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Figure 2: Well leakage research within Phase | focused on developing first-order models for well leakage at

the field scale, while the fundamental processes for time-dependent leakage were studied using laboratory

and numerical approaches. From this work, a deeper understanding was developed of the complex coupled
reactive transport and geomechanical processes that can lead to self-sealing leakage behavior.

2.2.2 Numerical Simulations

Full physics simulations have been used to understand the effect of reservoir-scale phenomena
on leakage and the time evolution of leakage that more recently incorporates findings from the
laboratory experiments as a basis for the development of predictive tools. Numerical simulations
for a leaky cemented well were conducted using the Finite Element Heat and Mass (FEHM)
transfer code (Zyvoloski, 2007) to develop an understanding of the magnitude for leak flux.
Input parameters considered were well permeability, well depth, reservoir pressure, and CO-
saturation (Jordan et al., 2015). These results were instrumental in developing the ROMs
discussed below. Additional simulations on more complex geometries, for example thief zones,
provided insights to where the leaking brine and CO2 may be transported. These observations are
important for signal monitoring around wells (Harp et al., 2016). Parametric investigations of
wellbore and thief zone permeabilities indicated that as long as wellbore permeabilities were less
than 1x10* m?, leakage remained extremely low, and that significant increases in leakage of
brine or CO2 only occurred when wellbore permeability was relatively high (1x107? m?) and
thief zone permeability was extremely low (1x107*® m?) (Harp et al., 2014). In order to simulate
the worst case leakage scenario of an opened well, a drift-flux model was applied for transient
two-phase non-isothermal flow of CO> and brine (Pan et al., 2011). These results were also used
to develop the ROM for an open well. More advanced simulations were recently conducted to
incorporate observations from the laboratory experiments of the geochemical effects (Brunet et
al., 2016) and the combined geochemical and mechanical effects (Walsh et al., 2014a; Walsh et
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al., 2014b). These results suggest that those effects significantly impact well response, and that a
characteristic sealing behavior is observed at critical fluid residence times and as a function of
several system parameters (e.g., gradient in potential, fracture aperture, leak length). Full-physics
simulations provide not only field-scale understanding of how leakage evolves over time, but can
also be used to develop more computationally efficient models that can, in turn, be used to create
predictive tools for leakage risk assessment.

2.2.3 Predictive Tools

The Wellbore and Seal Integrity WG developed several user-friendly and computationally-
efficient models for estimating leakage along compromised wells and seals. The Wellbore
Leakage Analysis Tool (WLAT) is a collection of four models that captures various aspects of
leakage along wells (Huerta and Vasylkivska, 2016). The NRAP Seal barrier Reduced-order
model (NSealR) uses a stochastic approach to model the leakage of CO2 and brine along
relatively high permeability pathways (i.e., fractures) that traverse a low permeability sealing
formation (Lindner, 2016). These tools can be used to get a rapid assessment of leakage flux and
total leakage for different scenarios.

WLAT comprises models developed within NRAP and by external researchers. The first
component model, the Cemented Wellbore Model, was developed by performing many full-
physics simulations using LANL’s FEHM code over a range of key parameters (Jordan et al.,
2015; Harp et al., 2016). The results are constructed into ROMs to be sampled based on input
conditions. These ROMs estimate the multiphase flow of CO. and brine along a cemented
wellbore. The model can treat leakage to a thief zone, aquifer, or to the atmosphere. The second
component model, the Multi-segmented Wellbore Model, is an adaptation of the models
developed at Princeton University (Celia et al., 2011; Gasda et al., 2012; Nordbotten et al.,
2009). Reduced-physics models were used to treat the leakage of CO2 and brine along wells with
multiple thief zones. This model provides a useful validation case for the Cemented Wellbore
Model. The third component model, the Open Wellbore Model, is a reduced-physics model
based on the drift-flux approach (Pan, 2011; Pan et al., 2011, 2009). This model treats the
leakage of CO> up an open wellbore or up open (i.e., un-cemented) casing/tubing. The last
model, the Brine Leakage Model, a reduced-physics model, was developed based on simple
reactive transport theory and is tuned with experimental observations (Huerta et al., 2014). This
model estimates the leakage of brine considering the effects that geochemical alteration (e.g.,
dissolution and precipitation) may have on the leak-path permeability.

The NSealR tool was developed at NETL to simulate the movement (leakage) of CO> over time
through a thin, relatively impermeable layer of rock overlying a rock formation where CO; has
been injected. The current theoretical base considers the one dimension (1D), two-phase flow of
COz through brine-saturated rock under CO; supercritical conditions.

2.3 GROUNDWATER PROTECTION WG ACCOMPLISHMENTS

The Groundwater Protection WG focuses on predicting potential impacts to groundwater
systems that could occur as a result of CO> storage. A key element of this WG is to quantify
potential changes over time to groundwater chemistry (related to groundwater quality) as a
function of the introduction of fluids (CO- and/or brine).

10
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2.3.1 Predictive Tools

The Aquifer Impact Model (AIM) consists of two ROMs that can be used to predict the impact
potential in the event of a (out of zone migration) or leak that CO. and brine from a CO> storage
reservoir might have on overlying aquifers. The models predict the size of “impact plumes”
according to nine water quality metrics. The development of this computationally efficient tool,
and the underlying reactive transport simulations it emulates, have been described in several
publications (Bianchi et al., 2016; Carroll et al., 2014; Dai et al., 2014; Keating et al., 2016a, b;
Keating et al., 2014). The AIM is well suited to applications that consider a large number of
scenarios such as risk assessment, sensitivity analysis, and uncertainty analysis. In addition to the
stand-alone AIM tool, the groundwater ROMs have also been incorporated into the NRAP-1AM-
CS tool.

More specifically, the NRAP AIM predicts the size of “impact plumes” in shallow aquifers
caused by point-source CO> and/or brine leaks introduced at the base of the aquifer. The input
variables are 1) the location and number of point-source leaks, 2) flow rate of CO> and brine at
each point source, and 3) hydrogeologic and geochemical characteristics of the aquifer. The
output variables are above threshold plume sizes for each of nine water quality metrics and the
flux of CO2 across the water table. If the user is interested in predicting impacts due to time-
varying sequences of flow rates, the AIM will be called at each time in the sequence. For each
point in time, the AIM inputs will be the instantaneous CO> and brine mass flow rate and the
cumulative mass of CO- and brine leaked since the start of the leakage scenario. Although the
AIM tool was developed using site-specific data from two aquifers (Edwards and High Plains),
the models accept aquifer characteristics as variable inputs and therefore, may have more broad
applicability.

2.3.2 Full-Physics Simulations

The AIM ROMs were derived from thousands of full-physics simulations of reactive CO> and
brine plumes in shallow aquifers. These simulations have been archived and can be accessed for
future analyses. Potential applications include monitoring network design (DREAM or other
similar tools) and risk assessment. If new water quality thresholds or metrics are developed in the
future, new versions of the AIM tool could be derived from the archived simulations.

2.3.3 Laboratory Experiments

A series of batch and column experiments and solid phase characterization studies (quantitative
X-ray diffraction and wet chemical extractions with a concentrated acid) (Lawter et al., 2016)
and associated modeling work (Zheng et al., 2016) were conducted with representative rocks and
sediments from an unconfined, oxidizing carbonate aquifer, i.e., the Edwards Aquifer in Texas,
and an unconsolidated sand and gravel aquifer, i.e., the High Plains Aquifer in Kansas. These
materials were exposed to a CO» gas stream to simulate CO; gas leakage scenarios, and changes
in aqueous phase pH and chemical composition were measured in liquid samples (batch
experiments) and effluent samples (column experiments) collected at pre-determined
experimental times.

Laboratory experiments (Varadharajan et al., 2013) and field tests (Trautz et al., 2013) funded by
other agencies, but leveraged with NRAP funding, were also carried out for an aquifer in
Mississippi and simulated with reactive transport models (Zheng et al., 2015). These experiments

11
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and models significantly enhanced the understanding of which elements could potentially be
released in response to the leakage of COy, to what extent could they be released, and what are
the controlling processes and key parameters of these events.

Results from these experimental efforts provided valuable insights for the development of
groundwater impact ROMs, including characterization of release mechanisms for trace metals
from aquifer rock. The results from these investigations provided useful information to support
site selection, risk assessment, and public education efforts associated with geologic, deep
subsurface CO> storage and sequestration (Harvey et al., 2013; Harvey et al., 2016; Lawter et al.,
2015; Lawter et al., 2016; Qafoku et al., 2014; Shao et al., 2015).

2.3.4 No-Impact Thresholds

In order to develop the aquifer impact ROMs, it was necessary to establish baseline datasets and
statistical protocols for determining statistically significant changes between background
concentrations and predicted concentrations that would be used to quantify and define a
contamination plume (Last et al., 2016).

The initial effort examined selected portions of two aquifer systems: the urban shallow-
unconfined aquifer system of the Edwards-Trinity Aquifer System (being used to develop the
ROM for carbon-rock aquifers), and a portion of the High Plains Aquifer (an unconsolidated and
semi-consolidated sand and gravel aquifer being used to develop the ROM for sandstone
aquifers). No-impact threshold values were determined for cadmium, lead, arsenic, pH, and total
dissolved solids (TDS) that can be used to identify potential areas of contamination predicted by
numerical models of carbon sequestration storage reservoirs. No-impact threshold values were
later determined for chromium and barium specifically to support the ROM being developed by
LLNL for the High Plains Aquifer. These threshold values are based on an interwell approach for
determining background groundwater concentrations as recommended in the U.S. EPA Unified
Guidance for Statistical Analysis of Groundwater Monitoring Data at Resource Conservation and
Recovery Act (RCRA) Facilities.

The resulting no-impact threshold values can be used to inform a “no change” scenario with
respect to groundwater impacts, rather than using a maximum concentration limit or secondary
drinking water standard that in some cases could be significantly higher than existing
concentrations in the aquifer. These no-impact threshold values are intended for use in helping to
predict areas of potential impact and are not intended for use as alternate regulatory limits.

24  SYSTEM (RISK) MODELING WG ACCOMPLISHMENTS

2.4.1 OQuantification of Environmental Risk Profiles

Through the first phase of research, the NRAP System (Risk) Modeling WG developed and
demonstrated a new approach to quantify environmental risks through time at GCS sites. Even
though the concept of environmental risk profiles has been used effectively to communicate risks
since its introduction in 2007 by Benson, examples have largely been “qualitative.” The NRAP
quantification approach brings together the concepts of science based predictions and systems
modeling. An example risk profile for probability of CO; leakage to the atmosphere in excess of
selected hypothetical cutoff values is shown below in Figure 3. The approach is embodied in
NRAP’s flagship simulation tool for quantification of potential leakage risk: NRAP-IAM-CS.

12
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Figure 3: Risk Profile of CO2 Leakage.

2.4.2 Integrated Assessment Model (NRAP-IAM-CS)

NRAP-IAM-CS is a first of its kind integrated model that can be used to perform stochastic
simulations of long-term storage performance (hundreds to thousands of years) of GCS sites
while exploring a wide range of system uncertainties. NRAP-IAM-CS is a system model that
links ROMs for critical system components, including the primary storage reservoir, wellbore,
groundwater and atmosphere, to simulate the total system behavior. The model can be used to
estimate whether CO; injection induced pressure and saturation changes in storage reservoirs can
lead to CO> and brine leakage and, if so, to estimate possible impacts due to those leaks in
groundwater aquifers as well as potential changes in CO> concentration in the atmosphere above
GCS sites.

13
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Figure 4: NRAP-1IAM-CS Home Screen.

The NRAP approach to develop NRAP-IAM-CS is described in Figure 1 in the Executive
Summary; Figure 4 shows an image of the NRAP-IAM-CS front page.

The ROMs utilized in NRAP-IAM-CS make it extremely computationally efficient, where
stochastic simulations with thousands of realizations, each one simulating long-term storage site
performance, can be performed in a matter of hours. During the stochastic simulations with
NRAP-IAM-CS multiple, uncertain key parameters in all system components can be sampled to
assess impact of parameter uncertainties over system performance and predicted leakage risks.

2.4.3 Informing Decision Making with Uncertainties

In order to effectively manage risks at GCS sites it is necessary to inform decision making
related to site operations and risk management on how uncertainties in site characteristics affect
overall risks. The System (Risk) Modeling WG demonstrated through the application of NRAP-
IAM-CS the effect of site specific uncertainties and site operational parameters on CO; and brine
leak rates as well as impacts of leakage on groundwater aquifers (Pawar et al., 2016).

Figure 5 demonstrates the importance of uncertain parameters in various parts of a CO; storage
system on the change in TDS concentration in a groundwater aquifer at a hypothetical GCS site
due to CO- and brine leakage.

14
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Figure 5: Predicted importance of various uncertain parameters on change in TDS due to leakage under a
hypothetical scenario at a hypothetical GCS site.

2.4.4 Key Findings

In all cemented well scenarios evaluated with application of NRAP-IAM-CS, cumulative leakage
is predicted to remain well below the Intergovernmental Panel on Climate Change (IPCC)
storage permanence goal (99% retention after 1000 years), even in scenarios with very high
cemented well density (10 wells per km?).

Accounting for residual saturation improves storage reservoir performance, resulting in leakage
profiles that decline following the period of active injection.

In the scenarios evaluated for impact of leakage on groundwater, results showed that extremely
low volumes of groundwater were impacted due to leakage. Additionally, the results also showed
that the groundwater volume with pH change due to leakage was different than that with change
in TDS which has implications on deployment of monitoring technologies.

Overall, the multi-variate and sensitivity analysis for CO. leakage to atmosphere shows that the
wellbore cement permeability is the most important uncertain variable.

On the other hand, the analysis for shallow aquifer impacts showed that, for low leak rates, the
importance of wellbore cement permeability was lower than the groundwater aquifer uncertain
parameters.

2.5 STRATEGIC MONITORING WG ACCOMPLISHMENTS

Monitoring approaches for GCS depend on objectives, subsurface reservoir/site dimensions, and
the stage of a CO storage site. Different monitoring techniques should be selected for site
characterization before CO; injection starts, for monitoring while injecting CO-, or for a post-
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injection stage. Phase | Strategic Monitoring WG efforts focused on the demonstration of
geophysical monitoring approaches and capabilities at existing test sites as well as the
development of approaches using synthetic models/datasets. The former was done in cooperation
with regional partnerships that were undertaking these field demonstrations; the latter was based
on internally developed synthetic models, both having an overall goal of developing tools and
approaches that can be integrated into risk assessment models/tools. The integration of
monitoring with quantitative risk assessment requires an understanding of limitations and
detection capabilities of each monitoring method as those translate into the field-scale
uncertainties.

Initially, the NRAP Strategic Monitoring WG focused on underlying science issues related to
monitoring CO; storage. The goals driving this early work included: 1) assess and improve the
resolution of individual monitoring technologies; 2) quantify and improve the temporal and
spatial uncertainty of monitoring data; and 3) develop comprehensive joint/combined inversion
of monitoring data. A focus of NRAP’s Strategic Monitoring WG was the development of a
journal publication (Harbert et al., 2016). Field scale monitoring gaps were identified and
priority, risk-driven, monitoring needs were evaluated.

2.5.1 Monitoring Technologies at Field Sites

An example of NRAP work addressing these goals was the collaborative work with the
Southeast Carbon Sequestration Partnership (SECARB) on monitoring at the Cranfield,
Mississippi detailed area study (DAS) injection site. NRAP extended planned vertical seismic
profile (VSP) monitoring to include investigations of 3D-VSP resolution, VSP uncertainty and
joint inversion of hydrologic, seismic, and electrical monitoring data (e.g., Ajo-Franklin et al.,
2013; Carrigan et al., 2013; Commer et al., 2016; Daley et al., 2015b; Doetsch et al., 2013). The
3D-VSP processing addressed the improvement of subsurface seismic image quality and
evaluation of monitoring with expensive 3D surface seismic versus less expensive, higher
frequency, borehole-based 3D-VSP surveys at the Cranfield site. This work was later
supplemented with an acoustic anisotropic analysis of two sonic dipole geophysical logs from
the DAS site. As part of the Cranfield VSP work, the Strategic Monitoring WG developed a
novel least-squares reverse-time migration method to enhance image resolution and enlarge the
imaging region. Other NRAP work focused on electrical resistance monitoring at Cranfield- both
the electrical resistance tomography (ERT) and uncertainty quantification and as part of joint
inversion (Yang et al., 2014; Yang et al., 2015). For the ERT method, for example, the maximum
standard deviation of CO; saturation was found to be around 6% with a corresponding maximum
saturation of 30% for a dataset collected 100 days after injection began. There was no apparent
spatial correlation between the mean and standard deviation of CO> saturation but the standard
deviation values increased with time as the saturation increased.

2.5.2 Monitoring Approaches using Synthetic Datasets

In the late stages of NRAP Phase I, and in preparation for the integration of strategic monitoring
into the NRAP-IAM-CS, the Strategic Monitoring WG began work on an integrated synthetic
dataset based on the Kimberlina site. Kimberlina was a proposed storage site in the southern San
Joaquin Basin in California that could be used to test the NRAP-developed ROMs and to test the
risk-driven monitoring designs. One Kimberlina ROM dataset, based on the High Plains Aquifer,
simulates CO> and brine leaked into the overlying aquifer with variable heterogeneity.
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A second synthetic dataset involves leakage from a compartmentalized aquifer along a well into
the overburden containing multiple permeable and impermeable strata. The output models from
these ROMSs become the input to monitoring models. During this process, it was learned that the
ROMs may not have the parameters necessary for geophysical simulations unless the parameters
are specified in the design criteria. Further, before using ROMSs to demonstrate monitoring tools
and their capabilities, it is necessary to establish the capabilities and limitations of geophysical
techniques (EM, seismic, INSAR [Interferometric Synthetic Aperture Radar], gravity, etc.) using
full-resolution models.

Previously, monitoring strategies have been selected using site specific information and expert
judgment. However, quantitative risk assessments need more rigorous tools. One approach
investigated within NRAP was a value of information (VVOI) approach (Trainor-Guitton et al.,
2013). This approach was demonstrated for a post-injection stage, a scenario in which CO- and
accompanying brine would leak from a deep reservoir into a shallow aquifer via an abandoned
wellbore. Geochemical reactions of CO2 and brine would cause an increase in groundwater
salinity or TDS. Since this groundwater would be used to irrigate corn crops, high saline
concentrations would result in economic losses. VOI uncertainty quantification evaluation was
done using TDS and a range of possible economic outcomes from an agricultural decision, and
showed that any information would be relevant only when plumes would exceed 2,000 ppm
TDS. Remote sensing geophysical methods, e.g., electrical and EMs, can detect these TDS
plumes as electrical resistivity is sensitive to TDS changes. The value of the crop resources can
then be compared to the cost of monitoring and decisions made based on those results.

2.5.3 Monitoring Tools

During Phase I, the NRAP Strategic Monitoring WG produced software tools to improve
monitoring. The Designs for Risk Evaluation and Management (DREAM) tool is used to develop
risk-based monitoring strategies by designing and evaluating monitoring networks (Yonkofski et
al., 2016b). DREAM is an optimization tool that reads ensembles of CO; leakage simulations
generated by common multiphase flow simulators. DREAM then generates monitoring
configurations based on user-specified technologies, budgetary constraints, and spatial
constraints. A simulated annealing algorithm optimizes over the ensemble evaluating the
generated configurations in order to minimize time to CO. leakage detection (Yonkofski et al.,
2016a).
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The Strategic Monitoring WG also developed a tool (currently in internal testing) for optimal
design of passive seismic monitoring using surface and/or borehole geophones (Shang and
Huang, 2012). This method provides the optimal number of geophones needed for a given
tolerable error in event locations and target monitoring regions such as the reservoir or fault

Zones.

2.6 INDUCED SEISMICITY WG ACCOMPLISHMENTS

The central objective of the NRAP Induced Seismicity WG is to develop practical tools to
support the management of induced seismicity at carbon storage operations. The goal is to
identify site characteristics and operational approaches that can lower seismic risk. The Induced
Seismicity WG is also developing new techniques to quickly identify hazardous situations and
address problematic seismicity, should hazardous situations appear.

2.6.1 Short-Term Seismic Forecasting Tool

A central control on seismic risk is the rate and magnitude-distribution of earthquakes in the
vicinity of a project. Unfortunately, the seismicity rate and its connection to subsurface injection
are site-specific and difficult to accurately predict prior to injection. As a result, operators must
use continuous microseismic monitoring of their site to properly assess the ongoing seismic
hazard and react quickly to problematic situations as they arise (White and Foxall, 2014). To
support this monitoring and management feedback loop, the Induced Seismicity WG developed
the Short-Term Seismic Forecasting (STSF) tool (Bachmann et al., 2016). The tool uses a
statistical analysis of observed seismicity, injection rate, and injection pressure to automatically
calibrate a site-specific empirical model for seismicity rate and its relationship to injection
activities (Bachmann et al., 2011; Mena et al., 2013). The tool then uses the planned injection
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schedule to forecast an expected seismicity rate within a forecast window, usually looking ahead
a few days to weeks. As new microseismic and injection data is recorded, the underlying data
model and forecast are continuously updated. The impact of alternative injection scenarios on
future seismicity can also be explored. In Phase I, an initial version of this forecast model was
deployed and tested against a number of available induced seismicity datasets. In Phase 11, model
development will continue by improving the physical fidelity of the underlying statistical models
and further testing the approach against recently acquired datasets.

2.6.2 Ground Motion Prediction Tool

A second key control on seismic risk is the severity of ground motion caused by induced
earthquakes. This ground motion can be a nuisance to nearby populations or cause structural
damage. Ground motion is both site- and earthquake-specific, and is strongly influenced by a
number of geologic factors. To help operators appropriately identify nearby structures and
communities at risk from induced events, the Induced Seismicity WG developed the Ground
Motion Prediction applications to potential Induced Seismicity (GMPIS) tool (Coblentz et al.,
2016). This tool, based on empirical Ground Motion Prediction Equations (GMPESs), was
developed using shallow, small-magnitude (<M4) earthquake data (Douglas et al., 2013). The
tool also includes a model for site-specific ground motion amplification effects due to near-
surface geology (Abrahamson and Silva, 2008; Boore and Atkinson, 2008). Storage operators
can use this tool to compute shakemaps for the local region under different earthquake scenarios
to help improve seismic risk management plans.

2.6.3 Probabilistic Seismic Risk Assessment Tool

A logical approach for quantifying induced seismicity risk is to adapt the standard Probabilistic
Seismic Risk Assessment (PSRA) technique widely used to estimate the risk of structural
damage from naturally occurring (tectonic) earthquakes. As certain regions of the world are now
dealing with both natural and induced events, a unified framework can also provide a common
language for risk communication. PSRA couples the probability of earthquake occurrence with
its societal consequences, which in the case of induced seismicity includes nuisance from felt
ground motion as well as structural damage. While the general PSRA framework remains useful
for induced seismicity, a number of substantial modifications are necessary to address important
nuances associated with the underlying physical process (White and Foxall, 2016a; Pawar et al.,
2015). Therefore, the Induced Seismicity WG created a new code framework (RiskCat) to
support seismic risk assessment at carbon storage projects. RiskCat takes input regarding
earthquake occurrence, ground motion potential, and community vulnerability and generates an
output of a probabilistic estimate of project risk. The resulting risk profile can be used to guide
project design and can be continuously updated as new site characterization and monitoring data
becomes available.

2.6.4 Hydromechanical Simulators

During Phase I, the Induced Seismicity WG developed a number of improved hydromechanical
simulation capabilities for modeling static and dynamic fault slip and the potential for fluid
leakage along faults. In particular, the WG helped support the development and application of
RSQSim, a quasi-dynamic earthquake simulator originally developed at the University of
California, Riverside for modeling natural earthquakes sequences (Richards-Dinger and
Dieterich, 2012; Dieterich et al., 2015). RSQSim has been coupled to a number of reservoir

19



NRAP Phase | Accomplishments 2011-2016

simulators to study the impact of different injection scenarios on the statistical distributions of
induced events that may be observed. The WG also performed detailed studies on different
aspects of fault reactivation and fluid leakage using various hydromechanical simulation

packages developed at DOE laboratories—e.g. (Cappa and Rutqvist, 2011, 2012; Lu et al., 2012;
Rinaldi et al., 2014; Nguyen et al., 2016).
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3. SUMMARY

The NRAP project has completed Phase | activities (2011-2016) focused on developing
approaches to quantitatively assess site-scale risk performance. Phase | included efforts to build a
critical science base to constrain key uncertainties in the behavior of important system
components, develop methodologies and predictive tools for rapid estimation of system risk
performance and related uncertainties, and communicate the functionality and utility of those
products to key GCS stakeholders. These efforts resulted in the development of insights on key
storage-security relationships, methodologies for quantitative assessment of risk performance in
CO: storage systems, and a novel set of tools that have been made freely available to the
international GCS research, development, and deployment community.

NRAP is now entering a second phase of collaborative research in which predictive capabilities,
methodologies, and insights developed through Phase | will be applied and extended to consider
the active management and mitigation of risk associated with large-scale CO storage, and
reduction of associated uncertainties through strategic monitoring. NRAP Phase Il activities will
include:

e Development of methodologies and tools to assure effective containment of CO2 and
evaluation of select mitigation alternatives

e Advancement of seismic risk assessment and management strategies

e Development of strategic monitoring for conformance assessment and uncertainty
reduction

e Field demonstration, application, and validation of NRAP tools and methodologies

These efforts will be focused toward addressing critical questions related to assessment and
management of environmental risk at CO> storage sites.

21



NRAP Phase | Accomplishments 2011-2016

This page intentionally left blank.

22



NRAP Phase | Accomplishments 2011-2016

4. PHASE | PUBLICATIONS PRODUCED
Reservoir Performance WG

Agartan, E.; Trevisan, L.; Cihan, A.; Birkholzer, J.; Zhou, Q.; lllangasekare, T. H. Experimental
Study on Effects of Geologic Heterogeneity in Enhancing Dissolution Trapping of
Supercritical CO2. Water Resources Research 2015, 50.

Amini, S.; Mohaghegh, S.; Gholami, V.; Haghighat, A.; Moreno, D. Modeling Pressure and
Saturation Distribution in a CO. Storage Project Using a Surrogate Reservoir Model
(SRM). Greenhouse Gases: Science Technology 2014, 4, 1-27.

Asahina, D.; Houseworth, J.; Birkholzer, J. T.; Rutqvist, J.; Bolander, J. E. Hydro-Mechanical
Model for Fracture Development and Fluid Transport in Geomaterials. Computers and
Geosciences 2014, 65, 13-23.

Azzolina, N. A.; Small, M. J.; Nakles, D. V.; Bromhal, G. S. Effectiveness of Subsurface
Pressure Monitoring for Brine Leakage Detection in an Uncertain CO> Sequestration
System. Stochastic Environmental Research and Risk Assessment 2014, 28, 895-909.

Azzolina, N. A.; Small, M. J.; Nakles, D. V.; Glazewiski, K. A.; Peck, W. D.; Gorecki, C. D.;
Bromhal, G. S.; Dilmore, R. M. Quantifying the Benefit of Wellbore Leakage Potential
Estimates for Prioritizing Long-Term MVA Well Sampling. Environ. Sci. Technol. 2015,
49, 1215-1224.

Birkholzer, J. T.; Cihan, A.; Zhou, Q. Impact-Driven Pressure Management Via Targeted Brine
Extraction — Conceptual Studies of CO, Storage in Saline Formations. Int. J. Greenhouse
Gas Control 2012, 7, 168-180.

Birkholzer, J. T.; Nicot, J. P.; Oldenburg, C. M.; Zhou, Q.; Kraemer, S. Brine Flow up a
Borehole Caused by Pressure Perturbation from CO, Storage: Static and Dynamic
Evaluations. Int. J. Greenhouse Gas Control 2011, 5, 850-861.

Birkholzer, J. T.; Zhou, Q.; Cortis, A.; Finstrle, S. A Sensitivity Study on Regional Pressure
Buildup from Large-Scale CO> Storage Projects. Energy Procedia 2011, 4, 4371-4378.

Birkholzer, J. T.; Cihan, A.; Bandilla, K. A Tiered Area-of-Review Framework for Geologic
Carbon Sequestration. Greenhouse Gas Science and Technology 2013, 1-16.

Bromhal, G.; Birkholzer, J.; Mohaghegh, S. D.; Sahinidas, N.; Wainwright, H.; Zhang, Y.;
Amini, S.; Zhang, Y.; Shahkarami, A. Evaluation of Rapid Performance Reservoir
Models for Quantitative Risk Assessment. Energy Procedia 2014, 63, 3425-3431.

Bromhal, G.; Arcentales Bastidas, D.; Birkholzer, J.; Cihan, A.; Dempsey, D.; Fathi, E.; King,
S.; Pawar, R.; Richard, T.; Wainwright, H.; Zhang, Y.; Guthrie, G. Use of Science-Based
Prediction to Characterize Reservoir Behavior as a Function of Injection
Characteristics, Geological Variables, and Time; NRAP-TRS-1-005-2014; NRAP
Technical Report Series; U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2014; p 76.

Brunet, J. L.; Li, L.; Karpyn, Z. T.; Kutchko, B. G.; Strazisar, B.; Bromhal, G. Dynamic
Evolution of Cement Compositional and Transport Properties under Conditions Relevant
to Geological Carbon Sequestration. Energy & Fuels 2013, 27, 4208-4220.

23


http://pubs.acs.org/doi/full/10.1021/es503742n
http://pubs.acs.org/doi/full/10.1021/es503742n

NRAP Phase | Accomplishments 2011-2016

Buscheck, T. A.; White, J. A.; Chen, M.; Sun, Y.; Hao, Y.; Aines, R. D.; Bourcier, W. L;
Bielicki, J. M. Pre-injection Brine Production for Managing Pressure in
Compartmentalized CO Storage Reservoirs. Energy Procedia 2014, 63, 5333-5340.

Chen, F.; Wiese, B.; Zhou, Q.; Kowalsky, M. B.; Norden, B.; Kempa, T.; Birkholzer, J. T.
Numerical Modeling of the Pumping Tests at the Ketzin Pilot site for CO> Injection:
Model Calibration and Heterogeneity Effects. Int. J. Greenhouse Gas Control 2014, 22,
200-212.

Chen, M.; Buscheck, T. A.; Wagoner, J. L.; Sun, Y.; White, J. A.; Chiaramonte, L.; Aines, R. D.
Analysis of Fault Leakage from Leroy Underground Natural Gas Storage Facility,
Wyoming, USA. Hydrology Journal 2013, 21, 1429-1445.

Chiaramonte, L.; White, J.; Trainor-Guitton, W. Probabilistic Geomechanical Analysis of
Compartmentalization at the Snghvit CO, Sequestration Project. Journal of Geophysical
Research: Solid Earth 2014, 120, 2.

Cihan, A.; Birkholzer, J. T.; Bianchi, M. Optimal Well Placement and Brine Extraction for
Pressure Management during CO2 Sequestration. Int. J. Greenhouse Gas Control 2015,
42, 175-187.

Cihan, A.; Birkholzer, J. T.; Bianchi, M.; Trevisan, L.; Zhou, Q.; lllangaskae, T. A Connectivity-
based Modeling Approach for Representing Hysteresis in Macroscopic Two-phase Flow
Properties. Energy Procedia 2014, 63, 3456—-3463.

Cihan, A.; Birkholzer, J. T.; lllangasekare, T. H.; Zhou, Q. A Modeling Approach to Represent
Hysteresis in Capillary Pressure-Saturation Relationship Based on Fluid Connectivity in
Void Space. Water Resources Research 2014, 50, 119-131.

Cihan, A.; Birkholzer, J. T.; Zhou, Q. Pressure Buildup and Brine Migration during CO; Storage
in Multilayered Aquifers. Groundwater 2012, 51, 252-267.

Cihan, A.; Birkholzer, J.; Bianchi, M. Targeted Pressure Management during CO> Sequestration:
Optimization of Well Placement and Brine Extraction. Energy Procedia 2014, 63, 5325-
5332.

Cihan, A.; Birkholzer, J.; Bianchi, M.; Zhou, Q.; lllangasekare, T. H.; Trevisan, L. Pressure
Buildup and Brine Migration in CO Storage Systems with Multiple Leakage Pathways —
Application of a New Analytical Solution. Groundwater 2013, 51, 252-267.

Cihan, A.; Zhou, Q.; Birkholzer, J. T. Analytical Solutions for Pressure Perturbation and Fluid
Leakage through Aquitards and Wells in Multilayered Aquifer Systems. Water Resources
Research 2011, 47, W10504.

Cihan, A.; Zhou, Q.; Birkholzer, J. T.; Kraemer, S. R. Flow in Horizontally Anisotropic
Multilayered Aquifer Systems with Leaky Wells and Aquitards. Water Resources
Research 2014, 50, 1-7.

Cihan, A.; Zhou, Q.; Birkholzer, J. T.; Kraemer, S. R. Flow in Horizontally Anisotropic
Multilayered Aquifer Systems with Leaky Wells and Aquitards. Water Resources
Research 2013, 50, 741-747.

Crandall, D.; Bromhal, G. Experimental Examination of Fluid Flow in Fractured Carbon Storage
Sealing Formations. International Journal of Geosciences 2013, 4, 1175-1185.

24



NRAP Phase | Accomplishments 2011-2016

Deng, H.; Ellis, B. R.; Peters, C. A.; Fitts, J. P.; Crandall, D.; Bromhal, G. S. Modifications of
Carbonate Fracture Hydrodynamic Properties by CO-Acidified Brine Flow. Energy &
Fuels 2013, 27, 4221-4231.

DuFrane, W. L.; Vericella, J.; Duoss, E.; Roberts, J. Smart Tracers for Geothermal Reservoir
Assessment. Transactions - Geothermal Resources Council 2014, 38, 951-957.

Ellis, B. R.; Bromhal, G. S.; Mclintyre, D. L.; Peters, C. A. Changes in Caprock Integrity due to
Vertical Migration of CO2-enriched Brine. Energy Procedia 2011, 4, 5327-5334.

Finsterle, S. ITOUGH2 Universal Optimization Using the PEST Protocol; LBNL-3698E;
Lawrence Berkeley National Laboratory, Berkeley, CA, 2011.

Finsterle, S.; Sonnenthal, E. L.; Spycher, N. Advances in Subsurface Modeling Using the
TOUGH Suite of Simulators. Computers & Geosciences 2014, 65, 2-12.

Houseworth, J. E.; Asahina, D.; Birkholzer, J. T. An Analytical Model for Solute Transport
through a Water-Saturated Single Fracture and Permeable Rock Matrix. Water Resources
Research 2014, 49, 1-22.

Jordan, P. D.; Oldenburg, C. M.; Nicot, J. P. Estimating the Probability of CO2 Plumes
Encountering Faults. Greenhouse Gases: Science and Technology 2011, 1, 160-174.

Jordan, P. D.; Oldenburg, C. M.; Nicot, J. P. Measuring and Modeling Fault Density for CO2
Storage Plume-fault Encounter Probability Estimation. AAPG Bulletin 2013, 97, 597-
618.

Karamalidis, A. K.; Torres, S. G.; Hakala, A. J.; Shao, H.; Cantrell, K. J.; Carroll, S. A. Trace
Metal Source Terms in Carbon Sequestration Environments. Environmental Science &
Technology Special Issue on Carbon Sequestration 2013, 47, 322-329.

Kilinc, M.; Sahinidis, N. V. State-of-the-Art in Mixed-integer Nonlinear Optimization. In
Advances and Trends in Optimization with Engineering Applications; Terlaky, T., Anjos,
M., Ahmed, S., Eds.; SIAM, 2015.

Kim, Y.; Kneafsey, T. J.; Tokunaga, T. K. Dewetting of Silica Surfaces upon Reactions with
Supercritical CO2 and Brine: Pore-scale Studies in Microdels. Environ. Sci. Technol.
2012, 46, 4228-4235.

Li, L.; Brunet, L. Conceptual Model for the Chemical Alteration of Cement Due to Exposure to
CO2 with H.S. The Pennsylvania State University Press, University Park, PA, 2012.

Lindner, E. A User’s Guide to DFNGen; NRAP-TRS-111-001-2016; NRAP Technical Report
Series; U.S. Department of Energy, National Energy Technology Laboratory:
Morgantown, WV, 2016; p 84.

Liu, X.; Zhou, Q.; Birkholzer, J. T. Geostatistical Reduced-Order Models in Under-Determined
Inverse Problems. Water Resources Research 2013, 49, 6587-6600.

Liu, X.; Zhou, Q.; Kitanidis, P. K.; Birkholzer, J. T. Fast Iterative Implementation of Large-Scale
Nonlinear Geostatistical Inverse Modeling. Water Resources Research 2014, 50, 198—
207.

25



NRAP Phase | Accomplishments 2011-2016

Mason, H. E.; Walsh, S. D. C.; DuFrane, W. L.; Carroll, S. A. Determination of Diffusion
Profiles in Altered Wellbore Cement Using X-ray Computed Tomography Methods.
Environ. Sci. Technol. 2014, 48, 7094-7100.

Mohaghegh, S. D.; Gruic, O.; Zargari, S. Kalantari-Dahaghi, A.; Bromhal, G. S. Top-down,
Intelligent Reservoir Modelling of Oil and Gas Producing Shale Reservoirs: Case
Studies. International Journal of Oil Gas and Coal Technology 2012, 5, 3-28.

Mohaghegh, S. D.; Amini, S.; Gholami, V.; Gaskari, R.; Bromhal, G. Grid-Based Surrogate
reservoir modeling (SRM) for fast track analysis of numerical reservoir simulation
models at the grid block level. Proceedings of SPE Western NA Regional Meeting.
Bakersfield, CA, March 2012.

Ogretim, E.; Mulken, E.; Gray, D.; Bromhal, G. S. A Parametric Study of the Transport of CO>
in the Near-surface. Int. J. Greenhouse Gas Control 2012, 9, 294-302.

Oldenburg, C. M.; Cihan, A.; Zhou, Q.; Fairweather, S.; Spangler, L. H. Delineating Area of
Review in a System with Pre-injection Relative Overpressure. Energy Procedia 2014, 63,
3715-3722.

Oldenburg, C. M.; Freifeld, B. M.; Pruess, K.; Pan, L.; Finsterle, S. A.; Moridis, G. J. Numerical
Simulations of the Macondo Well Blowout Reveal Strong Control of Oil Flow by
Reservoir Permeability and Exsolution of Gas. In Proceedings of the National Academy
of Science 2012, 109, 50.

Oldenburg, C. M.; Mukhopadhyay, S.; Cihan, A. On the Use of Darcy's Law and Invasion-
percolation Approaches for Modeling Large-Scale Geologic Carbon Sequestration.
Greenhouse Gases: Science and Technology 2015, 5, 1-15.

Oldenburg, C. M.; Nicot, J.; Bryant, S. L. Case Studies of the Application of the Certification
Framework to Two Geologic Carbon Sequestration Sites. Energy Procedia 2009, 1, 63—
70.

Oldenburg, C. M.; Rinaldi, A. P. Buoyancy Effects on Upward Brine Displacement caused by
COz Injection. Transport in Porous Media 2011, 87, 525.

Pan, F.; McPherson, B. J.; Dai, Z.; Jia, W.; Lee, S.; Ampomah, W.; Viswanathan, H.; Esser, R.
Uncertainty Analysis of Carbon Sequestration in an Active CO,-EOR Field. Int. J.
Greenhouse Gas Control 2016, 51, 18-28.

Pau, G.; Zhang, Y.; Finsterle, S.; Wainwright, H.; Birkholzer, J. Reduced Order Modeling in
iITOUGH2. Computers & Geosciences 2014, 65, 118-126.

Pau, S.; George, H.; Zhang, Y.; Finsterle, S.; Wainwright, H. M.; Birkholzer, J. T. Reduced
Order Modeling in iTOUGH2. Computers & Geosciences 2013, 17, 118-126.

Shahkarami, A.; Mohaghegh, S.; Gholami, V.; Haghighat, A.; Moreno, D. Modeling Pressure
and Saturation Distribution in a CO> Storage Project Using a Surrogate Reservoir Model
(SRM). Greenhouse Gases: Science and Technology 2014, 4, 1-27.

Siriwardane, H. J.; Bowes, B. D.; Bromhal, G. S.; Gondle, R. K.; Wells, A. W.; Strazisar, B. R.
Modeling of CBM Production, CO- Injection, and Tracer Movement at a Field CO»
Sequestration Site. International Journal of Coal Geology 2012, 96-97, 120-136.

26



NRAP Phase | Accomplishments 2011-2016

Siriwardane, H. J.; Gondle, R. K.; Bromhal, G. S. Coupled Flow and Deformation Modeling of
Carbon Dioxide Migration in the Presence of a Caprock Fracture during Injection.
Energy & Fuels 2013, 27, 4232-4243.

Smith, M. M.; Hao, Y.; Mason, H. E.; Carroll, S. A. Experiments and Modeling of Variably
Permeable Carbonate Reservoir Samples in Contact with CO»-acidified Brines. Energy
Procedia 2014, 63, 3126-3137.

Sullivan Graham, E. J.; Chu, S.; Pawar, R. J.; Stauffer, P. H. The CO2-PENS Water Treatment
Model: Evaluation of Cost Profiles and Importance Scenarios for Brackish Water
Extracted during Carbon Storage. Energy Procedia 2014, 63, 7205-7214.

Sullivan, E. J.; Chu, S.; Stauffer, P.; Middleton, R.; Pawar, P. A Method and Cost Model for
Treatment of Water Extracted during Geologic CO2 Sequestration. Int. J. Greenhouse
Gas Control 2013, 12, 372-381.

Surasani, V. K.; Li, L.; Ajo-Franklin, J. B.; Hubbard, C.; Hubbard, S. S.; Wu, Y. Bioclogging
and Permeability Alteration by L. mesenteroides in a Sandstone Reservoir: A Reactive
Transport Modeling Study. Energy & Fuels 2013, 27, 6538-6551.

Tokunaga, T. K.; Wan, J.; Jung, J. W.; Kim, T.W.; Kim, Y. Capillary Pressure and Saturation
Relations for Supercritical CO2 and Brine in Sand: High-Pressure Pc(Sw)
Controller/Meter Measurements, and Capillary Scaling Predictions. Water Resources
Research 2013, 49, 4566-4579.

Trevisan, L.; Cihan, A.; Fagerlund, F.; Agartan, E.; Mori, H.; Birkholzer, J. T.; Zhou, Q.;
Illangasekare, T. H. Investigation of Mechanisms of Supercritical CO2 Trapping in Deep
Saline Reservoirs Using Surrogate Fluids at Ambient Laboratory Conditions. Int. J.
Greenhouse Gas Control 2014a, 29, 35-49.

Trevisan, L.; Pini, R.; Cihan, A.; Birkholzer, J. T.; Zhou, Q.; lllangasekare, T. H. Experimental
Analysis of Spatial Correlation Effects on Capillary Trapping of Supercritical CO- at the
Intermediate Laboratory Scale in Heterogeneous Porous Media. Water Resources
Research 2015, 51, 8791-8805.

Trevisan, L.; Pini, R.; Cihan, A.; Birkholzer, J. T.; Zhou, Q.; lllangasekare, T. H. Experimental
Investigation of Supercritical CO> Trapping Mechanisms at the Intermediate Laboratory
Scale in Well-defined Heterogeneous Porous Media. Energy Procedia 2014b, 63, 5646—
5653.

Wainwright, H. M.; Finsterle, S.; Jung, Y.; Zhou, Q.; Birkholzer, J. T. Making Sense of Global
Sensitivity Analyses. Computers & Geosciences 2014, 65, 84-94.

Wainwright, H. M.; Finsterle, S.; Zhou, Q.; Birkholzer, J. T. Modeling the Performance of
Large-Scale CO, Storage Systems: A Comparison of Different Sensitivity Analysis
Methods. Int. J. Greenhouse Gas Control 2013, 17, 189-205.

Wainwright, H.; Finsterle, S.; Zhou, Q.; Birkholzer, J. Modeling the Performance of Large-Scale
CO- Storage Systems: A Comparison of Different Sensitivity Analysis Methods; NRAP-
TRS-111-002-2012; NRAP Technical Report Series; U.S. Department of Energy, National
Energy Technology Laboratory, Morgantown, WV, 2012: p 24.

27



NRAP Phase | Accomplishments 2011-2016

Walsh, S. D. C. Reduced Order Models Describing Hydraulic and Mechanical Apertures of
Cement Fracture as a Function of Fracture Roughness, Confining Pressure and Offset.
LLNL-TR-588392; Lawrence Livermore National Laboratory: Livermore, CA, 2012.

Walsh, S. D. C.; Carroll, S. A Numerical Method for Simulating Wellbore-cement Degradation
in the Presence of Carbonated Brine; Lawrence Livermore National Laboratory,
Livermore, CA, 2012.

Wang, Z.; Small, M. J. A Bayesian Approach to CO; Leakage Detection at Saline Sequestration
Sites Using Pressure Measurements. Int. J. Greenhouse Gas Control 2014, 30, 188-196.

Yoshida, N.; Levine, J.; Stauffer, P. M. Investigation of Uncertainty in CO2 Reservoir Models: A
Sensitivity Analysis of Relative Permeability Parameter Values. Int. J. Greenhouse Gas
Control 2016, 49, 161-178.

Zhang, L.; Dilmore R.; Bromhal, G. Effect of Outer Boundary Condition, Reservoir Size and
CO; Effective Permeability on Pressure and CO; Saturation Predictions under Carbon
Sequestration Conditions. Greenhouse Gases: Science and Technology 2016, 6, 546-560.

Zhang, L.; Dzombak, D. A.; Nakles, D. V. Acid Gas Interactions with Pozzolan-Amended
Wellbore Cement Under Geologic Storage Conditions; NRAP-TRS-111-004-2014; NRAP
Technical Report Series; U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2014; p 44.

Zhang, L.; Soong, Y.; Dilmore, R. A Numerical Simulation Approach to Study Porosity and
Permeability Evolution of Mount Simon Sandstone (Knox County, IN) under Geological
CO2 Sequestration Conditions. Greenhouse Gases: Science & Technology 2016, 5, 1-14.

Zhang, L.; Soong, Y.; Dilmore, R.; Lopano, C. Numerical Simulation of Porosity and
Permeability Evolution of Mount Simon Sandstone under Geological Carbon
Sequestration Conditions. Chemical Geology 2015, 403, 1-12.

Zhang, Y.; Pau, G. Reduced-Order Model Development for CO2 Storage in Brine Reservoirs;
NRAP-TRS-111-005-2012; NRAP Technical Report Series; U.S. Department of Energy,
National Energy Technology Laboratory: Morgantown, WV, 2012; p 20.

Zhang, Y.; Sahinidis, N. V. Developing Surrogate Models for CO2 Sequestration Using
Polynomial Chaos Expansion; NRAP-TRS-111-004-2013; NRAP Technical Report
Series; U.S. Department of Energy, National Energy Technology Laboratory:
Morgantown, WV, 2013; p 20.

Zhang, Y.; Sahinidis, N. V. Uncertainty Quantification in CO. Sequestration Using Surrogate
Models from Polynomial Chaos Expansion. Industrial & Engineering Chemistry
Research 2013, 52, 3121-3132.

Zhang, Y.; Vouzis, P.; Sahinidis, N. V. GPU Simulations for Risk Assessment in CO, Geologic
Sequestration. Computers & Chemical Engineering 2011, 35, 1631-1644.

28



NRAP Phase | Accomplishments 2011-2016

Wells and Seals WG

Balashov, V. N.; Guthrie, G. D.; Lopano, C. L.; Hakala, J. A.; Brantley, S. L. Reaction and
Diffusion at the Reservoir/Shale Interface during CO> Storage: Impact of Geochemical
Kinetics. Applied Geochemistry 2015, 61, 19-131.

Brunet, J. L.; Li, L.; Karpyn, Z. T.; Huerta, N. J. Fracture Opening or Self-sealing: Critical
Residence Time as a Unifying Parameter for Cement—COx-brine Interactions. Int. J.
Greenhouse Gas Control 2016, 47, 25-37.

Cao, P.; Karpyn, Z. T.; Li, L. Dynamic Alterations in Wellbore Cement Integrity due to
Geochemical Reactions in CO»-rich Environments. Water Resources Research 2013, 49,
4465-4475.

Cao, P.; Karpyn, Z. T.; Li, L. Self-healing of Cement Fractures under Dynamic Flow of CO.-rich
Brine. Water Resources Research 2015, 512, 3837-4860.

Cappa F.; Rutqgvist J. Modeling of Coupled Deformation and Permeability Evolution during
Fault Reactivation Induced by Deep Underground Injection of COx. Int. J. Greenhouse
Gas Control 2011, 5, 336-346

Carey, J. W. Geochemistry of Wellbore Integrity in CO> Sequestration: Portland Cement-steel-
brine-CO- Interactions. In Geochemistry of Geologic CO> Sequestration, Reviews in
Mineralogy and Geochemistry; DePaolo, D. J., Cole, D., Navrotsky, A., Bourg, I., Eds.;
Mineralogical Society of America, Washington, DC, 2013; pp. 505-539.

Carey, J. W.; Lewis, K.; Kelkar, S.; Zyvoloski, G. A. Geomechanical Behavior of Wells in
Geologic Sequestration. Energy Procedia 2013, 37, 5642-5652.

Carey, J. W.; Lichtner, P. C. Computational Studies of Two-Phase Cement-CO»-Brine
Interaction in Wellbore Environments. Society of Petroleum Engineers (SPE) Journal
2011, 16, 940-948.

Carey, J. W.; Mori, H.; Brown, D.; Pawar, R. Geomechanical Behavior of Caprock and Cement:
Plasticity in Hydrodynamic Seals. Energy Procedia 2014, 63, 5671-5679.

Carey, J. W.; Svec, R.; Grigg, R.; Zhang, J.; Crow, W. Experimental Investigation of Wellbore
Integrity and CO2-brine Flow along the Casing-cement Microannulus. Int. J. Greenhouse
Gas Control 2010, 4, 272-282.

Carroll, S. A.; Bianchi, M.; Mansoor, K.; Zheng, L.; Sun, Y.; Spycher, N.; Birkholzer, J.
Reduced-Order Model for Estimating Impacts from CO> Storage Leakage to Alluvium
Aquifers: Third-Generation Combined Physical and Chemical Processes; NRAP-TRS-I11-
009-2016; NRAP Technical Report Series; U.S. Department of Energy, National Energy
Technology Laboratory: Morgantown, WV, 2016; p 44.

Carroll, S.; Carey, J. W.; Dzombak, D.; Huerta, N. J.; Li, L.; Richard, T.; Um, W.; Walsh, S. D.
C.; Zhang, L. Review: Role of Chemistry, Mechanics, and Transport on Well Integrity in
COy Storage Environments. Int. J. Greenhouse Gas Control 2016, 49, 149-160.

Crandall, D.; Bromhal, G. Characterization of Experimental Fracture Alteration and Fluid Flow
in Fractured Natural Seals; NRAP-TRS-111-003-2014; NRAP Technical Report Series;
U.S. Department of Energy, National Energy Technology Laboratory: Morgantown, WV,
2014; p 48.

29



NRAP Phase | Accomplishments 2011-2016

Crandall, D.; Bromhal, G.; Karpyn, Z. T. Numerical Simulations Examining the Relationship
between Wall-Roughness and Fluid Flow in Rock Fractures. International Journal of
Rock Mechanics & Mining Sciences 2010, 47, 784-796.

Guthrie, G. D., Jr.; Carey, J. W. A Thermodynamic and Kinetic Model for Paste—aggregate
Interactions and the Alkali-silica Reaction. Cement and Concrete Research 2015, 76,
107-120.

Han, J.; Carey, J. W.; Zhang, J. Effect of Sodium Chloride on Corrosion of Mild Steel in CO»-
saturated Brines. Journal of Applied Electrochemistry 2011, 41, 741-749.

Han, J.; Carey, J. W.; Zhang, J. A Coupled Electrochemical-geochemical Model of Corrosion for
Mild Steel in High-pressure CO»-saline Environments. Int. J. Greenhouse Gas
Control 2011, 5, 777-787.

Han, J.; Carey, J. W.; Zhang, J. Effect of Bicarbonate on Corrosion of Carbon Steel in CO-
Saturated Brines. Int. J. Greenhouse Gas Control 2011, 5, 1680-1683.

Harp, D. R.; Pawar, R.; Carey, J. W.; Gable, C. W. Reduced Order Models of Transient
Wellbore Leakage at Geologic Carbon Sequestration Sites. Int. J. Greenhouse Gas
Control 2016, 45, 150-162.

Harp, D. R.; Pawar, R.; Gable, C. W. Numerical Modeling of Cemented Wellbore Leakage from
Storage Reservoirs with Secondary Capture due to Thief Zones. Energy Procedia 2014,
63, 3532-3543.

Houseworth, J.; Jordan, P. Potential for Environmental Impact due to Acid Gas Leakage from
Wellbores at EOR Injection Sites near Zama Lake, Alberta: Response to D.M. LeNeveu.
Greenhouse Gases: Science & Technology 2012, 2, 314-3109.

Houseworth, J.; Wainwright, H.; Birkholzer, J. T. Assessment of Decoupling Wellbore Leakage
from Reservoir Flow in Reduced-Order Models; NRAP-TRS-111-001-2013; NRAP
Technical Report Series; U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2013; p 60.

Hu, L.; Pan, L.; Zhang, K. Modeling Brine Leakage to Shallow Aquifer through an Open
Wellbore using T2WELL/ECO2N. Int. J. Greenhouse Gas Control 2012, 9, 393-401.

Huerta, N. J.; Hesse, M. A.; Bryant, S. L.; Strazisar, B.R; Lopano, C. L. Experimental Evidence
for Self-Limiting Reactive Flow through a Fractured Cement Core: Implications for
Time-Dependent Wellbore Leakage. Environ. Sci. Technol. 2013, 47, 269-275.

Huerta, N. J.; Strazisar, B. R.; Bryant, S. L.; Hesse, M. A. Time-dependent Fluid Migration From
a Storage Formation via Leaky Wells. Energy Procedia 2014, 63, 5724-5736.

Huerta, N.; Hesse, M. A.; Bryant, S. L.; Strazisar, B. R.; Lopano, C. Reactive Transport of CO>-
Saturated Water in a Cement Fracture: Application to Wellbore Leakage during Geologic
CO. Storage. Int. J. Greenhouse Gas Control 2016, 44, 276-2809.

Huerta, N. J.; Vasylkivska, V. S. Well Leakage Analysis Tool (WLAT) User’s Manual, Version:
2016.11-1.0.0.3; NRAP-TRS-I111-011-2016; NRAP Technical Report Series; U.S.
Department of Energy, National Energy Technology Laboratory: Albany, OR, 2016; p
44,

30



NRAP Phase | Accomplishments 2011-2016

Huerta; N. J.; Carey, J. W.; Carroll, S.; Dzombak, D.; Harp, D.; Li, L.; Richard, T.; Walsh, S. D. C,;
Um, W.; Zhang, L. Well Integrity in COz2 Storage Operations: Current Understanding and
Open Questions; NRAP-TRS-1-007-2016; NRAP Technical Report Series; U.S. Department
of Energy, National Energy Technology Laboratory: Albany, OR, 2016; p 48.

Hur, T.; Baltrus, J. P.; Howard, B. H.; Harbert, W. P.; Romanov, V. N. Carbonate Formation in
Wyoming Montmorillonite under High Pressure Carbon Dioxide. Int. J. Greenhouse Gas
Control 2013, 13, 149-155.

Jordan, A. B.; Stauffer, P. H.; Harp, D.; Carey, J. W.; Pawar, R. J. A Response Surface Model to
Predict CO2 and Brine Leakage along Cemented Wellbores. Int. J. Greenhouse Gas
Control 2015, 33, 27-39.

Jordan, P.; Carey, J. W. Steam Blowouts in California Oil and Gas District 4: Comparison of the
Roles of Initial Defects versus Well Aging and Implications for Well Blowouts in
Geologic Carbon Storage Projects. Int. J. Greenhouse Gas Control 2016, 51, 36-47.

Jung H.; Kabilan, S.; Carson J.; Kuprat A.; Um W.; Martin P.; Dagk M.; Kafentzis T.; Vagas T.;
Stephens S.; Arey B.; Carrol K.; Bonneville A.; Fernandez, C. A. Wellbore Cement
Fracture Evolution at the Cement-Basalt Caprock Interface during Geologic Carbon
Sequestration. Applied Geochemistry 2014, 47, 1-16.

Jung, H. B.; Jansik, D. P.; Um, W. Imaging Wellbore Cement Degradation by Carbon Dioxide
under Geologic Sequestration Conditions Using X-ray Computed Microtomography.
Environ. Sci. Technol. 2012, 47, 283-289.

Jung, H. B.; Um, W. Experimental Study of Potential Wellbore Cement Carbonation by Various
Phases of Carbon Dioxide during Geologic Carbon Sequestration. Applied Geochemistry.
2013, 35, 161-172.

Jung, H. B.; Um, W.; Cantrell, K. J. Effect of Oxygen Co-injected with Carbon Dioxide on
Gothic Shale Caprock-CO.-brine Interaction during Geologic Carbon Sequestration.
Chemical Geology 2013, 354, 1-14.

Jung, J. W.; Wan, J. Supercritical CO, and lonic Strength Effects on Wettability of Silica
Surfaces: Equilibrium Contact Angle Measurements. Energy Fuels 2012, 26, 6053-6059.

Keating, E. H.; Bacon, D. H.; Carroll, S. A.; Mansoor, K.; Zheng, L.; Harp, D. R. PNNL-SA-
114632; Pacific Northwest National Laboratory, Richland, WA, 2015.

Kelkar, S.; Carey, J. W.; Dempsey, D.; Lewis, K. Integrity of Pre-existing Wellbores in
Geological Sequestration of CO2 — Assessment Using a Coupled Geomechanics-fluid
Flow Model. Energy Procedia 2014, 63, 5737-5748.

Kim, Y.; Wan, J.; Kneafsey, T. J.; Tokunga, T. K. Dewetting of Silica Surfaces upon Reactions
with Supercritical CO> and Brine: Pore-Scale Studies in Micromodels. Environ. Sci.
Technol. 2012, 46, 4228-4235.

Lindner, E. NRAP Seal Barrier Reduced-Order Model (NSealR) Tool User’s Manual, Version:
2016.11-14.1; NRAP-TRS-111-012-2016; NRAP Technical Report Series; U.S.
Department of Energy, National Energy Technology Laboratory: Morgantown, WV,
2016; p 56.

31



NRAP Phase | Accomplishments 2011-2016

Lindner, E. NSealR—A Brief User’s Guide; NRAP-TRS-111-001-2014; NRAP Technical Report
Series; U.S. Department of Energy, National Energy Technology Laboratory:
Morgantown, WV, 2014; p 92.

Lindner, E. NSealR—A User’s Guide, Third-Generation; NRAP-TRS-111-001-2015; NRAP
Technical Report Series; U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2015; p 116.

Mason, H. E.; Du Frane, W. L.; Walsh, S. D. C.; Dai, Z.; Charnvanichborikarn, S.; Carroll, S. A,;
Chemical and Mechanical Properties of Wellbore Cement Altered by CO2-Rich Brine
Using a Multianalytical Approach. Environ. Sci. Technol. 2013, 47, 1745-1752.

Mason, H. E.; Walsh, S. D. C.; DuFrane, W.; Carroll, S. A. Determination of Diffusion Profiles
in Altered Wellbore Cement Using X-ray Computed Tomography Methods. Environ. Sci.
Technol. 2014, 12, 7094-7100.

Newell, D. L.; Carey, J. W. Experimental Evaluation of Wellbore Integrity Along the Cement-
rock Boundary. Environ. Sci. Technol. 2013, 47, 276-282.

Nguyen, B. N.; Hou, J.; Bacon, D. H.; Murray, C. J.; White, M. D. Three-Dimensional Modeling
of the Reactive Transport of CO> and Its Impact on Geomechanical Properties of
Reservoir Rocks and Seals. Int. J. Greenhouse Gas Control 2016, 46, 100-115.

Nguyen, B. N.; Hou, Z.; Bacon, D. H.; White, M. D. A Multiscale Hydro-Geochemical-
Mechanical Approach to Analyze Faulted CO, Reservoirs. Greenhouse Gases: Science
and Technology 2016. Version of Record online: 1 AUG 2016.

Nguyen, B. N.; Hou, Z.; Last, G. V.; Bacon, D. H. Three-dimensional Analysis of Faulted CO>
Reservoirs Using an Eshelby-Mori-Tanaka Approach to Rock Elastic Properties and
Fault Permeability. Journal of Rock Mechanics and Geotechnical Engineering 2016, 6, 8.

Nicot, J. P.; Oldenburg, C. M.; Houseworth, J. E.; Choi, J. W. Analysis of Potential Leakage
Pathways at the Cranfield, MS, USA, CO> Sequestration Site. Int. J. Greenhouse Gas
Control 2013, 18, 388-400.

Oldenburg, C. M.; Doughty, C.; Peters, C. A.; Dobson, P. F. Simulations of Long-column Flow
Experiments Related to Geologic Carbon Sequestration: Effects of Outer Wall Boundary
Condition on Upward Flow and Formation of Liquid CO». Greenhouse Gases: Science
and Technology 2012, 2, 279-303.

Oldenburg, C. M.; Doughty, C.; Spycher, N. The Role of CO; in CH4 Exsolution from Deep
Brine: Implications for Geologic Carbon Sequestration. Greenhouse Gases: Sciences and
Technology 2013, 3, 359-377.

Oldenburg, C. M.; Pan, L. Porous Media Compressed-Air Energy Storage (PM-CAES): Theory
and Simulation of the Coupled Wellbore—Reservoir System. Transport in Porous Media
2013, 97, 201-221.

Oldenburg, C. M.; Pan, L. Utilization of CO> as Cushion Gas for Porous Media Compressed Air
Energy Storage. Greenhouse Gases: Science and Technology 2013, 3, 124-135.

Pan, L. T2Well/ECO2N Version 1.0: Multiphase and Non-Isothermal Model for Coupled
Wellbore-Reservoir Flow of Carbon Dioxide and Variable Salinity Water; LBNL-4291E;
Lawrence Berkeley National Laboratory, 2011.

32



NRAP Phase | Accomplishments 2011-2016

Pan, L.; Oldenburg, C. M. T2Well - An Integrated Wellbore—Reservoir Simulator. Computers &
Geosciences 2014, 65, 46-55.

Pan, L.; Oldenburg, C. M.; Pruess, K.; Wu, Y.-S. Transient CO, Leakage and Injection in
Wellbore-reservoir Systems for Geologic Carbon Sequestration. Greenhouse Gases:
Science and Technology 2011, 1, 335-350.

Pan, L.; Oldenburg, C. M.; Wu, Y.-S.; Pruess, K. Wellbore Flow Model for Carbon Dioxide and
Brine. Energy Procedia 2009, 1, 71-78.

Pan, L.; Webb, S. W.; Oldenburg, C. M. Analytical Solution for Two-Phase Flow in a Wellbore
Using the Drift-Flux Model. Advances in Water Resources 2011, 34, 1656-1665.

Pan, P.; Rutqvist, J.; Feng, X.; Yan, F. TOUGH-RDCA Modeling of Multiple Fracture
Interactions in Caprock during CO2 Injection into a Deep Brine Aquifer. Computers &
Geosciences 2014, 65, 24-36.

Rutqvist, J. The Geomechanics of CO; Storage in Deep Sedimentary Formations. Geotechnical
and Geological Engineering 2012, 30, 525-551.

Tao, Q.; Checkai, D.; Huerta, N.; Bryant, S. L. An Improved Model to Forecast CO, Leakage
Rates Along a Wellbore. Energy Procedia 2011, 538-391.

Um, W.; Jung, H. B. Results of Laboratory Scale Fracture Tests on Rock and Cement Interfaces;
PNNL-21446; Pacific Northwest National Laboratory: Richland, WA, 2012.

Um, W.; Jung, H. B.; Martin, P. F.; McGrail, B. P. Effective Permeability Change in Wellbore
Cement with Carbon Dioxide Reaction. PNNL-20843; Pacific Northwest National
Laboratory: Richland, WA, 2011.

Um, W.; Jung, H. B.; Suh, D. M.; Fernandez, C. A. Geochemical and Geomechanical Effects on
Wellbore Cement Fractures: Data Information for Wellbore Reduced Order Model.
PNNL-23148; Pacific Northwest National Laboratory, 2014.

Um, W.; Kabilan S.; Jung, H. B.; Kuprat A.; Beck A.; Varga T.; Fernandez C.; Brown, C. F. A
Numerical Study of Permeability Change in Wellbore Cement Fractures after
Geomechanical and Geochemical Processes; PNNL-SA-114327; Pacific Northwest
National Laboratory: Richland, WA, 2016.

Um, W.; Kabilan, S.; Fernandez, C. A.; Brown, C. F. Geochemical and Geomechanical Effects
on Wellbore Cement Fractures. Energy Procedia 2014, 63, 5808-5812.

Um, W.; Kabilan, S.; Jung, H.B.; Kuprat, A. P.; Beck, A. N. R.; Varga, T.; Fernandez, C. A.;
Brown, C. F. A Numerical Study of Permeability Change in Wellbore Cement Fractures
after Geomechanical and Geochemical Processes; PNNL-SA-115077; Pacific Northwest
National Laboratory, Richland, WA, 2015.

Um, W.; Rod, K. A.; Jung, H. B.; Brown, C. F. Geochemical Alteration of Wellbore Cement by
CO2 or CO2 + H2S Reaction during Long-Term Carbon Storage. Greenhouse Gases:
Science and Technology 2016, 6, 1-4.

Um, W.; Rod, K.; Jung, H. B.; Brown, C. Geochemical Alteration of Wellbore Cement by CO> or
CO2+H>S Reaction during Long-Term Carbon Storage; PNNL-SA-114327; Pacific
Northwest National Laboratory: Richland, WA, 2016.

33



NRAP Phase | Accomplishments 2011-2016

Verba, C.; O'Connor, W. O.; Rush, G.; Palandri, J.; Reed, M.; ldeker, J. Geochemical Alteration
of Simulated Wellbores of CO- Injection Sites within the Illinois and Pasco Basins. Int. J.
Greenhouse Gas Control 2014, 23, 119-134.

Vilarrasa, V.; Olivella, S.; Carrera, J.; Rutqvist, J. Long Term Impacts of Cold CO> Injection on
the Caprock Integrity. Int. J. Greenhouse Gas Control 2014, 24, 1-13.

Walsh, S. D. C.; Du Frane, W. L.; Mason, H. E.; Carroll, S. A. Permeability of Welbore-Cement
Fractures following Degradation by Carbonated Brines. Rock Mechanics and Rock
Engineering 2013, 46, 455-464.

Walsh, S. D. C.; Du Frane, W. L.; Mason, H. E.; DuFrane, W. L.; Carroll, S. A. Experimental
Calibration of a Numerical Model Describing the Alteration of Cement/Caprock
Interfaces by Carbonated Brine. Int. J. Greenhouse Gas Control 2014, 22, 176-188.

Walsh, S. D. C.; Mason, H. E.; Du Frane, W. L.; Carroll, S. A. Mechanical and Hydraulic
Coupling in Cement-Caprock Interfaces Exposed to Carbonated Brine. Int. J. Greenhouse
Gas Control 2014, 25, 109-120.

Wigand, M.; Kaszuba, J. P.; Carey, J. W.; Hollis, W. K. Geochemical Effects of CO-
Sequestration on Fractured Wellbore Cement at the Cement/Caprock Interface. Chemical
Geology 2009, 265, 122-133.

Zhang, L.; Dilmore, R.; Bromhal, G. Effect of Outer Boundary Condition, Reservoir Size, and
CO; Effective Permeability on Pressure and CO; Saturation Predictions under Carbon
Sequestration Conditions. Greenhouse Gases: Science and Technology 2016, 6, 546-560.

Zhang, L.; Dzombak, D. A.; Kutchko B. G. Wellbore Cement Integrity under Geologic Carbon
Sequestration Conditions. In Novel Materials for CO. Mitigation Technology; Shi, F.,
Morreale, B., Ed.; Elsevier, 2015.

Zhang, L.; Dzombak, D. A.; Kutchko B. G. Wellbore Cement Integrity under Geologic Carbon
Sequestration Conditions. Novel Materials for Carbon Dioxide Mitigation Technology
2015, 333-362.

Zhang, L.; Dzombak, D. A.; Nakles, D. V. Acid Gas Interactions with Pozzolan-Amended
Wellbore Cement Under Geologic Storage Conditions; NRAP-TRS-111-004-2014; NRAP
Technical Report Series; U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2014; p 44.

Zhang, L.; Dzombak, D. A.; Nakles, D. V.; Hawthorne, S. B.; Miller, D. J.; Kutchko, B.;
Lopano, C.; Strazisar, B. Effect of Exposure Environment on the Interactions between
Acid Gas (H2S and CO») and Pozzolan-amended Wellbore Cement under Acid Gas Co-
sequestration Conditions. International Journal of Greenhouse Gas Control 2014, 27,
309-318.

Zhang, L.; Dzombak, D. A.; Nakles, D. V.; Hawthorne, S. B.; Miller, D. J.; Kutchko, B. G.;
Lopano, C. L.; Strazisar, B. R. Rate of H>S and CO» Attack on Pozzolan-amended Class
H Well Cement under Geologic Sequestration Conditions. Int. J. Greenhouse Gas
Control 2014, 27, 299-308.

Zhang, L.; Dzombak, D. A.; Nakles, D. V.; Hawthorne, S. B.; Miller, D. J.; Kutchko, B. G.;
Lopano. C. L.; Strazisar, B. R. Characterization of Pozzolan-Amended Wellbore Cement

34



NRAP Phase | Accomplishments 2011-2016

Exposed to CO; and H.S Gas Mixtures under Geologic Carbon Sequestration Conditions.
Int. J. Greenhouse Gas Control 2013, 19, 358-368.

Zhang, L.; Dzombak, D.; Nakles, D.; Brunet, J.; Li, L. Reactive Transport Modeling of
Interactions between Acid Gas (CO:z + H.S) and Pozzolan-amended Wellbore Cement
under Geologic Carbon Sequestration Conditions. Energy & Fuels 2013, 27, 6921-6937.

Zhang, L.; Soong, Y.; Dilmore, R. Investigation on Porosity and Permeability Change of Mount
Simon Sandstone (Knox County, IN, USA) under Geological CO2 Sequestration
Conditions: A Numerical Simulation Approach. Greenhouse Gases: Science and
Technology 2016, 6, 546-560.

Zhang, L.; Theregowda, R. B.; Small, M. J. Statistical Model for Scaling and Corrosion
Potentials of Cooling-System Source Waters. Environmental Engineering Science 2014,
31, 570-581.

Zhang, S.; DePaolo, D. J.; Zheng, L.; Mayer, B. Reactive Transport Modeling of Stable Carbon
Isotope Fractionation in a Multi-phase Multi-component System during Carbon
Sequestration. Energy Procedia 2014, 63, 3821-3832.

Groundwater Protection WG

Apps, J. A.; Zhang, Y.; Zheng, L.; Xu, T.; Birkholzer, J. T. Identification of Thermodynamic
Controls Defining the Concentrations of Hazardous Elements in Potable Ground Waters
and the Potential Impact of Increasing Carbon Dioxide Partial Pressure. Energy Procedia
2009, 1, 1917-1924.

Bacon, D. H. 6 — Modeling Long-term CO> Storage, Sequestration and Cycling. Geological
Storage of Carbon Dioxide (COz). Geoscience, Technologies, Environmental Aspects and
Legal Frameworks 2013, 110-146.

Bacon, D. H.; Dai, Z.; Zheng, L. Geochemical Impacts of Carbon Dioxide, Brine, Trace Metal
and Organic Leakage into an Unconfined, Oxidizing Limestone Aquifer. Energy
Procedia 2014, 63, 4684-4707.

Bacon, D. H.; Qafoku, N. P.; Dai, Z.; Keating, E. H.; Brown, C. F. Modeling the Impact of
Carbon Dioxide Leakage into an Unconfined, Oxidizing Carbonate Aquifer. Int. J.
Greenhouse Gas Control 2016, 44, 290-299

Bacon, D. H.; Sminchak, J. R.; Gerst, J. L.; Gupta, N. Validation of CO; Injection Simulations
with Monitoring Well Data. Energy Procedia 2009, 1, 1815-1822.

Bandilla, K. W.; Celia, M. A.; Birkholzer, J. T.; Cihan, A.; Leister, E. C. Multiphase Modeling
of Geologic Carbon Sequestration in Saline Aquifers. Groundwater 2015, 53, 362-377.

Bao, J.; Hou, Z.; Fang, Y,; Ren, H.; Lin, G. Uncertainty Quantification for Evaluating Impacts of
Caprock and Reservoir Properties on Pressure Buildup and Ground Surface Displacement
during Geological CO Sequestration. Greenhouse Gases: Science and Technology 2013,
3, 338-358.

35



NRAP Phase | Accomplishments 2011-2016

Bianchi, M.; Zheng, L.; Birkholzer, J. T.; Spycher, N. F. Combining Multiple Lower-Fidelity
Models for Emulating Complex Model Responses for CCS Environmental Risk Int. J.
Greenhouse Gas Control 2016, 46, 248-258.

Birkholzer, J. T.; Oldenburg, C. M.; Zhou, Q. CO2 Migration and Pressure Evolution in Deep
Saline Aquifers. Int. J. Greenhouse Gas Control 2015, 40, 203-220.

Birkholzer, J. T.; Zhou, Q.; Tsang, C. Large-scale Impact of CO. Storage in Deep Saline
Aquifers: A Sensitivity Study on Pressure Response in Stratified Systems. Int. J.
Greenhouse Gas Control 2009, 3, 181-194.

Cantrell, K. J.; Brown, C. F. Source Term Modeling for Evaluating the Potential Impacts to
Groundwater of Fluids Escaping from a Depleted Oil Reservoir Used for Carbon
Sequestration. Int. J. Greenhouse Gas Control 2014, 27, 139-145.

Cantrell, K.; Zhong, L.; Bryce, D. A.; Thompson, C. J.; Bacon, D. H.; Shao, H. Mobilization and
Transport of Organic Compounds from Geologic Carbon Sequestration Reservoirs;
NRAP-TRS-111-002-2015; NRAP Technical Report Series; U.S. Department of Energy,
National Energy Technology Laboratory: Morgantown, WV, 2015; p 54.

Cao, P.; Karpyn, Z. T.; Li, L. The Role of Host Rock Properties in Determining Potential CO>
Migration Pathways. Int. J. Greenhouse Gas Control 2016, 45, 18-26.

Carroll, S. A.; Keating, E.; Mansoor, K.; Dai, Z.; Sun, Y.; Trainor-Guitton, W.; Brown, C.;
Bacon, D. Key Factors for Assessing Potential Groundwater Impacts Due to Leakage
from Geologic Carbon Sequestration Reservoirs; NRAP-TRS-1-003-2016; NRAP
Technical Report Series; U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2016; p 40.

Carroll, S. A.; Mansoor, K.; Sun, Y. Second-Generation Reduced-Order Model for Calculating
Groundwater Impacts as a Function of pH, Total Dissolved Solids, and Trace Metal
Concentration; NRAP-TRS-111-002-2014; NRAP Technical Report Series; U.S.
Department of Energy, National Energy Technology Laboratory: Morgantown, WV,
2014; p.40.

Carroll, S. A.; McNab, W. W.; Torres, S. Experimental Study of Cement - Sandstone/Shale -
Brine - CO- Interactions. Geochemical Transactions 2011, 12, 9.

Carroll, S.; Hao, Y.; Aines, R. Geochemical Detection of Carbon Dioxide in Dilute Aquifers.
Geochemical Transactions 2009, 10, 4.

Carroll, S.; Keating, E.; Mansoor, K.; Dai, Z.; Sun, Y.; Trainor-Guitton, W.; Brown, C. Key
Factors for Determining Groundwater Impacts Due to Leakage from Geologic Carbon
Sequestration Reservoirs. Int. J. Greenhouse Gas Control 2014, 29, 153-168.

Dai, Z.; Keating, E.; Bacon, D.; Viswanathan, H.; Stauffer, P.; Jordan, A.; Pawar, R.
Probabilistic Evaluation of Shallow Groundwater Resources at a Hypothetical Carbon
Sequestration Site. Scientific Reports 2014, 4, 4006.

Dai, Z.; Keating, E.; Gable, C.; Levitt, D.; Heikoop, J.; Simmons, A. Stepwise Inversion of a
Groundwater Flow Model with Multi-scale Observation Data. Hydrogeology Journal
2010, 18, 607-624.

36



NRAP Phase | Accomplishments 2011-2016

Dempsey, D.; Kelkar, S.; Pawar, R.; Keating, E.; Coblentz, D. Modeling Caprock Bending
Stresses and Their Potential for Induced Seismicity during CO> Injection. Int. J.
Greenhouse Gas Control 2014, 22, 223-236.

Harvey, O. R.; Qafoku, N. P.; Cantrell, K. J.; Lee, G.; Amonette, J. E.; Brown, C. F.
Geochemical Implications of Gas Leakage Associated with Geologic CO> Storage-A
Qualitative Review. Environ. Sci. Technol. 2013, 47, 23-36.

Harvey, O. R.; Qafoku, N. P.; Cantrell, K. J.; Wilkins, M. J.; Brown, C. F. Methanogenesis-
induced pH-Eh Shifts Drives Aqueous Metal (loid) Mobility in Sulfide Mineral Systems
under CO2 Enriched Conditions. Geochimica et Cosmochimica Acta 2016, 173, 232-245.

Harvey, O. R.; Qafoku, N.; Wilkins, M. J.; Cantrell, K. J.; Brown, C. F. Evidence of Anammox-
coupled-lithautotrophic HCO3z Reduction Provides New Insights for CO2-to-Energy
Utilization; PNNL-SA-114769; Pacific Northwest National Laboratory: Richland, WA,
2016.

Harvey, O. R.; Qafoku; Cantrell, K. J.; Brown, C. F. Geochemical Implications of Gas Leakage
Associated with Geologic CO; Storage - A Qualitative Review; PNNL-21550; Pacific
Northwest National Laboratory: Richland, WA, 2012.

Hou, Z.; Bacon, D. H.; Engel, D. W.; Lin, G.; Fang, Y.; Ren, H.; Fang, Z. Uncertainty Analyses
of CO2 Plume Expansion Subsequent to Wellbore CO> Leakage into Aquifers. Int. J.
Greenhouse Gas Control 2014, 27, 69-80.

Hou, Z.; Murry, C. J.; Rockhold, M. L. Risk Analyses and Reduced-Order Models for CO2
Leakage through Three-Dimensional Heterogeneous Intact Caprock; PNNL-21968;
Pacific Northwest National Laboratory: Richland, WA, 2014.

Hou, Z.; Rockhold, M. L.; Murray, C. J. Evaluating the Impact of Caprock and Reservoir
Properties on Potential Risk of CO. Leakage after Injection. Environmental Earth
Sciences 2012, 66, 2403-2415.

Houseworth, J. E.; Jordan, P. D. Potential for Environmental Impact due to Acid Gas Leakage
from Wellbores at EOR Injection Sites near Zama Lake, Alberta: Response to D. M.
LeNeveu. Greenhouse Gases: Science and Technology 2012, 2, 314-3109.

Karamalidis, A. K.; Torres, S. G.; Hakala, J. A.; Shao, H.; Cantrell, K. J.; Carroll, S. A. Trace
Metal Source Terms in Carbon Sequestration Environments. Environ. Sci. Technol. 2013,
47, 322-329.

Keating, E. H.; Bacon, D. H.; Carroll, S.; Mansoor, K.; Sun, Y.; Zheng, L.; Harp, D.; Dai, Z.
Applicability of Aquifer Impact Models to Support Decisions at CO, Sequestration Sites.
Int. J. Greenhouse Gas Control 2016, 52, 319-330.

Keating, E. H.; Dai, Z.; Dempsey, D.; Pawar, R. Effective Detection of CO, Leakage: A
Comparison of Groundwater Sampling and Pressure Monitoring. Energy Procedia 2014,
63, 4163-4171.

Keating, E. H.; Doherty, J.; Vrugt, J. A.; Kang, Q. Optimization and Uncertainty Assessment of
Strongly Nonlinear Groundwater Models with High Parameter Dimensionality. Water
Resources Research 2011, 46, W10517.

37



NRAP Phase | Accomplishments 2011-2016

Keating, E. H.; Fessenden, J.; Kanjorski, N.; Koning, D. J.; Pawar, R. The Impact of Shallow
Groundwater Chemistry: Observations at a Natural Analog Site and Implications for
Carbon Sequestration. Environmental Earth Sciences 2010, 60, 521-536.

Keating, E. H.; Hakala, J. A.; Viswanathan, H.; Capo, R.; Stewart, B.; Gardiner, J.; Guthrie, G.;
Carey, J. W.; Fessenden, J. The Challenge of Predicting Groundwater Quality Impacts in
a COz Leakage Scenario: Results from Field, Laboratory, and Modeling Studies at a
Natural Analog Site in New Mexico, USA. Energy Procedia 2011, 4, 3230-3245.

Keating, E. H.; Hakala, J. A.; Viswanathan, H.; Carey, J. W.; Pawar, R.; Guthrie, G. D.;
Fessenden-Rahn, J. CO. Leakage Impacts on Shallow Groundwater: Field-Scale
Reactive-Transport Simulations Informed by Kim Observations at a Natural Analog Site.
Applied Geochemistry 2013, 30, 136-147.

Keating, E. H.; Harp, D. H.; Dai, Z. D.; Pawar, R. J. Reduced Order Models for Assessing CO>
Impacts in Shallow Unconfined Aquifers. Int. J. Greenhouse Gas Control 2016, 46, 187-
196.

Keating, E. H.; Newell, D. L.; Viswanathan, H.; Carey, J. W.; Zyvoloski, G.; Pawar, R.
COo/Brine Transport into Shallow Aquifers along Fault Zones. Environmental Science &
Technology 2013, 47, 290-297.

Keating, E. H.; Zyvoloski, G. A. A Stable and Efficient Numerical Algorithm for Unconfined
Aquifer Analysis. Groundwater 2009, 47, 569-579.

Keating, E.; Dai, Z.; Dempsey, D.; Pawar, R. Effective Detection of CO, Leakage: A
Comparison of Groundwater Sampling and Pressure Monitoring. Energy Procedia 2014,
63, 4163-4171.

Keating, E.; Newell, D.; Dempsey, D.; Pawar, R. Insights into Interconnections between the
Shallow and Deep Systems from a Natural CO2 Reservoir near Springerville, Arizona.
Int. J. Greenhouse Gas Control 2014, 25, 162-172.

Keating, E.; Newell, D.; Stewart, B.; Capo, R.; Pawar, R. Further Insights into Interconnections
between the Shallow and Deep Systems from a Natural CO. Reservoir near Springerville,
Arizona, U.S.A. Energy Procedia 2014, 63, 4163-4171.

Last, G. V.; Brown, C. F.; Murray, C. J.; Bacon, D. H.; Qafoku, N. P.; Sharma, M.; Jordan, P. D.
No Impact Threshold Values for NRAP's Reduced Order Models; PNNL-22077; Pacific
Northwest National Laboratory: Richland, WA, 2013.

Last, G. V.; Jordan, P. D.; Murray, C.J.; Sharma, M.; Brown, C. F. No-Impact Threshold Values
for Groundwater Reduced-Order Models; NRAP-TRS-111-002-2016; NRAP Technical
Report Series; U.S. Department of Energy, National Energy Technology Laboratory:
Morgantown, WV, 2016; p 72.

Last, G. V.; Murray, C. J.; Bott, Y. Derivation of Groundwater Threshold Values for Analysis of
Impacts Predicted at Potential Carbon Sequestration Sites. Int. J. Greenhouse Gas
Control 2016, 49, 138-148.

Last, G. V.; Murray, C. J.; Bott, Y.; Brown, C. F. Threshold Values for Identification of
Contamination Predicted by Reduced Order Models. Energy Procedia 2014, 63, 3589-
3597.

38



NRAP Phase | Accomplishments 2011-2016

Last, G. V.; Schmick, M. T. Identification and Selection of Major Carbon Dioxide Stream
Compositions. PNNL-20493; Pacific Northwest National Laboratory: Richland, WA,
2011.

Lawter, A.; Qafoku, N. P.; Shao, H.; Bacon, D. H.; Brown, C. F. Evaluating Impacts of CO and
CHa Gas Intrusion into an Unconsolidated Aquifer: Fate of As and Cdt. Frontiers in
Environmental Science 2015, 3, 49.

Lawter, A.; Qafoku, N. P.; Wang, G.; Shao, H.; Brown, C. F. Evaluating Impacts of CO>
Intrusion into an Unconsolidated Aquifer: I. Experimental Data. Int. J. Greenhouse Gas
Control 2016, 44, 323-333.

Lu, J.; Kharaka, Y. K.; Thordsen, J. J.; Horita, J.; Karamalidis, A. K.; Griffith, C.; Hakala, J. A,;
Ambats, G.; Cole, D. R.; Phelps, T. J.; Manning, M. A.; Cook, P. J.; Hovorka, S. D. CO-
Rock-Brine Interactions in Lower Tuscaloosa Formation at Cranfield CO2 Sequestration
Site, Mississippi, U.S.A. Chemical Geology 2012, 291, 269-277.

Mansoor, K.; Carroll, S. A.; Sun, Y. The Role of Wellbore Remediation on the Evolution of
Groundwater Quality from CO; and Brine Leakage. Energy Procedia 2014, 63, 4799—
4806.

McGrail, B. P.; Spane, F. A.; Sullivan, E. C.; Bacon, D. H.; Hund, G. The Wallula Basalt
Sequestration Pilot Project. Energy Procedia 2011, 4, 5653-5660.

Mukhopadhyay, S.; Birkholzer, J. T.; Nicot, J. P.; Hosseini, S. A. A Model Comparison Initiative
for a CO2 Injection Field Test: An Introduction to Sim-SEQ. Environmental Earth
Sciences 2012, 67, 601-611.

Mukhopadhyay, S.; Doughty, C.; Bacon, D.; Li, J.; Wei, L.; Yamamoto, H.; Gasda, S.; Hosseini,
S. A.; Nicot, J. P.; Birkholzer, J. T. The Sim-SEQ Project: Comparison of Selected Flow
Models for the S-3 Site. Transport in Porous Media 2015, 108, 207-231.

Mukhopadhyay, S.; Hou, Z.; Gosink, L.; Bacon, D.; Doughty, C.; Li, J. J.; Wei, L.; Gasda, S.;
Bacci, G.; Govindan, R.; Shi, J.-Q.; Yamamoto, H.; Ramanathan, R.; Nicot, J. P.;
Hosseini, S. A.; Birkholzer, J. T.; Bonneville, A. Model Comparison and Uncertainty
Quantification for Geologic Carbon Storage: The Sim-SEQ Initiative. Energy Procedia
2013, 37, 3867-3874.

Newell, D. L.; Larson, T. E.; Perkins, G.; Pugh, J. D.; Stewart, B. W.; Capo, R. C.; Trautz, R. C.
Tracing CO- Leakage into Groundwater Using Carbon and Strontium Isotopes during a
Controlled CO2 Release Field Test. Int. J. Greenhouse Gas Control 2014, 29, 200-208.

Qafoku, N. P.; Bacon, D. H.; Zheng, L.; Lawter, A. R.; Brown, C. F. A Critical Review of the
Impacts of Leaking CO2 Gas and Brine on Groundwater Quality; NRAP-TRS-11-008-2016;
NRAP Technical Report Series; U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2016; p 88.

Qafoku, N. P.; Brown, C. F.; Wang, G.; Sullivan, E. C.; Lawter, A. R.; Harvey, O. R.; Bowden,
M. Geochemical Impacts of Leaking CO> from Subsurface Storage Reservoirs to
Unconfined and Confined Aquifers; PNNL-22420; Pacific Northwest National
Laboratory: Richland, WA, 2014.

39



NRAP Phase | Accomplishments 2011-2016

Qafoku, N. P.; Lawter, A. R.; Shao, H.; Wang, G.; Brown, C. F. Evaluating Impacts of CO. Gas
Intrusion Into a Confined Sandstone aquifer: Experimental Results. Energy Procedia
2014, 63, 3275-3284.

Qafoku, N.; Zheng, L.; Bacon, D. H.; Lawter, A. R.; Brown, C. F. A Critical Review of the
Impacts of Leaking CO, Gas and Brine on Groundwater Quality; PNNL-24897; Pacific
Northwest National Laboratory: Richland, WA, 2015.

Shao, H.; Kukkadapu, R. K.; Krogstad, E. J.; Newburn, M. K.; Cantrell, K. J. Mobilization of
Metals from Eau Claire Siltstone and the Impact of Oxygen under Geological Carbon
Dioxide Sequestration Conditions. Geochimica et Cosmochimica Acta 2014, 141, 62-82.

Shao, H.; Qafoku, N. P.; Lawter, A. R.; Bowden, M. E.; Brown, C. F. Coupled Geochemical
Impacts of Leaking CO, and Contaminants from Subsurface Storage Reservoirs on
Groundwater Quality. Environ. Sci. Technol. 2015, 49, 8202-8209.

Shao, H.; Thompson, C. J.; Cantrell, K. Evaluation of Experimentally Measured and Model-
Calculated pH for Rock-Brine-CO> Systems under Geologic CO> Sequestration
Conditions. Chemical Geology 2013, 359, 116-124.

Shao, H.; Thompson, C. J.; Qafoku, O.; Cantrell, K. In Situ Spectrophotometric Determination of
pH under Geologic CO2 Sequestration Conditions: Method Development and
Application. Environ. Sci. Technol. 2013, 47, 63-70.

Thibeau, S.; Bachu, S.; Birkholzer, J.; Holloway, S.; Neele, F.; Zhou, Q. Using Pressure and
Volumetric Approaches to Estimate CO. Storage Capacity in Deep Saline Aquifers.
Energy Procedia 2014, 63, 5294-5304.

Trainor-Guitton, W. J. A Geophysical Perspective of Value of Information: Examples of Spatial
Decisions for Groundwater Sustainability. Environment, Systems and Decisions 2014, 34,
124-133.

Trainor-Guitton, W.; Hoversten, G. M.; Ramirez, A.; Roberts, J.; Jlusson, E.; Key, K.; Mellors,
R. The Value of Spatial Information for Determining Well Placement: A Geothermal
Example. Geophysics 2014, 79, W27-W41.

Trautz, R. C.; Pugh, J. D.; Varadharajan, C.; Zheng, L.; Bianchi, M.; Nico, P. S.; Spycher, N. F.;
Newell, D. L.; Esposito, R. A.; Wu, Y.; Dafflon, B.; Hubbard, S. S.; Birkholzer, J. T.
Effect of Dissolved CO> on a Shallow Groundwater System: A Controlled Release Field
Experiment. Environ. Sci. Technol. 2013, 47, 298-305.

Varadharajan, C.; Tinnacher, R.; Nico, P. S.; Zheng, L. Laboratory and Synchrotron Analysis of
Metal Sediment Associations; NRAP-TRS-111-003-2012; NRAP Technical Report Series;
U.S. Department of Energy, National Energy Technology Laboratory: Morgantown, WV,
2012; p 20.

Viswanathan H.; Dai, Z.; Lopano, C.; Keating, E.; Hakala, J. A.; Scheckel, K. G.; Zheng, L.;
Guthrie, G. D.; Pawar, R. Developing a Robust Geochemical and Reactive Transport
Model to Evaluate Possible Sources of Arsenic at the CO2 Sequestration Natural Analog
Site in Chimayo, New Mexico. Int. J. Greenhouse Gas Control 2012, 10, 199-214.

Walsh, S. D. C.; Carroll, S. A. A Fracture-scale Model of Immiscible Fluid Flow. Physical
Review E 2013, 87, 013012.

40



NRAP Phase | Accomplishments 2011-2016

Wang, G.; Qafoku, N. P.; Bacon, D.; Lawter, A. R.; Bowden, M.; Harvey, O.; Sullivan, C.;
Brown, C. F. Geochemical Impacts of Leaking CO2 from Subsurface Storage Reservoirs
to Unconfined And Confined Aquifer; PNNL-22420; Pacific Northwest National
Laboratory: Richland, WA, 2014.

Wang, G.; Qafoku, N. P.; Lawter, A. R.; Bowden, M.; Harvey, O.; Sullivan, C.; Brown, C. F.
Geochemical Impacts of Leaking CO, from Subsurface Storage Reservoirs to an
Unconfined Oxidizing Carbonate Aquifer. Int. J. Greenhouse Gas Control 2016, 44,
310-322.

Wang, Z.; Small, M. J.; Karamalidis, A. K. A Multimodel Predictive System for Carbon Dioxide
Solubility in Saline Formation Waters. Environ. Sci. Technol. 2013, 47, 1407-1415.

White, M. D.; Bacon, D. H.; White, S. K.; Zhang, Z. F. Fully Coupled Well Models for Fluid
Injection and Production. Energy Procedia 2013, 37, 3960-3970.

White, S. K.; Gosink, L.; Sivaramakrishnan, C.; Black, G. D.; Purohit, S.; Bacon, D. H.; Hou, Z.;
Lin, G.; Gorton, I.; Bonneville, A. Implementations of a Flexible Framework for
Managing Geologic Sequestration Modeling Projects. Energy Procedia 2013, 37, 3971-
3979.

Xiao, T.; McPherson, B.; Pan, F.; Esser, R.; Jia, W.; Bordelon, A.; Bacon, D. Potential Chemical
Impacts of CO> Leakage on Underground Source of Drinking Water Assessed by
Quantitative Risk Analysis. Int. J. Greenhouse Gas Control 2016, 50, 305-316.

Zhang, L.; Soeder, D. Modeling of Methane Migration in Shallow Aquifers from Gas Well
Drilling. Groundwater [Online] 2015; Paper GW201411060318R.

Zheng, L.; Apps, J. A.; Zhang, Y.; Xu, T.; Birkholzer, J. T. Reactive Transport Simulations to
Study Groundwater Quality Changes in Response to CO, Leakage from Deep Geological
Storage. Energy Procedia 2009, 1, 1887-1894.

Zheng, L.; Carroll, S.; Bianchi, M.; Mansoor, K.; Sun, Y.; Birkholzer, J. Reduced Order Models
for Prediction of Groundwater Quality Impacts from CO; and Brine Leakage. Energy
Procedia 2014, 63, 4875-4883.

Zheng, L.; Qafoku, N. P.; Lawter, A.; Wang, G.; Shao, H.; Brown, C. F. Evaluating Impacts of
CO2 Intrusion into an Unconsolidated Aquifer: 1. Modeling Results. International
Journal of Greenhouse Gas Control 2016, 44, 300-309.

Zheng, L.; Spycher, N.; Birkholzer, J.; Xu, T.; Apps, J.; Kharaka, Y. On Modeling the Potential
Impacts of CO> Sequestration on Shallow Groundwater: Transport of Organics and Co-
Injected H.S by Supercritical CO> to Shallow Aquifers. Int. J. Greenhouse Gas Control
2013, 14, 113-127.

Zheng, L.; Spycher, N.; Varadharajan, C.; Tinnacher, R. M.; Pugh, J. D.; Bianchi, M.;
Birkholzer, J.; Nico, P. S.; Trautz, R. C. On the Mobilization of Metals by CO. Leakage
into Shallow Aquifers: Exploring Release Mechanisms by Modeling Field and
Laboratory Experiments. Greenhouse Gases: Science and Technology 2015, 5, 1-16.

Zhong, L.; Cantrell, K. J.; Bacon, D. H.; Shewell, J. Transport of Organic Contaminants
Mobilized from Coal through Sandstone Overlying a Geological Carbon Sequestration
Reservoir. Int. J. Greenhouse Gas Control 2014, 21, 158-164.

41



NRAP Phase | Accomplishments 2011-2016

Zhong, L.; Cantrell, K. J.; Mitroshkov, A. V.; Shewell, J. Mobilization and Transport of Organic
Compounds from Reservoir Rock and Caprock in Geological Carbon Sequestration Sites.
Environmental Earth Sciences 2014, 71, 4261-4272.

Zhou, Q.; Birkholzer, J. T.; Tsang, C. F. A Semi-Analytical Solution for Large-Scale Injection-
Induced Pressure Perturbation and Leakage in a Laterally Bounded Aquifer-Aquitard
System. Transport in Porous Media 2009, 78, 127-148.

System (Risk) Modeling WG

Cantrell, K. J.; Shao, K. J.; Zhong, L.; Thompson, C. J.; Jung, H. B.; Um, W. FY 12 ARRA-
NRAP Report — Studies to Support Risk Assessment of Geologic Carbon Sequestration:
PNNL-20673; Pacific Northwest National Laboratory: Richland, WA, 2011.

Dai, Z.; Keating, E.; Bacon, D.; Viswanathan, H.; Stauffer, P.; Jordan, A.; Pawar, R.
Probabilistic Evaluation of Shallow Groundwater Resources at a Hypothetical Carbon
Sequestration Site. Scientific Reports 2014, 4, 4006.

Dai, Z.; Middleton, R.; Viswanathan, H.; Fessenden-Rahn, J.; Bauman, J.; Pawar, R.; Lee, S.;
McPherson, B. An Integrated Framework for Optimizing CO Sequestration and
Enhanced Oil Recovery. Environmental Science & Technology Letters 2014, 1, 49-54.

Dai, Z.; Stauffer, P.; Carey, J.; Middleton, R.; Lu, Z.; Jacobs, J.; Spangler, L.; Hnottavange-
Telleen, K. Pre-site Characterization Risk Analysis for Commercial-scale Carbon
Sequestration. Environ. Sci. Technol. 2014, 48, 3908-3915.

Dai, Z.; Viswanathan, H.; Fessenden-Rahn, J.; Middleton, R.; Pan, F.; Jia, W.; Lee, S,;
McPherson, B.; Ampomah, W.; Grigg, R. Uncertainty Quantification for CO;
Sequestration and Enhanced Oil Recovery. Energy Procedia 2014, 63, 7685-7693.

Jia, W.; McPherson, B.; Pan, F.; Xiao, T.; Bromhal, G. Probabilistic Analysis of CO, Storage
Mechanisms in a CO>-EOR Field Using Polynomial Chaos Expansion. Int. J. Greenhouse
Gas Control 2016, 51, 218-229.

Kelkar, S.; Lewis, K.; Karra, K.; Zyvoloski, G.; Rapaka, S.; Viswanathan, H.; Mishra, P. K.;
Chu, S.; Coblentz, D.; Pawar, R. A Simulator for Modeling Coupled Thermo-hydro-
mechanical Processes in Subsurface Geological Media. International Journal of Rock
Mechanics and Mining Science 2014, 70, 569-580.

Mazzoldi, A.; Picard, D.; Sriam, P. G.; Oldenburg, C. M. Simulation-Based Estimates of Safety
Distances for Pipeline Transportation of Carbon Dioxide. Greenhouse Gases: Science
and Technology 2013, 3, 66-83.

Middleton, R.; Keating, G.; Stauffer, P.; Jordan, A.; Viswanathan, H.; Kang, Q.; Carey, J. W.;
Mulkey, M.; Sullivan, J.; Chu, S.; Esposito, R. The Cross-scale Science of CO, Capture
and Storage: From Pore Scale to Regional Scale. Energy & Environmental Science 2012,
5, 7328-7345.

Oldenburg, C. M.; Cihan, A.; Zhou, Q. Geologic Carbon Sequestration Injection Wells in Over-
Pressured Storage Reservoirs: Estimating Area of Review. Greenhouse Gases: Science
and Technology 2016. [Online] 13 June 2016.

42



NRAP Phase | Accomplishments 2011-2016

Pawar, R. J.; Bromhal, G. S.; Carey, J. W.; Foxall, BW.; Korre, A.; Ringrose, P. S.; Tucker, O.;
Watson, M. N.; White, J. A. Recent Advances in Risk Assessment and Risk Management
of Geologic CO- Storage. Int. J. Greenhouse Gas Control 2015, 40, 292-311.

Pawar, R.; Bromhal, G.; Carroll, S.; Chu, S.; Dilmore, R.; Gastleum, J.; Oldenburg, C.; Stauffer,
P.; Zhang, Y.; Guthrie, G. Quantification of Key Long-term Risks at CO2 Sequestration
Sites: Latest Results from US DOE's National Risk Assessment Partnership (NRAP)
Project. Energy Procedia 2014, 63, 4816-4823.

Pawar, R.; Bromhal, G.; Dilmore, R.; Foxall, B.; Jones, E.; Oldenburg, C.; Stauffer, P.; Unwin,
S.; Guthrie, G. Quantification of Risk Profiles for Atmospheres and Groundwater;
NRAP-TRS-111-003-2013; NRAP Technical Report Series; U.S. Department of Energy,
National Energy Technology Laboratory: Morgantown, WV, 2013; p 28.

Pawar, R.; Bromhal, G.; Dilmore, R.; Foxall, W.; Jones, E.; Oldenburg, C. M.; Stauffer, P.;
Unwin, S.; Guthrie, G. Quantification of Risk Profiles and Impacts of Uncertainties as
Part of US DOE's National Risk Assessment Partnership (NRAP). Energy Procedia
2013, 37, 4765-4773.

Pawar, R.; Bromhal, G.; Dilmore, R.; Oldenburg, C. M.; Zhang, Y.; Guthrie, G.; Chu, S. The
National Risk Assessment Partnership's Integrated Assessment Model for Carbon
Storage: A Tool to Support Decision Making Amidst Uncertainty. Int. J. Greenhouse Gas
Control 2016, 52, 175-1809.

Stauffer, P. H.; Viswanathan, H. S.; Pawar R. J.; Guthrie, G. D. A System Model for Geologic
Sequestration of Carbon Dioxide. Environ. Sci. Technol. 2009, 43, 565-570.

Stauffer, P.; Chu, S.; Tauxe, C.; Pawar, R. NRAP Integrated Assessment Model-Carbon Storage
(NRAP-IAM-CS) Tool User’s Manual, Version: 2016.11-1.1; NRAP-TRS-111-010-2016;
NRAP Technical Report Series; U.S. Department of Energy, National Energy
Technology Laboratory: Morgantown, WV, 2016; p 64.

Sullivan Graham, E. J.; Chu, S.; Pawar, R. J.; Stauffer, P. H. The CO2-PENS Water Treatment
Model: Evaluation of Cost Profiles and Importance Scenarios for Brackish Water
Extracted During Carbon Storage. Energy Procedia 2014, 63, 7205-7214.

Sullivan, E. J.; Chu, S.; Stauffer, P.; Pawar, R. A CO2-PENS Model of Methods and Costs for
Treatment of Water Extracted during Geologic Carbon Sequestration. Desalination and
Water Treatment 2013, 51, 1487-1493.

Sun, Y.; Tong, C.; Trainor-Guitton, W. J.; Lu, C.; Mansoor, K.; Carroll, S. A. Global Sampling
for Integrating Physics-specific Subsystems and Quantifying Uncertainties of CO-
Geological Sequestration. Int. J. Greenhouse Gas Control 2013, 12, 108-123.

Viswanathan, H. S.; Pawar R. J.; Stauffer, P. H.; Kaszuba, J. P.; Carey, J. W.; Olsen, S. C.;
Keating, G. N.; Kavetski, D.; Guthrie, G. D. Development of a Hybrid Process and
System Model for the Assessment of Wellbore Leakage at a Geologic CO> Sequestration
Site. Environ. Sci. Technol. 2008, 42, 7280-7286.

Xu, Z.; Fang, Y.; Scheibe, T. D.; Bonneville, A. A Hydro-Mechanical Model and Analytical
Solutions for Geomechanical Modeling of Carbon Dioxide Geological Sequestration, in
Energy Technology 2012: Carbon Dioxide Management and Other Technologies;

43


http://www.sciencedirect.com/science/article/pii/S175058361200237X
http://www.sciencedirect.com/science/article/pii/S175058361200237X
http://www.sciencedirect.com/science/article/pii/S175058361200237X

NRAP Phase | Accomplishments 2011-2016

Salazar-Villalpando, M. D., Neelameggham, N. R., Guillen, D. P., Pati, S., Krumdick, G.
K., Eds.; John Wiley & Sons, Inc., Hoboken, NJ, USA, 2012.

Zhang, Y.; Oldenburg, C. M.; Pan, L. Fast Estimation of Dense Gas Dispersion from Multiple
Continuous CO- Surface Leakage Sources for Risk Assessment. Int. J. Greenhouse Gas
Control 2016, 49, 323-329.

Strategic Monitoring WG

Ajo-Franklin, J. B.; Peterson, J.; Doetsch, J.; Daley, T. M. High-Resolution Characterization of a
CO2 Plume Using Crosswell Seismic Tomography: Cranfield, MS. Int. J. Greenhouse
Gas Control 2013, 18, 497-500.

Appriou, D.; Bonneville, A. H.; Nguyen, B. N.; Bacon, B. H. Evaluation of Time-Lapse Gravity
Monitoring on a Faulted Carbon Sequestration Reservoir; PNNL-25660; Pacific
Northwest National Laboratory, Richland, WA, 2016.

Cantrell, K. J.; Shao, H.; Thompson, C. J. Experimental Plan to Assess Contaminant
Mobilization during Geologic Carbon Sequestration; PNNL-20673; Pacific Northwest
National Laboratory, Richland, WA, 2011.

Cantrell, K.J.; Shao, H.; Zhong, L.; Thompson, C. J. Jung, H. B.; Um, W. FY 12 ARRA-NRAP
Report-Studies to Support Risk Assessment of Geologic Carbon Sequestration; PNNL-
21802; Pacific Northwest National Laboratory, Richland, WA, 2012.

Commer, M. Time-lapse 3-D Electrical Resistance Tomography Inversion for Crosswell
Monitoring of Dissolved and Supercritical CO> Flow at Two Field Sites: Escatawpa and
Cranfield, Mississippi, USA. Int. J. Greenhouse Gas Control 2016, 49, 297-311.

Commer, M.; Kowalsky, M. B.; Doetsch, J.; Newman, G.; Finsterle, S. MPITOUGH2: A Parallel
Parameter Estimation Framework for Hydrological and Hydrogeophysical Applications.
Computers & Geosciences 2014, 65, 127-135.

Dafflon, B.; Wu, Y.; Hubbard, S.; Birkholzer, J. T.; Daley, T.; Pugh, J.; Peterson, J. E.; Trautz,
R. C. Monitoring CO> Intrusion and Associated Geochemical Transformations in a
Shallow Groundwater System Using Complex Electrical Methods. Environ. Sci. Technol.
2013, 47, 314-321.

Daley, T. M.; Bromhal, G.; Chiaramonte, L.; Birkholzer, J.; Newell, D. White Paper Report:
Scientific Needs for a Dedicated Field Test Site for Geologic Carbon Sequestration.
NRAP Internal Report, 2011.

Daley, T. M.; Hendrickson, J.; Queen, J. H. Monitoring CO- storage at Cranfield, Mississippi
with Time-lapse Offset VSP-using Integration and Modeling to Reduce Uncertainty.
Energy Procedia 2014, 63, 4240-4248.

Di, H.; Gao, D. A New Algorithm for Evaluating 3D Curvature and Curvature Gradient for
Improved Fracture Detection. Computers & Geosciences 2014, 70, 15-25.

Di, H.; Gao, D. Gray-level Transformation and Canny Edge Detection for 3D Seismic
Discontinuity Enhancement. Computers and Geosciences 2014, 72, 192-200.

44



NRAP Phase | Accomplishments 2011-2016

Di, H.; Gao, D. Improved Estimate of Seismic Curvature and Flexure Based on 3D Surface
Rotation in the Presence of Structural Dip. Geophysics 2016, 81, IM13-IM23.

Doetsch, J.; Kowalsky, M. B.; Doughty, C.; Finsterle, S.; Ajo-Franklin, J. B.; Carrigan, C. R;
Yang, X.; Hovorka, S. D.; Daley, T. M. Constraining CO. Simulations by Coupled
Modeling and Inversion of Electrical Resistance and Gas Composition data. Int. J.
Greenhouse Gas Control 2013, 18, 510-522.

Donahue, T.; Gao, D. Application of 3D Seismic Attribute Analysis to Structure Interpretation
and Hydrocarbon Exploration Southwest Pennsylvania, Central Appalachian Basin: A
Case Study. Interpretation 2016, 4, T291-&302.

Doughty, C. Investigation of CO. Plume Behavior for a Large-Scale Pilot Test of Geologic
Carbon Storage in a Saline Formation. Transport in Porous Media 2010, 82, 49-76.

Gao, D. Integrating 3D Seismic Curvature and Curvature Gradient Attributes for Fracture
Characterization: Methodologies and Interpretational Implications. Geophysics 2013, 78,
021-031.

Gao, D. Implications of the Fresnel-Zone Texture for Seismic Amplitude Interpretation.
Geophysics 2012, 77, 035-044.

Gao, D. Latest Developments in Seismic Texture Analysis for Subsurface Structure, Facies, and
Reservoir Characterization: A Review. Geophysics 2011, 76, W1-W13.

Gao, D. Wavelet Spectral Probe for Seismic Structure Interpretation and Fracture Detection: A
Workflow with Case Studies. Geophysics 2013, 78, 057-067.

Gao, D.; Di, H. Extreme Curvature and Extreme Flexure Analysis for Fracture Characterization
from 3D Seismic Data: New Analytical Algorithms and Geologic Implications.
Geophysics 2015, 80, IM11-1M20.

Gastelum, J. A.; Porter, E. A. Optimizing Monitoring Designs under Alternative Objectives.
Energy Procedia 2014, 63, 3516-3522.

Harbert, W.; Daley, T. M.; Bromhal, G.; Sullivan, C.; Huang, L. Progress in Monitoring
Strategies for Risk Reduction in Geologic CO; storage. Int. J. Greenhouse Gas Control
2016, 51, 260-275.

Harbert, W.; Lipinski, B. Technologies Monitor CO, EOR Floods. The American Oil and Gas
Reporter 2010, 119-123.

Harbert, W.; Mur, A.; Soong, Y.; McLendon, T. R.; Haljasmaa, I. V.; Purcell, C. Integrating
Velocity Measurements in a Reservoir Rock Sample from the SACROC Unit with an
AVO Proxy for Subsurface Supercritical CO». The Leading Edge (Tulsa) 2010, 29, 192—
195.

Harbert, W.; Purcell, C.; Mur, A. Seismic Reflection Data Processing of 3D Surveys over an
EOR CO:z Injection. Energy Procedia 2011, 4, 3684-3690.

Hur, T.; Baltrus, J. P.; Howard, B. H.; Harbert, W. P.; Romanov, V. N. Carbonate Formation in
Wyoming Montmorillonite under High Pressure Carbon Dioxide. Int. J. Greenhouse Gas
Control 2013, 13, 149-155.

45


http://d-scholarship.pitt.edu/13720/
http://d-scholarship.pitt.edu/13720/
http://d-scholarship.pitt.edu/13720/
http://www.sciencedirect.com/science/article/pii/S1876610211005790
http://www.sciencedirect.com/science/article/pii/S1876610211005790
http://www.sciencedirect.com/science/article/pii/S175058361200312X
http://www.sciencedirect.com/science/article/pii/S175058361200312X

NRAP Phase | Accomplishments 2011-2016

Jung, Y.; Zhou, Q.; Birkholzer, J. T. Early Detection of Brine and CO> Leakage through
Abandoned Wells Using Pressure and Surface-deformation Monitoring Data: Concept
and Demonstration. Advances in Water Resources 2013, 62, 555-569.

Jung, Y.; Zhou, Q.; Birkholzer, J. T. On the Detection of Leakage Pathways in Geological
CO; Storage Systems Using Pressure Monitoring Data: Impact of Model Uncertainties.
Advances in Water Resources 2015, 84, 112-124.

Kabilan, S., Jung, H. B.; Kuprat, A. P.; Beck, A. N.; Varga, T.; Fernandez, C. A.; Um, W. A
Multiscale Hydro-Geochemical-Mechanical Approach to Analyze Faulted CO>
Reservoirs. Environ. Sci. Technol. 2016, 50, 6180-6188.

Kowalsky, M. B.; Doetsch, J.; Commer, M.; Finsterle, S.; Doughty, C.; Zhou, Q.; Ajo-Franklin,
J.; Birkholzer, J.; Daley, T. Coupled Inversion of Hydrological and Geophysical Data for
Improved Prediction of Subsurface CO, Migration; NRAP-TRS-111-004-2016; NRAP
Technical Report Series; U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2016; p 56.

Kowalsky, M. B.; Finsterle, S.; Williams, K. H.; Murray, C.; Commer, M.; Newcomer, D.;
Englert, A.; Steefel, C. I.; Hubbard, S. S. On Parameterization of the Inverse problem for
Estimating Aquifer Properties Using Tracer Data. Water Resources Research 2012, 48,
WO06535.

Lu, C.; Zhang, C.; Hunag, H.; Johnson, T. C. Monitoring CO> Sequestration into Deep Saline
Aquifer and Associated Salt Intrusion Using Coupled Multiphase Flow Modeling and
Time-lapse Electrical Resistivity Tomography. Greenhouse Gases: Science and
Technology 2015, 5, 34-49.

Mur, A.; Purcell, C.; Soong, Y.; Crandall, D.; McLendon, T. R.; Haljasma, I. V.; Warzinski, R.;
Kutchko, B.; Kennedy, S.; Harbert, W. Integration of Core Sample Velocity
Measurements into a 4D Seismic Survey and Analysis of SEM and CT Images to Obtain
Pore Scale Properties. Energy Procedia 2011, 4, 3676-3683.

Nakagawa, S.; Kneafsey, T. J.; Daley, T. M.; Freifeld, B. M.; Rees, E. V. Laboratory Seismic
Monitoring of Supercritical CO. Flooding in Sandstone Cores using the Split Hopkinson
Resonant Bar Technique with Concurrent X-ray CT Imaging. Geophysical Prospecting
2013, 61, 254-269.

Nakagawa, S.; Kneafsey, T. J.; Daley, T. M.; Freifeld, B. M.; Rees, E. V. Laboratory Seismic
Monitoring of Supercritical CO. Flooding in Sandstone Cores using the Split Hopkinson
Resonant Bar Technique with Concurrent X-ray CT Imaging. Geophysical Prospecting
2013, 61, 254-269.

Namhata, A.; Small, M. J.; Karamalidas, A. K. Multi-model Weighted Predictions for CH4 and
H>S Solubilities in Freshwater and Saline Formation Waters Relevant to Unconventional
Oil and Gas Extraction. International Journal of Coal Geology 2014, 131, 177-185.

Pau, G.; Finsterle, S.; Zhang, Y. Fast High-resolution Prediction of Multi-phase Flow in
Fractured Formations. Advances in Water Resources 2016, 88, 80-85.

Purcell, C.; Mur, A.; Soong, Y.; McLendon, T. R.; Haljasmaa, I. V.; Harbert, W. Integrating
Velocity Measurements in a Reservoir Rock Sample from the SACROC Unit with an
AVO proxy for Subsurface Supercritical CO.. The Leading Edge 2010.

46


http://dx.doi.org/10.1016/j.advwatres.2013.06.008
http://dx.doi.org/10.1016/j.advwatres.2013.06.008
http://dx.doi.org/10.1016/j.advwatres.2013.06.008
http://www.sciencedirect.com/science/article/pii/S1876610211005789
http://www.sciencedirect.com/science/article/pii/S1876610211005789
http://onlinelibrary.wiley.com/doi/10.1111/1365-2478.12027/abstract
http://onlinelibrary.wiley.com/doi/10.1111/1365-2478.12027/abstract
http://onlinelibrary.wiley.com/doi/10.1111/1365-2478.12027/abstract

NRAP Phase | Accomplishments 2011-2016

Purcell, C.; Harbert, W.; Soong, Y.; McLendon, T. R.; Haljasmaa, 1. V.; Mclintyre, D.; Jikich, J.
Velocity Measurements in Reservoir Rock Samples from the SACROC Unit Using
Various Pore Fluids, and Integration into a Seismic Survey Taken before and after a CO»
Sequestration Flood. Energy Procedia 2009, 1, 2323-2331.

Santarosa, C.; Crandall, D.; Halijasmaa, I.; Hur, T.; Fazio, J. J.; Warzinski, R.; Heeman, R.;
Romanov, V. CO; Sequestration Potential of Charqueadas Coal Field in Brazil.
International Journal of Coal Geology 2013, 106, 25-34.

Trainor-Guitton, W. J.; Ramirez, A.; Yang, X.; Mansoor, K.; Sun, Y.; Carroll, S. Value of
Information Methodology for Assessing the Ability of Electrical Resistivity to Detect
COo/brine Leakage into a Shallow Aquifer. Int. J. Greenhouse Gas Control 2016, 18,
101-113.

Trainor-Guitton, W.; Mansoor, K.; Sun, Y.; Carroll, S. Merits of Pressure and Geochemical Data
as Indicators of CO2/Brine Leakage into a Heterogeneous, Sedimentary Aquifer. Int. J.
Greenhouse Gas Control 2016, 52, 237-249.

Trautz, R. C.; Pugh, J. D.; Varadharajan, C.; Zheng, L.; Bianchi, M.; Nico, P. S.; Spycher, N. F.;
Newell, D. L.; Esposito, R. A.; Wu, Y.; Dafflon, B.; Hubbard, S. S.; Birkholzer, J. T.
Effect of Dissolved COz on a Shallow Groundwater System: A Controlled Release Field
Experiment. Environ. Sci. Technol. 2013, 47, 298-305.

Unwin, S. D.; Sadovsky, A.; Sullivan, C.; Anderson, R. M. Risk-Informed Monitoring,
Verification and Accounting (R1-MVA). An NRAP White Paper Documenting Methods
and a Demonstration Model of Risk-Informed MVA System Design and Operations in
Geologic Carbon Sequestration; PNNL-20808; Pacific Northwest National Laboratory:
Richland, WA. 2011.

Vaco, D. W.; Daley T. M.; Bakulin, A. Utilizing the Onset of Time-lapse Changes: A Robust
Basis for Reservoir Monitoring and Characterization. Geophysical Journal International
2014, 197, 1.

Varadharajan, C.; Tinnacher, R.; Pugh, J.; Trautz, R.; Zheng, L.; Spycher. N.; Birkholzer J.;
Castillo-Michel, H.; Esposito, R.; Nico, P. A Laboratory Study of the Initial Effects of
Dissolved Carbon Dioxide (CO2) on Metal Release from Shallow Sediments. Int. J.
Greenhouse Gas Control 2013, 19, 183-211.

Wang, P.; Pozzi, M.; Small, M.; Harbert, W. Statistical Method for Real-time Detection of
Changes in Seismic Risk at Deep-well Injection Sites. Bulletin of the Seismological
Society of America 2015, 105, 2852-2862.

Wang, P.; Small, M.; Harbert, W.; Pozzi, M. A Bayesian Approach for Assessing Seismic
Transitions Associated with Wastewater Injections. Bulletin of the Seismological Society
of America 2016, 106.

Weber, M.; Wilson, T.; Akwari, B.; Wells, A.; Koperna, G. Impact of Geological Complexity of
the Fruitland Formation on Combined CO, Enhance Recovery/Sequestration at San Juan
Basin Pilot Site. International Journal of Coal Geology 2012, 104, 46-58.

Wells, A. W.; Diehl, J. R.; Strazisar, B. R.; Wilson, T. Stanko, D. C. Atmospheric and Soil-gas
Monitoring for Surface Leakage at the San Juan Basin CO; Pilot Test Site at Pump

47


http://pubs.acs.org/doi/abs/10.1021/es301280t
http://pubs.acs.org/doi/abs/10.1021/es301280t
http://www.sciencedirect.com/science/article/pii/S1750583613003162
http://www.sciencedirect.com/science/article/pii/S1750583613003162
http://www.sciencedirect.com/science/article/pii/S0166516212002236
http://www.sciencedirect.com/science/article/pii/S0166516212002236
http://www.sciencedirect.com/science/article/pii/S0166516212002236

NRAP Phase | Accomplishments 2011-2016

Canyon New Mexico, Using Perfluorocarbon Tracers, CO2 Soil-gas Flux and Soil-gas
Hydrocarbons. Int. J. Greenhouse Gas Control 2013, 14, 227-238.

Wilson, T. H. Developing a Strategy for CO, EOR in an Unconventional Reservoir Using 3D
Seismic Attribute Workflows and FMI logs: Teapot Dome, Wyoming. West Virginia
University, Morgantown, WV, 2013.

Wilson, T. H.; Siriwardane, H.; Zhu, L.; Bajura, R. A.; Winschel, R. A.; Locke, J. E.; Bennett, J.
Fracture Model of the Upper Freeport Coal: Marshall County West Virginia Pilot
ECBMR and CO> Sequestration Site. International Journal of Coal Geology 2012, 104,
70-82.

Wilson, T. H.; Smith, V.; Brown, A. Developing a Model Discrete Fracture Network and
Drilling and EOR Strategy in an Unconventional Naturally Fractured Reservoir Using
Integrated Field, Image Log and 3D Seismic Data. American Association of Petroleum
Geologists (AAPG) Bulletin 2015, 99, 735-762.

Wilson, T. H.; Wells, A.; Peters, D.; Mioduchowski, A.; Martinez, G.; Koperna, G.; Akwari, B.
N.; Heath, J. Fracture and 3D Seismic Interpretations of the Fruitland Formation and
Cover Strata: Implications for CO, Retention and Tracer Movement, San Juan Basin Pilot
Test. International Journal of Coal Geology 2012, 99, 35-53.

Yang, X.; Chen, X.; Carrigan, C. R.; Ramirez, A. L. Uncertainty Quantification of CO;
Saturation Estimated from Electrical Resistance Tomography Data at the Cranfield Site.
Int. J. Greenhouse Gas Control 2014, 27, 59-68.

Yang, X.; Lassen, R. N.; Jensen, K. H.; Looms, M. C. Monitoring CO, Migration in a Shallow
Sand Aquifer Using 3D Crosshole Electrical Resistivity Tomography. Int. J. Greenhouse
Gas Control 2015, 42, 534-544.

Yang, Y.; Small, M. J.; Junker, B.; Bromhal, G. S.; Strazisar, B.; Wells, A. Bayesian
Hierarchical Models for Soil CO> Flux and Leak Detection at Geologic Sequestration
Sites. Environmental Earth Sciences 2011, 64, 787-798.

Yang, Y.; Small, M. J.; Ogretim, E. O.; Gray, D. D.; Bromhal, G. S.; Strazisar, B. R.; Wells, A.
W. Probabilistic Design of a Near-Surface CO> Leak Detection System. Environ. Sci.
Technol. 2011, 45, 6380-6387.

Yang, Y.; Small, M. J.; Ogretim, E. O.; Gray, D. D.; Wells, A. W.; Bromhal, G. S.; Strazisar, B.
R. A Bayesian Belief Network (BBN) for Combining Evidence from Multiple CO; Leak
Detection Technologies. Greenhouse Gases: Science and Technology 2012, 2, 185-199.

Yonkofski, C. M. R.; Davidson, C. L.; Rodriguez, L. R.; Porter, E. A.; Brown, C. F. Optimized,
Budget-Constrained Monitoring Well Placement Using DREAM; PNNL-SA-115984
Pacific Northwest National Laboratory, Richland, WA.

Yonkofski, C. M. R.; Gastelum, J. A.; Porter, E. A.; Rodriguez, L. R.; Bacon, D. H.; Brown, C.
F. An Optimization Approach to Design Monitoring Schemes for CO> Leakage
Detection. Int. J. Greenhouse Gas Control 2016, 47, 233-239.

Zhang, R.; Daley, T. M.; Vasco, D. W. Improving Thin-bed Resolution: Application of a Sparse-
Layer Inversion on 3D seismic Observations from the In Salah Carbon Dioxide Storage
Project. Society of Economic Geologists (SEG) Interpretation 2015, 3, SS65-SS71.

48


http://pages.geo.wvu.edu/%7Ewilson/netl/Wilsonetal_2013SEG_v3.pdf
http://pages.geo.wvu.edu/%7Ewilson/netl/Wilsonetal_2013SEG_v3.pdf
http://www.sciencedirect.com/science/article/pii/S0166516212001395
http://www.sciencedirect.com/science/article/pii/S0166516212001395
http://www.sciencedirect.com/science/article/pii/S0166516212001395
http://www.sciencedirect.com/science/article/pii/S0166516212000432
http://www.sciencedirect.com/science/article/pii/S0166516212000432
http://www.sciencedirect.com/science/article/pii/S0166516212000432

NRAP Phase | Accomplishments 2011-2016

Zhang, R.; Vasco, D. W.; Daley, T. M. Study of Seismic Diffractions Caused by a Fracture Zone
at In Salah Carbon Dioxide Storage Project. Int. J. Greenhouse Gas Control 2015, 42,
75-86.

Zhang, R.; Vasco, D.; Daley, T. M.; Harbert, W. Characterization of a Fracture Zone Using
Seismic Attributes at the In Salah CO; Storage Project. Society of Economic Geologists
(SEG) Interpretation 2015, 3, SM37-SM46.

Zhang, Y.; Liu, Y.; Pau, G.; Oladyshkin, S.; Finsterle, S. Evaluation of Multiple Reduced-Order
Models to Enhance Confidence in Global Sensitivity Analyses. Int. J. Greenhouse Gas
Control 2016, 49, 217-226.

Zhang, Y.; Oldenburg, C. MSLR User Guide-Simple Atmospheric Dispersion Model for
Multiple Continuous Dense Gas Releases, 2015.

Induced Seismicity WG

Bachmann, C. E.; Weimer, S.; Woessner, J.; Hainzl, S. Statistical Analysis of the Induced Basel
2006 Earthquake Sequence: Introducing a Probability-Based Monitoring Approach for
Enhanced Geothermal Systems. Geophysical Journal International 2011, 186, 793-807.

Bachmann, C. Short-Term Seismic Forecasting (STSF) Reduced-Order Model (ROM) Tool
User’s Guide, Version: 2016.11-1.0.4; NRAP-TRS-111-017-2016; NRAP Technical
Report Series; U.S. Department of Energy, National Energy Technology Laboratory:
Morgantown, WV, 2016, p 24.

Bonneville, A.; Nguyen, B. N.; Stewart,, M.; Hou, Z.; Murray, C.; Gilmore, T. Geomechanical
Evaluation of Thermal Impact of Injected CO2 Temperature on a Geological Reservoir:
Application to the FutureGen 2.0 Site. Energy Procedia 2014, 63, 3298-3304.

Bradley, C.; Coblentz, D.; Lee, R. Ground Motion Prediction applications to potential Induced
Seismicity (GMPIS) Tool User’s Manual, Version: 2016.11-1.1; NRAP-TRS-111-018-
2016; NRAP Technical Report Series; U.S. Department of Energy, National Energy
Technology Laboratory: Morgantown, WV, 2016; p 28.Buscheck, T. A.; White, J. A,;
Chen, M.; Sun, Y.; Hao, Y.; Aines, R. D.; Bourcier, W. L.; Bielicki, J. M. Pre-injection
Brine Production for Managing Pressure in Compartmentalized CO> Storage Reservoirs.
Energy Procedia 2014, 63, 5333-5340.

Cappa F.; Rutgvist J. Impact of CO2 Geological Sequestration on the Nucleation of Earthquakes.
Geophysical Research Letter 2011, 38.

Cappa, F.; Rutqvist, J. Modeling of Coupled Deformation and Permeability Evolution during
Fault Reactivation Induced by Deep Underground Injection of COx. Int. J. Greenhouse
Gas Control 2011, 5, 336-346.

Cappa, F.; Rutgvist, J. Seismic Rupture and Ground Accelerations Induced by CO- Injection in
the Shallow Crust. Geophysical Journal International 2012, 190, 1784-1789.

Coblentz, D.; Lee, R.; Wilson, J.; Bradley, C. Kimberlina, California Site Characterization for
Applications to Potential Induced Seismicity; NRAP Technical Report Series; U.S.
Department of Energy, National Energy Technology Laboratory: Morgantown, WV, in
review.

49


http://gji.oxfordjournals.org/content/186/2/793
http://gji.oxfordjournals.org/content/186/2/793
http://gji.oxfordjournals.org/content/186/2/793

NRAP Phase | Accomplishments 2011-2016

Finsterle, S. Practical Notes on Local Data-worth Analysis. Water Resources Research 2015, 51,
12.

Foxall, W.; Hutchings, L.; Johnson, S.; Savy, J. First-Generation Toolset for Calculation of
Induced Seismicity Hazard Profiles; NRAP-TRS-111-002-2013; NRAP Technical Report
Series; U.S. Department of Energy, National Energy Technology Laboratory:
Morgantown, WV, 2013; p 16.

Jeanne, P.; Guglielmi, Y.; Cappa, F.; Rinaldi, A.; Rutqvist, J. The Effects of Lateral Property
Variations on Fault Zones Reactivation by Fluid Pressurization: Application to CO>
Pressurization Effects of Mature and Undetectable Fault Zones. Journal of Structural
Geology 2014, 62, 97-108.

Jeanne, P.; Rutqvist, J.; Wainwright, M.; Foxall, W.; Bachmann, C.; Zhou, Q.; Pio Rinaldi, A.;
Birkholzer, J. T. Impact of In-Situ Stress Measurement Uncertainties on the Assessment
of the Seismic Activity and Risk Associated with a Hypothetical Industrial-Scale
Geologic CO» Sequestration Operation. Int. J. Greenhouse Gas Control 2016, 49, 149-
160.

Lewis, K. C.; Karra, S.; Kelkar, S. A Model for Tracking Fronts of Stress-Induced Permeability
Enhancement. Transport in Porous Media 2013, 99, 17-35.

Lu, C.; Sun, Y.; Buscheck, T. A.; Hao, Y.; White, J. A.; Chiaramonte, L. Uncertainty
Quantification of CO; Leakage through a Fault with Multiphase and Nonisothermal
Effects. Greenhouse Gases: Science and Technology 2012, 2, 445-4509.

Mazzoldi, A.; Picard, D.; Sriram, P. G.; Oldenburg, C. M. Simulation-Based Estimates of Safety
Distances for Pipeline Transportation of Carbon Dioxide. Greenhouse Gases: Science
and Technology 2013, 3, 66-83.

Mazzoldi, A.; Rinaldi, A. P.; Borgia, A.; Rutqvist, J. Induced Seismicity within Geological
Carbon Sequestration Projects: Maximum Earthquake Magnitude and Leakage Potential
from Undetected Faults. Int. J. Greenhouse Gas Control 2012, 10, 434-442.

Myer, L. R.; Daley, T. M. Elements of a Best Practices Approach to Induced Seismicity in
Geologic Storage. Energy Procedia 2011, 4, 3707-3713.

Nguyen, B. N; Hou, Z.; Bacon, D. H.; Murray, C. J.; White, M. D. Three-dimensional Modeling
of the Reactive Transport of CO> and its Impact on Geomechanical Properties of
Reservoir Rocks and Seals. Int. J. Greenhouse Gas Control 2016, 46, 100-115.

Rinaldi, A. P.; Jeanne, P.; Rutqvist, J. Effects of Fault-Zone Architecture on Earthquake
Magnitude and Gas Leakage Related to CO: Injection in a Multi-layered Sedimentary
System. Greenhouse Gases: Science and Technology 2014, 4, 99-120.

Rinaldi, A. P.; Vilarrasa, V.; Rutqvist, J.; Cappa, F. Fault Reactivation during CO> Sequestration:
Effects of Well Orientation on Seismicity and Leakage. Greenhouse Gases: Science and
Technology 2015, 5, 645-656.

Rinaldi, A.; Rutqvist, J.; Cappa, F. Geomechanical Effects on CO, Leakage through Fault Zones

during Large-scale Underground Injection. Int. J. Greenhouse Gas Control 2014, 20,
117-131.

50


http://netl.doe.gov/nrap/NRAP-TRS-III-002-2013_Induced%20Seismicity.20130117.pdf
http://netl.doe.gov/nrap/NRAP-TRS-III-002-2013_Induced%20Seismicity.20130117.pdf
http://www.sciencedirect.com/science/article/pii/S0191814114000303
http://www.sciencedirect.com/science/article/pii/S0191814114000303
http://www.sciencedirect.com/science/article/pii/S0191814114000303
http://onlinelibrary.wiley.com/doi/10.1002/ghg.1309/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ghg.1309/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ghg.1309/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ghg.v3.1/issuetoc
http://onlinelibrary.wiley.com/doi/10.1002/ghg.v3.1/issuetoc
http://www.sciencedirect.com/science/article/pii/S1750583612001697
http://www.sciencedirect.com/science/article/pii/S1750583612001697
http://www.sciencedirect.com/science/article/pii/S1750583612001697
http://www.sciencedirect.com/science/article/pii/S1876610211005820
http://www.sciencedirect.com/science/article/pii/S1876610211005820
http://onlinelibrary.wiley.com/doi/10.1002/ghg.1403/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ghg.1403/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ghg.1403/abstract

NRAP Phase | Accomplishments 2011-2016

Rutqvist, J.; Cappa, F.; Mazzoldi, A.; Rinaldi, A. Geomechanical Modeling of Fault Responses
and the Potential for Notable Seismic Events during Underground CO> Injection. Energy
Procedia 2013, 37, 4774-4784.

Rutqvist, J. Fractured Rock Stress-permeability Relationships from In Situ Data and Effects of
Temperature and Chemical-mechanical Couplings. Geofluids 2015, 15, 48-66.

Rutqvist, J.; Cappa, F.; Rinaldi, A. P.; Godano, M. Dynamic Modeling of Injection-Induced
Fault Reactivation and Ground Motion and Impact on Surface Structures and Human
Perception. Energy Procedia 2014, 63, 3379-33809.

Rutqvist, J.; Cappa, F.; Rinaldi, A. P.; Godano, M. Modeling of Induced Seismicity and Ground
Vibrations Associated with Geologic CO2 Storage, and Assessing Their Effects on
Surface Structures and Human Perception. Int. J. Greenhouse Gas Control 2014, 24, 64—
77.

Rutqvist, J.; Rinaldi, A. P.; Cappa, F.; Moridas, G. J. Modeling of Fault Activation and
Seismicity by Injection Directly into a Fault Zone Associated with Hydraulic Fracturing
of Shale-gas Reservoirs. Journal of Petroleum Science and Engineering 2015, 127, 377-
386.

Rutqvist, J.; Zheng, L.; Chen, F.; Liu, H-H.; Birkholzer, J. T. Modeling of Coupled Thermo-
Hydro-Mechanical Processes with Links to Geochemistry Associated with Bentonite-
Backfilled Repository Tunnels in Clay Formations. Journal of Rock Mechanics and Rock
Engineering 2014, 47, 167-186.

Trainor-Guitton, W.; Foxall, W.; Johnson, S. Parameter Sensitivity Analysis with the Seismicity
Simulation Program RSQSim; NRAP TRS-111-006-2016; NRAP Technical Report Series;
U.S. Department of Energy, National Energy Technology Laboratory: Morgantown, WV,
2016; p 28.

Vilarrasa, V.; Olivella, S.; Carrera, J.; Rutgvist, J. Long Term Impacts of Cold CO: Injection on
the Caprock Integrity. Int. J. Greenhouse Gas Control 2014, 24, 1-13.

Walsh, S. D. C.; Mason, H. E.; Du Frane, W. L.; Carroll, S. A. Experimental Calibration of a
Numerical Model Describing the Alteration of Cement/Caprock Interfaces by Carbonated
Brine. Int. J. Greenhouse Gas Control 2014, 22, 176-188.

Walsh, S. D. C.; Mason, H. E.; Du Frane, W. L.; Carroll, S. A. Mechanical and Hydraulic
Coupling in Cement-Caprock Interfaces Exposed to Carbonated Brine. Int. J. Greenhouse
Gas Control 2014, 25, 109-120.

Wang, P.; Small, M. J.; Harbert, W.; Pozzi, M. A Bayesian Approach for Assessing Seismic
Transitions Associated with Wastewater Injections. Bulletin of the Seismological Society
of America, April 2016.

Wang, Z.; Small, M. J. Statistical Performance of CO. Leakage Detection Using Seismic Travel
Time Measurements. Greenhouse Gases: Science and Technology 2015, 5, 1-15.

White, J. A.; Foxall, W. A Phased Approach to Induced Seismicity Risk Management. Energy
Procedia. 2014, 63, 4841-4849.

White, J. A.; Foxall, W. Assessing Induced Seismicity Risk at CO> Storage Projects: Recent
Progress and Remaining Challenges. Int. J. Greenhouse Gas Control 2016, 49, 413-424.

51


http://www.sciencedirect.com/science/article/pii/S1876610213006309
http://www.sciencedirect.com/science/article/pii/S1876610213006309
http://www.sciencedirect.com/science/article/pii/S1750583614000553
http://www.sciencedirect.com/science/article/pii/S1750583614000553
http://www.sciencedirect.com/science/article/pii/S1750583614000553
http://www.sciencedirect.com/science/article/pii/S1750583614000541
http://www.sciencedirect.com/science/article/pii/S1750583614000541
http://www.sciencedirect.com/science/article/pii/S175058361400005X
http://www.sciencedirect.com/science/article/pii/S175058361400005X
http://www.sciencedirect.com/science/article/pii/S175058361400005X
http://www.sciencedirect.com/science/article/pii/S175058361400084X
http://www.sciencedirect.com/science/article/pii/S175058361400084X

NRAP Phase | Accomplishments 2011-2016

White, J.; Chiaramonte, L.; Exxedine, S.; Foxall, W.; Hao, Y.; Ramirez, A. Geomechanical
Behavior of the Reservoir and Caprock System at the In Salah CO. Storage Project. In

Proceedings of the National Academy of Sciences of the United States of America 2014,
111, 8747-8752.

White, J.; Foxall, W.; Bachmann, C.; Daley, T. M.; Chiaramonte, L. Induced Seismicity and
Carbon Storage: Risk Assessment and Mitigation Strategies; NRAP-TRS-11-005-2016;
NRAP Technical Report Series; U.S. Department of Energy, National Energy
Technology Laboratory: Morgantown, WV, 2016; p 56.

Wu, Y.; Surasani, V. K.; Li, L.; Hubbard, S. S. Geophysical Monitoring and Reactive Transport
Simulations of Bioclogging Processes Induced by leuconostoc
mesenteroides. Geophysics 2014, 79, 1.

52



NRAP Phase | Accomplishments 2011-2016

5. REFERENCES
Reservoir Performance WG

Birkholzer, J.; Cihan, A.; Bandilla, K. A tiered area-of-review framework for geologic carbon
sequestration. Greenhouse Gas Science and Technology 2013, 1-16.

Bromhal, G.; Arcentales Bastidas, D.; Birkholzer, J.; Cihan, A.; Dempsey, D.; Fathi, E.; King,
S.; Pawar, R.; Richard, T.; Wainwright, H.; Zhang, Y.; Guthrie, G. Use of Science-Based
Prediction to Characterize Reservoir Behavior as a Function of Injection
Characteristics, Geological Variables, and Time; NRAP-TRS-1-005-2014; NRAP
Technical Report Series; U.S. Department of Energy, National Energy Technology
Laboratory: Morgantown, WV, 2014; p 76.

Cihan, A.; Birkholzer, J. T.; Bianchi, M.; Trevisan, L.; Zhou, Q.; lllangaskae, T. A Connectivity-
based Modeling Approach for Representing Hysteresis in Macroscopic Two-phase Flow
Properties. Energy Procedia 2014a, 63, 3456-3463.

Cihan, A.; Birkholzer, J. T.; lllangasekare, T. H.; Zhou, Q. A Modeling Approach to Represent
Hysteresis in Capillary Pressure-Saturation Relationship Based on Fluid Connectivity in
Void Space. Water Resources Research 2014b, 50, 119-131.

Cihan, A.; Birkholzer, J. T.; Trevisan, L.; Alvarez, A. G-N; lllangasekare, T. H. A laboratory-
scale analysis of a macroscopic two-phase flow modeling approach with hysteretic
constitutive relationships in porous media. Under development to submit to Water
Resources Research.

Mohaghegh, S. D.; Amini, S.; Gholami, V.; Gaskari, R.; Bromhal, G. Grid-Based Surrogate
reservoir modeling (SRM) for fast track analysis of numerical reservoir simulation
models at the grid block level. Proceedings of SPE Western NA Regional Meeting.
Bakersfield, CA, March 2012.

Pau, G.; Zhang, Y.; Finsterle, S.; Wainwright, H.; Birkholzer, J. Reduced Order Modeling in
iITOUGH2. Computers & Geosciences 2014, 65, 118-126.

Shahkarami, A.; Mohaghegh, S.; Gholami, V.; Haghighat, A.; Moreno, D. Modeling Pressure
and Saturation Distribution in a CO> Storage Project Using a Surrogate Reservoir Model
(SRM). Greenhouse Gases: Science and Technology 2014, 4, 1-27.

Trevisan, L.; Cihan, A.; Fagerlund, F.; Agartan, E.; Mori, H.; Birkholzer, J. T.; Zhou, Q.;
Illangasekare, T. H. Investigation of Mechanisms of Supercritical CO2 Trapping in Deep
Saline Reservoirs Using Surrogate Fluids at Ambient Laboratory Conditions. Int. J.
Greenhouse Gas Control 2015, 29, 35-49.

Wainwright, H. M.; Finsterle, S.; Jung, Y.; Zhou, Q.; Birkholzer, J. T. Making Sense of Global
Sensitivity Analyses. Computers & Geosciences 2014, 65, 84-94.

Wainwright, H. M.; Finsterle, S.; Zhou, Q.; Birkholzer, J. T. Modeling the Performance of
Large-Scale CO, Storage Systems: A Comparison of Different Sensitivity Analysis
Methods. Int. J. Greenhouse Gas Control 2013, 17, 189-205.

Woodburn, E. R.; Cihan, A.; Birkholzer, J. T. Determining the Area of Review (AoR) in Carbon
Capture and Storage: A tiered, probabilistic methodology to generate risk maps. Under
development.

53



NRAP Phase | Accomplishments 2011-2016

Zhang, Y.; Sahinidis, N. V. Developing Surrogate Models for CO, Sequestration Using
Polynomial Chaos Expansion; NRAP-TRS-111-004-2013; NRAP Technical Report
Series; U.S. Department of Energy, National Energy Technology Laboratory:
Morgantown, WV, 2013a; p 20.

Zhang, Y.; Sahinidis, N. V. Uncertainty Quantification in CO. Sequestration Using Surrogate
Models from Polynomial Chaos Expansion. Industrial & Engineering Chemistry
Research 2013b, 52, 3121-3132.

Wells and Seals WG

Brunet, J.-P.L.; Li, L.; Karpyn, Z. T.; Huerta, N. J. Fracture opening or self-sealing: Critical
residence time as a unifying parameter for cement—CO>-brine interactions. Int. J.
Greenhouse Gas Control 2016, 47, 25-37. DOI:10.1016/j.ijggc.2016.01.024

Carey, J. W.; Rougier, E.; Lei, Z.; Viswanathan, H. S. Experimental investigation of fracturing of
shale with water. In 49th US Rock Mechanics/Geomechanics Symposium, San Francisco,
CA, June 28-July 1, 2015.

Carroll, S.; Carey, J. W.; Dzombak, D.; Huerta, N. J.; Li, L.; Richard, T.; Um, W.; Walsh, S. D.
C.; Zhang, L. Review: Role of chemistry, mechanics, and transport on well integrity in
CO. storage environments. Int. J. Greenhouse Gas Control 2016, 49, 149-160.
DOl:http://dx.doi.org/10.1016/j.ijggc.2016.01.010

Celia, M. A.; Nordbotten, J. M.; Court, B.; Dobossy, M.; Bachu, S. Field-scale application of a
semi-analytical model for estimation of CO, and brine leakage along old wells. Int. J.
Greenhouse Gas Control 2011, 5, 257-269. DOI:10.1016/j.ijggc.2010.10.005

Crandall, D.; Bromhal, G. Experimental examination of fluid flow in fractured carbon storage
sealing formations. Int. J. Geosciences 2013, 4, 1175-1185.
DOIl:http://dx.doi.org/10.4236/ij9.2013.48111

Gasda, S. E.; Nordbotten, J. M.; Celia, M. A., Application of simplified models to CO. migration
and immobilization in large-scale geological systems. Int. J. Greenhouse Gas Control
2012, 9, 72-84. DOI:http://dx.doi.org/10.1016/j.ijggc.2012.03.001

Harp, D. R.; Pawar, R.; Carey, J. W.; Gable, C. W. Development of reduced order models of
transient wellbore leakage at geologic carbon sequestration sites. Int. J. Greenhouse Gas
Control 2016, 45, 150-162.

Harp, D. R.; Pawar, R.; Gable, C. W. Numerical modeling of cemented wellbore leakage from
storage reservoirs with secondary capture due to thief zones. Energy Procedia 2014, 63,
3532-3543.

Huerta, N. J.; Hesse, M. A.; Bryant, S. L.; Strazisar, B. R.; Lopano, C. Reactive transport of
CO»-saturated water in a cement fracture: Application to wellbore leakage during
geologic CO; storage. Int. J. Greenhouse Gas Control. 2015, 44.
DOI:10.1016/j.1jggc.2015.02.006

Huerta, N. J.; Strazisar, B. R.; Bryant, S. L.; Hesse, M. A. Time-dependent Fluid Migration From
a Storage Formation via Leaky Wells. 12th International Conference on Greenhouse Gas

54



NRAP Phase | Accomplishments 2011-2016

Control Technologies. Energy Procedia 2014; GHGT-12 63; 5724-5736.
DOI:10.1016/j.egypro.2014.11.605

Huerta, N. J.; Vasylkivska, V. S. Well Leakage Analysis Tool (WLAT) User’s Manual, Version:
2016.11-1.0.0.3; NRAP-TRS-I111-011-2016; NRAP Technical Report Series; U.S.
Department of Energy, National Energy Technology Laboratory: Albany, OR, 2016; p
44,

Jordan, A. B.; Stauffer, P. H.; Harp, D.; Carey, J. W.; Pawar, R. J. A response surface model to
predict CO, and brine leakage along cemented wellbores. Int. J. Greenhouse Gas Control
2015, 33, 27-39. DOI:10.1016/j.ijggc.2014.12.002

Jung, H. B.; Um, W. Experimental study of potential wellbore cement carbonation by various
phases of carbon dioxide during geologic carbon sequestration. Appl. Geochem. 2013, 35,
161-172. DOI:10.1016/j.apgeochem.2013.04.007

Lindner, E. NRAP Seal Barrier Reduced-Order Model (NSealR) Tool User’s Manual, Version:
2016.11-14.1; NRAP-TRS-111-012-2016; NRAP Technical Report Series; U.S.
Department of Energy, National Energy Technology Laboratory: Morgantown, WV,
2016; p 56.

Mason, H. E.; Du Frane, W. L.; Walsh, S. D. C.; Dai, Z.; Charnvanichborikarn, S.; Carroll, S. A,;
Chemical and Mechanical Properties of Wellbore Cement Altered by CO2-Rich Brine
Using a Multianalytical Approach. Environ. Sci. Technol. 2013, 47, 1745-1752.
DOI:10.1021/es3039906

Newell, D. L.; Carey, J. W. Experimental Evaluation of Wellbore Integrity Along the Cement-
rock Boundary. Environ. Sci. Technol. 2013, 47, 276-282. DOI:10.1021/es3011404

Nordbotten, J. M.; Kavetski, D.; Celia, M. A.; Bachu, S. Model for CO Leakage Including
Multiple Geological Layers and Multiple Leaky Wells. Environ. Sci. Technol. 2009, 43,
743-749. DOI:10.1021/es801135v

Pan, L. T2Well/ECO2N Version 1.0: Multiphase and Non-Isothermal Model for Coupled
Wellbore-Reservoir Flow of Carbon Dioxide and Variable Salinity Water; No. LBNL
Paper LBNL-4291E; Lawrence Berkeley National Laboratory, 2011.

Pan, L.; Oldenburg, C. M.; Pruess, K.; Wu, Y.-S. Transient CO, leakage and injection in
wellbore-reservoir systems for geologic carbon sequestration. Greenhouse Gases Sci.
Technol. 2011, 1, 335-350. DOI:10.1002/ghg.41

Pan, L.; Oldenburg, C. M.; Wu, Y.-S.; Pruess, K. Wellbore flow model for carbon dioxide and
brine. Energy Procedia 2009, 1, 71-78.
DOI:http://dx.doi.org/10.1016/j.egypro.2009.01.012

Um, W.; Jung, H. B.; Suh, D. M.; Fernandez, C. A. Geochemical and Geomechanical Effects on
Wellbore Cement Fractures: Data Information for Wellbore Reduced Order Model;
PNNL-23148; Pacific Northwest National Laboratory, 2014.

Walsh, S. D. C.; Mason, H. E.; Du Frane, W. L.; Carroll, S. A. Mechanical and hydraulic
coupling in cement—caprock interfaces exposed to carbonated brine. Int. J. Greenhouse
Gas Control 2014, 25, 109-120. DOI:10.1016/j.ijggc.2014.04.001

55



NRAP Phase | Accomplishments 2011-2016

Zhang, L.; Dzombak, D. A.; Nakles, D. V.; Hawthorne, S. B.; Miller, D. J.; Kutchko, B. G.;
Lopano, C. L.; Strazisar, B. R. Rate of H>S and CO, attack on pozzolan-amended Class H
well cement under geologic sequestration conditions. Int. J. Greenhouse Gas Control
2014a, 27, 299-308. DOI:10.1016/j.ijggc.2014.02.013

Zhang, L.; Dzombak, D. A.; Nakles, D. V.; Hawthorne, S. B.; Miller, D. J.; Kutchko, B.;
Lopano, C.; Strazisar, B. Effect of exposure environment on the interactions between acid
gas (H2S and CO3) and pozzolan-amended wellbore cement under acid gas co-
sequestration conditions. Int. J. Greenhouse Gas Control 2014b, 27, 309-318.
DOI:10.1016/j.ijggc.2014.06.030

Zyvoloski, G. A. FEHM: A control volume finite element code for simulating subsurface multi-
phase multi-fluid heat and mass transfer; No. LA-UR-07-3359; Los Alamos National
Laboratory, 2007.

Groundwater Protection WG

Bacon, D. H.; Qafoku, N. P.; Dai, Z.; Keating, E. H.; Brown, C. F. Modeling the impact of
carbon dioxide leakage into an unconfined, oxidizing carbonate aquifer. Int. J.
Greenhouse Gas Control 2016, 44, 290-299

Bianchi, M.; Zheng, L.; Birkholzer, J. T. Combining multiple lower-fidelity models for
emulating complex model responses for CCS environmental risk assessment. Int. J.
Greenhouse Gas Control 2016, 46, 248-258.

Carroll, S. A.; Bianchi, M.; Mansoor, K.; Zheng, L.; Sun, Y.; Spycher, N.; Birkholzer, J.
Reduced-Order Model for Estimating Impacts from CO Storage Leakage to Alluvium
Aquifers: Third-Generation Combined Physical and Chemical Processes; NRAP-TRS-II-
009-2016; NRAP Technical Report Series; U.S. Department of Energy, National Energy
Technology Laboratory: Morgantown, WV, 2016; p 44.

Carroll, S.; Keating, E.; Mansoor, K.; Dai, Z.; Sun, Y.; Trainor-Guitton, W.; Brown, C. Key
Factors for Determining Groundwater Impacts Due to Leakage from Geologic Carbon
Sequestration Reservoirs. Int. J. Greenhouse Gas Control 2014a, 29, 153-168.

Dai, Z.; Keating, E.; Bacon, D.; Viswanathan, H.; Stauffer, P.; Jordan, A.; Pawar, R.
Probabilistic evaluation of shallow groundwater resources at a hypothetical carbon
sequestration site. Sci Rep 2014, 4, 4006.

Harvey, O. R.; Qafoku, N. P.; Cantrell, K. J.; Lee, G.; Amonette, J. E.; Brown, C. F.
Geochemical Implications of Gas Leakage associated with Geologic CO> Storage-A
Qualitative Review. Environ. Sci. Technol. 2013, 47, 23-36.

Harvey, O. R.; Qafoku, N. P.; Cantrell, K. J.; Wilkins, M. J.; Brown, C. F. Methanogenesis-
induced pH-Eh shifts drives aqueous metal (loid) mobility in sulfide mineral systems
under CO2 enriched conditions. Geochimica et Cosmochimica Acta 2016, 173, 232-245.

Keating, E. H.; Bacon, D. H.; Carroll, S.; Mansoor, K.; Sun, Y.; Zheng, L.; Harp, D.; Dai, Z.
Applicability of Aquifer Impact Models to Support Decisions at CO, Sequestration Sites.
Int. J. Greenhouse Gas Control 2016a, 52, 319-330.

56



NRAP Phase | Accomplishments 2011-2016

Keating, E. H.; Dai, Z.; Dempsey, D.; Pawar, R. Effective detection of CO; leakage: a
comparison of groundwater sampling and pressure monitoring. Energy Procedia 2014,
63, 4163-4171.

Keating, E. H.; Harp, D. N.; Dai, Z. D.; Pawar, R. J. Reduced Order Models for CO, Impacts in
Shallow Unconfined Aquifers. Int. J. Greenhouse Gas Control 2016b, 46, 187-196.

Last, G. V.; Murray, C. J.; Bott, Y. Derivation of groundwater threshold values for analysis of
impacts predicted at potential carbon sequestration sites. Int. J. Greenhouse Gas Control
2016, 49, 138-148.

Lawter, A.; Qafoku, N. P.; Shao, H.; Bacon, D. H.; Brown, C. F. Evaluating impacts of CO; and
CHjs gas intrusion into an unconsolidated aquifer: fate of As and Cd Front. Front.
Environ. Sci. 2015, 3, 49.

Lawter, A.; Qafoku, N. P.; Wang, G.; Shao, H.; Brown, C. F. Evaluating impacts of CO>
intrusion into an unconsolidated aquifer: I. Experimental data. Int. J. Greenhouse Gas
Control 2016, 44, 323-333.

Qafoku, N. P.; Lawter, A. R.; Shao, H.; Wang, G.; Brown, C. F. Evaluating Impacts of CO, Gas
Intrusion Into a Confined Sandstone aquifer: Experimental Results. Energy Procedia
2014, 63, 3275-3284.

Shao, H.; Qafoku, N. P.; Lawter, A. R.; Bowden, M. E.; Brown, C. F. Coupled Geochemical
Impacts of Leaking CO, and Contaminants from Subsurface Storage Reservoirs on
Groundwater Quality. Environ. Sci. Technol. 2015, 49, 8202-8209.

Trautz, R. C.; Pugh, J. D.; Varadharajan, C.; Zheng, L.; Bianchi, M.; Nico, P. S.; Spycher, N. F.;
Newell, D. L.; Esposito, R. A.; Wu, Y.; Dafflon, B.; Hubbard, S. S.; Birkholzer, J. T.
Effect of Dissolved COz on a Shallow Groundwater System: A Controlled Release Field
Experiment. Environ. Sci. Technol. 2013, 47, 298-305.

Varadharajan, C.; Tinnacher, R. M.; Pugh, J. D.; Trautz, R. C.; Zheng, L.; Spycher, N. F,;
Birkholzer, J. T.; Castillo-Michel, H.; Esposito, R. A.; Nico, P. S. A laboratory study of
the initial effects of dissolved carbon dioxide (CO2) on metal release from shallow
sediments. Int. J. Greenhouse Gas Control 2013, 19, 183-211.

Wang, G.; Qafoku, N. P.; Lawter, A. R.; Bowden, M.; Harvey, O.; Sullivan, C.; Brown, C. F.
Geochemical impacts of leaking CO. from subsurface storage reservoirs to an unconfined
oxidizing carbonate aquifer. Int. J. Greenhouse Gas Control 2016, 44, 310-322.

Zheng, L.; Qafoku, N. P.; Lawter, A.; Wang, G.; Shao, H.; Brown, C. F. Evaluating impacts of
COgz intrusion into an unconsolidated aquifer: I1. Modeling results. Int. J. Greenhouse
Gas Control 2016, 44, 300-309.

Zheng, L.; Spycher, N.; Varadharajan, C.; Tinnacher, R. M.; Pugh, J. D.; Bianchi, M.;
Birkholzer, J.; Nico, P. S.; Trautz, R. C. On the mobilization of metals by CO: leakage
into shallow aquifers: exploring release mechanisms by modeling field and laboratory
experiments. Greenhouse Gases: Science and Technology 2015, 5, 1-16.

57



NRAP Phase | Accomplishments 2011-2016

Strategic Monitoring WG

Ajo-Franklin, J. B.; Peterson, J.; Doetsch, J.; Daley, T. M. High-resolution characterization of a
CO2 plume using crosswell seismic tomography: Cranfield, MS, USA. Int. J. Greenhouse
Gas Control 2013, 18, 497-500.

Carrigan, C. R.; Yang, X.; LaBrecque, D. J.; Larsen, D.; Freeman, D.; Ramirez, A. L.; Daily, W.;
Aines, R.; Newmark, R.; Friedmann, S. J.; Hovorka, S. Electrical resistivity tomographic
monitoring of CO> movement in deep geologic reservoirs. Int. J. Greenhouse Gas
Control 2013, 18, 401-408.

Commer, M.; Doetsch, J.; Dafflon, B.; Wu, Y.; Daley, T. M.; Hubbard, S. S. Time-lapse 3-D
electrical resistance tomography inversion for crosswell monitoring of dissolved and
supercritical CO2 flow at two field sites: Escatawpa and Cranfield, Mississippi, USA. Int.
J. Greenhouse Gas Control 2016, 49, 297-311.

Daley, T. M.; Bromhal, G.; Chiaramonte, L.; Birkholzer, J.; Newell, D. White Paper Report:
Scientific Needs for a Dedicated Field Test Site for Geologic Carbon Sequestration;
NRAP Internal Report, 2011.

Daley, T. M.; Hendrickson, J.; Queen, J. H. Monitoring CO- storage at Cranfield, Mississippi
with time-lapse offset VSP-using integration and modeling to reduce uncertainty. Energy
Procedia 2015b, 63, 4240-4248.

Daley, T. M.; Miller, D. E.; Dodds, K.; Cook, P.; Freifeld, B. M. Field testing of modular
borehole monitoring with simultaneous distributed acoustic sensing and geophone
vertical seismic profile at Citronelle, Alabama. Geophys.Prospect. 2015a.
http://dx.doi.org/10.1111/1365-2478.12324

Daley, T. M.; Sullivan, E. C.; Tan, S.; Huang, L.; Harbert, W. Analysis of Field Vertical Seismic
Profiling (VSP) Data: Cranfield 3D-VSP Project; NRAP Technical Report Series. U.S.
Department of Energy, National Energy Technology Laboratory, Morgantown, WV, in
review; pp. 49.

Doetsch, J.; Kowalsky, M. B.; Doughty, C.; Finsterle, S.; Ajo-Franklin, J. B.; Carrigan, C. R;
Yang, X.; Hovorka, S. D.; Daley, T. M. Constraining CO- simulations by coupled
modeling and inversion of electrical resistance and gas composition data. Int. J.
Greenhouse Gas Control 2013, 18, 510-522.

Harbert, W.; Daley, T. M.; Bromhal, G.; Sullivan, C.; Huang, L. Progress in monitoring
strategies for risk reduction in geologic COz storage. Int. J. Greenhouse Gas Control
2016, 51, 260-275.

Shang, X.; Huang, L. Optimal designs of time-lapse seismic surveys for monitoring CO. leakage
through fault zones. Int. J. Greenhouse Gas Control 2012, 10, 419-433.
http://dx.doi.org/10.1016/j.ijggc.2012.07.006

Trainor-Guitton, W. J.; Mansoor, K.; Sun, Y.; Carroll, S. Merits of pressure and geochemical
data as indicators of CO>/brine leakage into a heterogeneous, sedimentary aquifer. Int. J.
Greenhouse Gas Control 2016, 52, 237-249.

Trainor-Guitton, W. J.; Ramirez, A.; Yang, X.; Mansoor, K.; Sun, Y.; Carroll, S. Value of
information methodology for assessing the ability of electrical resistivity to detect

58


http://dx.doi.org/10.1111/1365-2478.12324
http://dx.doi.org/10.1016/j.ijggc.2012.07.006

NRAP Phase | Accomplishments 2011-2016

COz2/brine leakage into a shallow aquifer. Int. J. Greenhouse Gas Control 2013, 18, 101-
113.

Yang, X.; Chen, X.; Carrigan, C. R.; Ramirez, A. L. Uncertainty quantification of CO> saturation
estimated from electrical resistance tomography data at the Cranfield site. Int. J.
Greenhouse Gas Control 2014, 27, 59-68.

Yang, X.; Lassen, R. N.; Jensen, K. H.; Looms, M. C. Monitoring CO. migration in a shallow
sand aquifer using 3D crosshole electrical resistivity tomography. Int. J. Greenhouse Gas
Control 2015, 42, 534-544.

Yonkofski, C. M. R.; Gastelum, J. A.; Porter, E. A.; Rodriguez, L. R.; Bacon, D. H.; Brown, C.
F. An optimization approach to design monitoring schemes for CO> leakage detection,
Int. J. Greenhouse Gas Control 2016, 47, 233-2309.

Yonkofski, C. M. R; Porter, E. A.; Rodriguez, L. R.; Brown, C. F. Designs for Risk Evaluation
and Management (DREAM) Tool User’s Manual, Version: 2016.11-1.0; NRAP-TRS-III-
019-2016; NRAP Technical Report Series; U.S. Department of Energy, National Energy
Technology Laboratory: Morgantown, WV, 2016; p 40.

Induced Seismicity WG

Abrahamson, N.; Silva, W. Summary of the Abrahamson & Silva NGA Ground-Motion
Relations. Earthquake Spectra 2008, 24, 67-97.

Bachmann, C. E.; Wiemer, S.; Woessner, J.; Hainzl, S. Statistical analysis of the induced Basel
2006 earthquake sequence: introducing a probability-based monitoring approach for
enhanced geothermal systems. Geophys. J. Int. 2011, 186, 793-807.

Bachmann, C. Short-Term Seismic Forecasting (STSF) Reduced-Order Model (ROM) Tool
User’s Guide, Version: 2016.11-1.0.4; NRAP-TRS-111-017-2016; NRAP Technical
Report Series; U.S. Department of Energy, National Energy Technology Laboratory:
Morgantown, WV, 2016, p 24.

Boore, D. M.; Atkinson, G. M. Ground-motion prediction equations for the average horizontal
component of PGA, PGV, and 5%-Damped PSA at spectral periods between 0.01s and
10.0s. Earthquake Spectra 2008, 24, 99-138.

Bradley, C.; Coblentz, D.; Lee, R. Ground Motion Prediction applications to potential Induced
Seismicity (GMPIS) Tool User’s Manual, Version: 2016.11-1.1; NRAP-TRS-111-018-
2016; NRAP Technical Report Series; U.S. Department of Energy, National Energy
Technology Laboratory: Morgantown, WV, 2016; p 28.

Cappa, F.; Rutqgvist, J. Modeling of coupled deformation and permeability evolution during fault
reactivation induced by deep underground injection of COo>. Int. J. Greenhouse Gas
Control 2011, 5, 336-346.

Cappa, F.; Rutqvist, J. Seismic rupture and ground accelerations induced by CO- injection in the
shallow crust. Geophys. J. Int. 2012, 190, 1784-1789.

Coblentz, D.; Lee, R.; Wilson, J.; Bradley, C. Kimberlina, California Site Characterization for
Applications to Potential Induced Seismicity; NRAP Technical Report Series; U.S.

59



NRAP Phase | Accomplishments 2011-2016

Department of Energy, National Energy Technology Laboratory: Morgantown, WV, in
review.

Dieterich, J. H.; Richards-Dinger, K. B; Kroll, K. A. Modeling injection-induced seismicity with
the physics-based earthquake simulator RSQSim. Seismological Research Letters 2015,
86. DOI: 10.1785/0220150057.

Douglas, J.; Edwards, B.; Cpmvertito, V.; Sharma, N.; Tramelli, A.; Kraaijpoel, D.; Cabrera, B.
M.; Maercklin, N.; Troise, C. Predicting ground motion from induced earthquakes in
geothermal areas. Bull. Seismol. Soc. Am. 2013, 103, 1875-1897.

Lu, C.; Sun, Y.; Buscheck, T. A.; Hao, Y.; White, J. A.; Chiaramonte, L. Uncertainty
quantification of CO> leakage through a fault with multiphase and nonisothermal effects.
Greenhouse Gases: Science and Technology 2012, 2, 445-459. DOI: 10.1002/ghg.13009.

Mena, B.; Wiemer, S.; Bachmann, C. Building robust models to forecast the induced seismicity
related to geothermal reservoir enhancement. Bull. Seismol. Soc. Am. 2013, 103, 383—
393.

Nguyen, B. N; Hou, Z.; Bacon, D. H.; Murray, C. J.; White, M. D. Three-dimensional modeling
of the reactive transport of CO; and its impact on geomechanical properties of reservoir
rocks and seals. Int. J. Greenhouse Gas Control 2016, 46, 100-115.

Pawar, R. J.; Bromhal, G. S.; Carey, J. W.; Foxall, W.; Korre, A.; Ringrose, P. S.; Tucker, O.;
Watson, M. N.; White, J. A. Recent Advances in Risk Assessment and Risk Management
of Geologic CO; Storage. Int. J. Greenhouse Gas Control 2015, 40, 292-311.

Richards-Dinger, K. B.; Dieterich J. H. RSQSim earthquake simulator. Seismological Research
Letters 2012, 83, 983-990.

Rinaldi, A.; Rutqvist, J.; Cappa, F. Geomechanical effects on CO, leakage through fault zones
during large-scale underground injection. Int. J. Greenhouse Gas Control 2014, 20, 117-
131.

White, J. A.; Foxall, W. A phased approach to induced seismicity risk management. Energy
Proc. 2014, 63, 4841-4849.

White, J. A.; Foxall, W. Assessing induced seismicity risk at CO, storage projects: Recent
progress and remaining challenges. Int. J. Greenhouse Gas Control 2016a, 49, 413-424.

White, J.; Foxall, W.; Bachmann, C.; Daley, T. M.; Chiaramonte, L. Induced Seismicity and
Carbon Storage: Risk Assessment and Mitigation Strategies; NRAP-TRS-11-005-2016;
NRAP Technical Report Series; U.S. Department of Energy, National Energy
Technology Laboratory: Morgantown, WV, 2016b; p 56.

60



NRAP

National Risk Assessment Partnership

NRAP is an initiative within DOE’s Office of Fossil Energy and is led by the National Energy
Technology Laboratory (NETL). It is a multi-national-lab effort that leverages broad technical
capabilities across the DOE complex to develop an integrated science base that can be applied to
risk assessment for long-term storage of carbon dioxide (CO2). NRAP involves five DOE
national laboratories: NETL, Lawrence Berkeley National Laboratory (LBNL), Lawrence
Livermore National Laboratory (LLNL), Los Alamos National Laboratory (LANL), and Pacific

Northwest National Laboratory (PNNL).

Technical Leadership Team

Diana Bacon

Lead, Groundwater Protection Working Group
Pacific Northwest National Laboratory
Richmond, WA

Jens Birkholzer

LBNL Lab Lead

Lawrence Berkeley National Laboratory
Berkeley, CA

Grant Bromhal

Technical Director, NRAP

Research and Innovation Center
National Energy Technology Laboratory
Morgantown, WV

Chris Brown

PNNL Lab Lead

Pacific Northwest National Laboratory
Richmond, WA

Susan Carroll

LLNL Lab Lead

Lawrence Livermore National Laboratory
Livermore, CA

Abdullah Cihan

Lead, Reservoir Performance Working Group
Lawrence Berkeley National Laboratory
Berkeley, CA

Tom Daley

Lead, Strategic Monitoring Working Group
Lawrence Berkeley National Laboratory
Berkeley, CA

Robert Dilmore

NETL Lab Lead

Research and Innovation Center
National Energy Technology Laboratory
Pittsburgh, PA

Nik Huerta

Lead, Migration Pathways Working Group
Research and Innovation Center

National Energy Technology Laboratory
Albany, OR

Rajesh Pawar

LANL Lab Lead

Lead, Systems/Risk Modeling Working Group
Los Alamos National Laboratory

Los Alamos, NM

Tom Richard

Deputy Technical Director, NRAP
The Pennsylvania State University
State College, PA

Josh White

Lead, Induced Seismicity Working Group
Lawrence Livermore National Laboratory
Livermore, CA



S, U.S. DEPARTMENT OF

ENERGY

Sean Plasynski

Executive Director

Technology Development and
Integration Center

National Energy Technology Laboratory
U.S. Department of Energy

Heather Quedenfeld

Associate Director, Acting

Coal Division

Technology Development and
Integration Center

National Energy Technology Laboratory
U.S. Department of Energy

Traci Rodosta

Technology Manager

Strategic Planning

Science and Technology Strategic Plans
and Programs

National Energy Technology Laboratory
U.S. Department of Energy

Mark Ackiewicz

Director

Division of Carbon Capture and Storage
Office of Fossil Energy

U.S. Department of Energy

NATIONAL

TECHNOLOGY
LABORATORY

-\
l"ffl"fff |||

BERKELEY LAaB

TL

NRAP

o
National Risk Assessment Partnership

NRAP Executive Committee

Cynthia Powell

Executive Director

Research and Innovation Center
National Energy Technology Laboratory

Donald DePaolo

Associate Laboratory Director

Energy and Environmental Sciences
Lawrence Berkeley National Laboratory

Roger Aines

Chief Energy Technologist
Lawrence Livermore National
Laboratory

Melissa Fox

Program Manager

Applied Energy Programs

Los Alamos National Laboratory

George Guthrie

Chair, NRAP Executive Committee
Earth and Environmental Sciences
Los Alamos National Laboratory

Alain Bonneville
Laboratory Fellow
Pacific Northwest National Laboratory

Grant Bromhal

Technical Director, NRAP

Senior Research Fellow

Research and Innovation Center
National Energy Technology Laboratory

Pacific
MNorthwest

° Los Alamos

NATIONAL LABORATORY
EST. 1543

NRAP Technical Report Series




	Executive Summary
	1. Introduction
	2. Phase i Accomplishments by working group
	2.1 RESERVOIR PERFORMANCE WG ACCOMPLISHMENTS
	2.1.1 Assessment of Pressure and CO2 Plume Behavior
	2.1.2 Development and Testing of Improved Reservoir Models
	2.1.3 Development of Reservoir ROMs
	2.1.4 Upscaling Tool for Reservoir Modeling
	2.1.5 Risk-Based Methodology for Area of Review
	2.1.6 Adaptive Management Approaches for “Conformance”

	2.2 WELLBORE AND SEAL INTEGRITY WG ACCOMPLISHMENTS
	2.2.1 Laboratory Experiments
	2.2.2 Numerical Simulations
	2.2.3 Predictive Tools

	2.3 GROUNDWATER PROTECTION WG ACCOMPLISHMENTS
	2.3.1 Predictive Tools
	2.3.2 Full-Physics Simulations
	2.3.3 Laboratory Experiments
	2.3.4 No-Impact Thresholds

	2.4 SYSTEM (Risk) MODELING WG ACCOMPLISHMENTS
	2.4.1 Quantification of Environmental Risk Profiles
	2.4.2 Integrated Assessment Model (NRAP-IAM-CS)
	2.4.3 Informing Decision Making with Uncertainties
	2.4.4 Key Findings

	2.5 STRATEGIC MONITORING WG ACCOMPLISHMENTS
	2.5.1 Monitoring Technologies at Field Sites
	2.5.2 Monitoring Approaches using Synthetic Datasets
	2.5.3 Monitoring Tools

	2.6 INDUCED SEISMICITY WG ACCOMPLISHMENTS
	2.6.1 Short-Term Seismic Forecasting Tool
	2.6.2 Ground Motion Prediction Tool
	2.6.3 Probabilistic Seismic Risk Assessment Tool
	2.6.4 Hydromechanical Simulators


	3. Summary
	4. PHASE I Publications PRODUCED
	5. References

