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Task 1 7 Project Management and Planning

The CUSP management team addressed Task 1 by providing overall project management,
coordination, and governance for the CUSP partnership throughout the performance period. Task
1 activities ensured alignment among academic, national laboratory, industistage partners

and supported effective execution of technical, data, infrastructure, and outreach efforts across
Tasks 2 through 5. Key accomplishments included establishment and maintenance of regular
coordination mechanisms among project participansrsight of task integration and

sequencing; preparation and submission of required quarterly reports; and sustained engagement
with DOE to address guidance, reporting requirements, and evolving program priorities. Task 1
also supported revisions to tBeatement of Project Objectives and Project Management Plan,
coordinated budget modifications, and facilitated the integration of focused projects and new
partners as the project evolved. Collectively, these activities provided the organizational
frameworkand continuity necessary for successful completion of CUSP technical and
programmatic objectives.

An important point to note is that Carbon Solutions provided general support for Task 1 through
virtual meetings, igperson meetings, quarterly reporting, and other logistical tasks since
formally being brought onto the project in September 2021.

Subtask 1.1 T Communication and Coordination with Other
Partnerships

Task 1.1 efforts focused on administrative coordination and formal reporting required to support
project execution and DOE oversight. Activities under this subtask included preparation and
submission of quarterly Research Performance Progress Reportination of inputs from

project partners, and documentation of progress, milestones, and scope adjustments over the
course of the project. Task 1.1 also supported administrative communication with DOE related to
schedule, budget, and deliverable alignmensuring that changes in project scope or emphasis
were appropriately documented and incorporated into project planning. These efforts maintained
transparency, accountability, and compliance with DOE reporting requirements throughout the
CUSP performancperiod.

Task 2 T Addressing Key Technical Challenges

Subtask 2.1 7 Expand Characterization of Stacked and
Unconventional Storage

All efforts for Subtask 2.1 focused on expanding regional understanding of stacked and
unconventional C&storage opportunities across the CUSP region. Activities under this subtask
included compilation, synthesis, and screening of geologic data relevant to saline formations,
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depleted reservoirs, and other unconventional storage settings within participating states. Project
partners aggregated and evaluated publicly available and pprovéded subsurface datasiets
including stratigraphy, reservoir properties, well controtl egulatory constraindsto identify

storage intervals with potential for commercial deployment.

These efforts resulted in a catalog of significant stacked and unconventional storage options by
state, providing a consistent regional framework for comparing storage capacity, data quality,
and development readiness. The products of Subtask 2.1 infegteetion and prioritization of
focused projects, supported subsequent reservoir modeling and risk assessment activities, and
contributed foundational data to the CUSP regional database. DetailsgesitBc analyses and
modeling results associated waalected focus areas are described in later sections of this report.

Subtask 2.2 7 Develop Collaborations to Integrate and
Validate Key Technologies to Optimize Storage and Reduce
Uncertainty in Storage Permanence and Integrity

The CUSP teambés efforts associated with Subt a
collaborations to integrate and apply existing analytical, modeling, ardssgssment

technologies in support of geologic €8lorage evaluation. These efforts emphasized

coordination among CUSP partners, DOE national laboratories, industry collaborators, and state

and academic institutions to promote consistent and practical application of available tools,

rather than developmeof new standalone technologies.

The CUSP team collaborated with Sandia National Laboratories, Los Alamos National
Laboratory, and Pacific Northwest National Laboratory to support application of established
modeling and ristassessment framewofksuch as NRAP toods for screening, uncertaty

evaluation, and monitoring and verification planning at candidate storage sites. These laboratory
collaborations provided technical input on risk pathways, uncertainty characterization, and data
integration and supported alignment of project activitieh DOE guidance and initiatives.

The team also worked with industry partners, most notably Lucid Energy / Targa Resources, to
apply integrated workflows combining geologic characterization, reservoir modeling, and risk
assessment in support of active storage projects in the PermianBeesia.efforts informed

MRV planning and regulatory permitting and served as practical demonstrations of tool
integration in commercial project contexts.

In parallel, the CUSP team leveraged its rsiifite network of universities and state geological
surveys to harmonize characterization approaches and datasets across the region, enabling
comparison of stacked and unconventional storage options using ahaigtical frameworks.
Collaborative mechanisrasincluding biweekly coordination calls, topical working groups,
focusedproject meetings, and annualperson meetings supported ongoing integration of
technical approaches across Tasks 2 through 4. Ouscloame Subtask 2.2 informed site

screening, MRV development, and subsequent technical analyses described in later sections of
this report.
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Subtask 2.3 T Collaborate with Industrial Partners to Identify
and Assist with Monitoring, Verification, and Accounting
(MVA) Strategies as Applicable

The CUSP teambés efforts associated with Subt a
partners to identify and support monitoring, verification, and accounting (MVA/MRYV) strategies
appropriate for candidate geologic £€dorage projects. These efforts emphasized practical

application of characterization, modeling, and-asisessment tools to inform monitoring design

and regulatory requirements, rather than development of new monitoring technologies.

Through engagement with industrial partners, the CUSP team applied integrated workflows
combining geologic characterization, reservoir modeling, and risk assessment to support
evaluation of monitoring needs and uncertainty reduction at prospective stibesgdhese

activities included interpretation of subsurface data, assessment of potential leakage pathways,
and application of established riaksessment frameworks to inform MRV planning.

Subtask 2.3 activities also supported coordination between industry partners and technical teams
across CUSP, ensuring that monitoring strategies were aligned wiipsitgic geologic

conditions, regulatory expectations, and best practices emergindpfddrsupported tools and
methodologies. Outcomes from this subtask informed focused project activities, MRV plan
development, and permitting efforts described in later sections of this report.

Subtask 2.3.1 i Evaluation and implementation of Storage in the
Permian Basin

The CUSP teambés efforts associated with Subt a
implementation of geologic GGtorage in collaboration with Lucid Energy and Targa

Resources in the Permian Basin. Activities under this focused project emphasized application of
integrated characterization, modeling, and-askessment workflows to active industrial

projects, with he goal of informing monitoring, reporting, and verification (MRV) planning and
regulatory permitting.

The CUSP team supported acquisition and interpretation of subsurface data, including core and
well log information, and applied reservoir modeling and-askessment tools to evaluate

storage performance and potential leakage pathways. These analysesdrdevelopment of

MRYV plans tailored to sitgpecific geologic conditions and regulatory requirements.

As part of this effort, the CUSP team contributed technical analyses and documentation
supporting Class VYrelevant permitting activities, including preparation of MRV plans that were
reviewed and approved by regulatory agencies for multiple AGI wellgw Mexico and

Texas. This work provided a practical demonstration of how integrated characterization,
modeling, and riskassessment approaches can be applied to comrsralalstorage projects

and informed broader CUSP guidance on MRV strategy develdpBetailed technical results
and sitespecific analyses are described in later sections of this report.

Subtask 2.3.2 7 CCUS Hub 2.0 Concept for ONEOK

The CUSP teambs efforts associated with Subt a
Hub 2.0 concept in collaboration with ONEOK, focusing on evaluation ofsbale CQ
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capture, transport, and storage opportunities in Kansas and Oklahoma. This work addressed
early- to mid-stage project planning needs, including identification of suitable subsurface storage
intervals near ONEOK facilities, assessment of infrastructuréendegkation considerations, and
evaluation of monitoring, regulatory, and economic constraints relevant teslzatge

deployment.

Under this subtask, the CUSP team applied integrated geologic characterization, reservoir
modeling, techn@conomic analysis, and rislssessment approaches to inform storage

feasibility and project viability at a conceptual level. These efforts suppasssssment of

potential storage capacity, cost drivers, regulatory pathways, and economic risks associated with
hub-scale CCUS development. Detailed technical analyses, modeling results, and economic
assessments associated with the ONEOK BaseCCS Huldid@taeé presented in later sections

of this report.

Subtask 2.3.3 i Design of an Integrated CCUS Operation in a
Complex Geological Structure in Osage County, Oklahoma

The CUSP teambés efforts associated with Subt a
potential CCS project in Osage County, Oklahoma, focusing esaate planning under

geologic and infrastructure uncertainty. Activities under this subtask emptasgplication of

geologic characterization, reservoir modeling, andastessment approaches to assess storage
feasibility and inform monitoring and regulatory considerations in a structurally and

stratigraphically complex setting.

The CUSP team applied integrated workflows to evaluate subsurface storage options,
characterize uncertainty related to reservoir properties and structural complexity, and assess
implications for monitoring strategy development and project design. Thispravided a site
specific demonstration of how integrated characterization andas&d approaches can support
CCS planning in challenging geologic environments. Detailed technical analyses, modeling
results, and scenario evaluations associated wit®sage County effort are presented in later
sections of this report.

Subtask 2.3.4 i Laying the Cornerstones of a Regional Storage Hub
in California

The CUSP teambs efforts associated with Subt a
regional CQ storage hub concept in California, with emphasis on integration of geologic,
infrastructure, regulatory, and policy considerations. Activities under this subtask focused on
assessing storage opportunities within complex geologic and regulatory envireament

evaluating how subsurface suitability, transport infrastructure, and permitting frameworks

interact to influence project feasibility.

The CUSP team applied integrated characterization, modeling, economic, aassgskment
approaches to screen potential storage options, assess uncertainty and constraints, and inform
hub-scale planning considerations. This work contributed to develdpmh@conceptual

framework for regional CCUS deployment in California and provided insights into challenges
and opportunities unique to that setting. Detailed technical analyses, modeling results, and
scenario evaluations associated with the Califorrgioral hub effort are presented in later
sections of this report.
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Subtask 2.3.5

This subtask corresponded to a mineralization project to be led by Alain Bonneville of PNNL.
Dr. Bonneville left PNNL in 2021, and therefore CUSP management in consultation with NETL
canceled this subtask and no accomplishments are associated withtidg.su

Subtask 2.3.6 i CCS at the Iron Mountain Iron Mine and Direct
Reduced Iron Processing Plant, Southern Utah

The CUSP teambés efforts associated with Subt a
feasibility of carbon capture and storage (CCS) for the Iron Mountain iron mine and associated

direct reduced iron (DRI) processing facility in southern UtahivRigs under this subtask

focused on earhgtage assessment of CCS integration challenges and opportunities specific to

mining and industrial processing operations, rather than detailed site characterization or project
implementation.

The CUSP team conducted screerdmngel analyses to examine potential pathways for
integrating CQ capture, transport, and storage within the regional geologic and infrastructure
context. These efforts emphasized identification of key technical, economic, and regulatory
uncertainties that would influence project viability and inform future decisiakng.

Consistent with the exploratory nature of this subtask, the work did not advance to detailed
reservoir modeling, MRV planning, or permitting. Instead, lifon Mountain assessment
provided a conceptual evaluation of CCS applicability in an industrial mining setting and
contributed to broader CUSP understanding of nontraditional CCS deployment contexts.

Subtask 2.4 7 Development and Validation of Risk
Assessment, Management, and Mitigation Strategies for
Commercial -Scale Sites

The CUSP teambés efforts associated with Subt a
risk assessment, management, and mitigation approaches to support planning and decision

making for commerciascale CQ storage projects. Activities under this subtask emphasized use

of established DOBupported tools and frameworks to identify key risk drivers, assess potential
leakage pathways, and evaluate uncertainty related to storage performance and integrity, rather
than development of new risk methodologies.

The CUSP team applied risissessment approacfiescluding NRARbased toold in support

of candidate storage sites and focused projects across the region. These analyses integrated
geologic characterization, reservoir modeling, andspeific data to asss potential risks
associated with injectivity, containment, and monitoring, and to inform development of
monitoring, reporting, and verification (MRV) strategies. Risk considerations were incorporated
into site screening, scenario evaluation, and MRViulag activities conducted under Tasks 2

and 3.

Subtask 2.4 efforts also supported evaluation of risk management and mitigation options at a
planning level by identifying dominant sources of uncertainty and potential strategies for
monitoring design, operational controls, and regulatory compliancee Hffests provided a
consistent framework for incorporating risk considerations into CCS project planning and
contributed to demonstration of how integrated-bsked approaches can support commercial
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scale storage decisianaking. Detailed applications and results are presented in later sections of
this report.

Task 3 T Facilitating Data Collection, Sharing, and
Analysis

The CUSP teambés efforts under Task 3 focused
infrastructure required to support regional 3frage assessment, modeling, and risk evaluation
across the CUSP regioActivities under this task emphasized identification, compilation,

synthesis, and organization of geologic, infrastructure, regulatory, and emissions data needed to
inform storage screening, monitoring and verification (MRV) planning, and uncertainty

assesment. Rather than generating new proprietary elatabask 3 prioritized integration of

existing public, partneprovided, and DOEupported data to facilitate consistent analysis and

reuse.

Through coordination with national laboratories, state geological surveys, academic partners, and
industry collaborators, the CUSP team established a persistent regional data framework for
focused project analyses, habale planning efforts, and risk asseents described throughout

this report. Task 3 outcom@sncluding curated datasets, analytical workflows, and an

accessible regional databéssupported application of NRAP tools, contributed to DOE

machine learning initiatives, and provided a durabledation for CCUS planning beyond the

life of the project.

Subtask 3.1 T Engaging with National Laboratories

The CUSP team engaged DOE national laboratories to support identification, integration, and
application of data needed for geologic L&3rage assessment and risk evaluation. Through this
subtask, the CUSP team coordinated with national laboratory partners to align data needs,
analytical workflows, and modeling approaches with project objectives and DOE program
priorities.

Subtask 3.1 emphasized collaboration with Sandia National Laboratories, Los Alamos National
Laboratory, and Pacific Northwest National Laboratory to support consistent use of geologic,
monitoring, and riskelated datasets across the CUSP region. Outboolitive effort facilitated
integration of regional and sispecific data for modeling and rislssessment frameworks,
supported application of NRAP tools, and informed monitoring and verification (MRV) planning
efforts described under Tasks 2 and 3.

Activities under Subtask 3.1 included regular technical coordination, data exchange, and review
of analytical approaches to ensure compatibility between Gd¢SBloped datasets and DOE
supported tools and initiatives. While early project periods emphasiestification of data
requirements and establishment of eittaring workflows, later phases of the project reflected
steadystate application of these collaborations as data infrastructure matured. Outcomes from
Subtask 3.1 are reflected throughout tieisort in integrated modeling analyses, risk evaluations,
and data products that support focused projectsshale planning efforts, and DOE machine
learning initiatives.
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Subtask 3.1.1 i Identify Data Requirements and Needs

CCUS includes a variety of topics that can range from chemical to geological to geographical to
political to economic. As such, it represents an unusual challenge of storing and retrieving data
that is very diverse in nature. To meet that challenge, theepd of a heterogeneous
database/visualization system is described, along with its implementation in the form of the EGI
Carbon Portal. However, since energy and resource challenges exist beyond CCUS, it is
proposed that these ideas and technologies fiemnebed to create the EGI Resource Portal to

solve similar challenges across even more fields.

Most databases tend to be specialist databases that focus on a single topic and explore it in great
depth. For a warehouse database, hundreds of database tables will describe the inventory,
employees and rent of a warehouse. For a geochemical databatsdase can have hundreds

of measurements like porosity, permeability and TOC (total organic carbon). For a census
database, the population, ages and employment status of people in an area can be accurately
described. Let us call each of these conventidaabases homogenous databases.

Such tools are excellent but they can be @pacialized. What if the stakeholder wishes to

quickly know if there is there is oil producing potential near a warehouse he owns, and if
repurposing the warehouse for oil production will have a net positimegative effect on local
employment. In that case, information about the warehouse, geochemistry under the earth and
local employment census data needs to be accessed in a simple but overlapping way. Let us call
this concept of a muHtiopic database a texogeneous database.

CCUS is a strong candidate for a heterogeneous database. For example, when looking for a
potential carbon sink, not only is it necessary to understand the carbon storing potential of
formations underneath the earth, but it is also necessary to find & chol@e producing

facility, as well as existing pipelines for transport, and finding what public and private lands

would be involved in the construction of new pipelines. Additionally, finding areas where there
might already be oil wells and where thedbpopulation would benefit the most from economic
growth is needed. However, the number of concepts to be considered and finding the data can be
quite intimidating.

To assist in such a query, a heterogeneous database and website (called the EGI Carbon Portal)
was created.
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Figure 3.1.1A heterogeneous database can include seemingly unrelated fields which have no obvious overlap but
exist side by side. This seemingly unrelated data can be combined in visualizers.

While making the EGI Carbon Portal, major categories like Geological, Industrial and Political

were recognized, each of which could have as many tables and fields as needed. In the computer
code, there was an emphasis to be able to quickly add/removieleditand tables as

stakehol dersdé needs changed. So, the emphasis
database that could evolve.

For example, the user can search for Facilities near Lancaster, CA that produce carbon dioxide
near a pipeline to be transported to wells near Cedar City, UT.
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Figure 3.1.2Carbon dioxide Emitters near Lancaster, CA; pipelines from CA to UT; wells in UT are all queried in
the same website.

These three queries can be sent to a free ArcGIS page in the same website in a matter of seconds.
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Figure 3.1.3The queries from Figure 3.1.3 are combined on a map to see enhanced oil recovery opportunities.

Exploring the data, the stakeholder finds in 2011, an aeronautics company was the largest CO2
producer near Lancaster, CA. There is a pipeline that covers over 90% of the distance to Cedar
City and there is a wel/ c ad darslidateiThus,bwe leaveBu t t e
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found a possible CO2 source, a well that is perhaps available for enhanced oil recovery, and an

existing pipeline.

Visualizations are not limited to maps, but in fact an unlimited number of visualizations are
possible. Data can be sent from database to visualizer, or from one visualizer to another in a few

seconds, without leaving the website.
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Figure 3.1.4Wells, Land Ownership, Subsurface Geology and Population information from the San Francisco area
are expressed in maps, 3D viewers, spreadsheets and graphs.

Most importantly, the data citation and its original file (or reference to the original) are stored for
each piece of data. The original file can be downloaded by the stakeholder in just a few clicks.
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Figure 3.1.50n the left is a formation in the database. Notice the Metadata button conveniently placed above the
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In short, the challenges of CCUS require the creation of a database tool that can span numerous
topics, is powerful, is simple, is flexible, can continuously change, and can allow exploration of
the data in an intuitive way. This tool, called EGI Carbortd?tas been partially created and

shows great promise for further expansion.
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The expansion envisioned is a tool called EGI Resource Portal which will expand into even more
topics such as critical minerals, geothermal energy and enhanced oil recovery to allow
stakeholders to explore the commercial viability of their business ideas.

EBI| RESOURCEPORTAL Ry

® 1 A

Fig 3.1.6The EGI Carbon Portal can be reimagined as the EGI Resource Portal. This heterogenous database can
allow nonspecialist and notechnical stakeholders to explore commercial viability of the projects they envision.

Subtask 3.1.2 i Update Geologic Data for CCUS Assessment

In the EGI Carbon Portal, one of the major categories is geology, specifically concepts deemed
important for CCUS.

So far, the following concepts have been included.

Table 3.1.1 Geologic records at a Glance
Concept Quantity Concept Quantity
Formations (2D 123 records Well Porosity 14,888
Projections) records
Geologic Surfaces 313,732 records Well Pressure 105,793
records
Quaternary Faults 112,376 records Well Saturation 55
records
Sedimentary Basins 144 records Well TOC 42
records
Well Permeability 1690 records Well Wave Velocity 1368
records
Geologic data gathered so far in EGI Carbon Portal

Geologic Surfaces, Quaternary Faults and Sedimentary Basins provide surface information.
Subsurface information can be derived from well drilling records (permeability, porosity, TOC,
etc.). An example where well information is utilized is the 3D viewé&tigure 3.1.4.
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Fig 3.1.7Left to right: The Arbuckle formation, the Almond Trondhjemite geologic surface, and the Albert Rim
fault.

However, this is only the initial geologic data. For the EGI Resource Portal, the following
geologic topics can be added.

Formations in 3D
Isotherms in 3D
Hydrology

Critical Minerals
Nuclear Resources
Etc.

= =4 =4 8 -

An example would be searching for enhanced geothermal sites. A location that is above a large
geological formation of the correct material, within the correct temperature range at a drillable
depth, with favorable parameters for drilling, perhaps aloraykh line, with a water source

nearby and neither too near or too far from a populated area is desirable. Querying the EGI
Resource Portal for the topics Formations in 3D, Isotherms in 3D, Quaternary Faults, Hydrology,
and Census data can help find sudbcation.

Subtask 3.1.3 i Update USDW Data from All Public Sources

Although it has not yet been included, underground sources of drinking water (USDW) can be
added alongside other topics. Similar to facility emissions (Subtask 3.1.4), these records can
express changes over time. Additionally, by utilizing API calls temewater measurement, the
current values of water sources can be obtained.

Subtask 3.1.4 i Gather and Catalogue CO > Emissions (Point)
Source Database

One of the topics inside of the EGI Carbon Portal heterogeneous database is Facility Emissions.
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Figure 3.1.9Facilities emitting nofbiogenic carbon dioxide in the Los Angeles area in 2021
Table 3.1.2 Facility Emissions records at a Glance
Concept Quantity Concept Quantity
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Emission Records 363,595 Non-Biogenic CO2 Emissions 363,595
records
Facilities 17,889 Biogenic CO2 Emissions 353,163
records
States 50 Methane Emissions 363,595
records
Years 20102021 Nitrous Oxide Emissions 363,595
records
Summary of data contained in the EGI Carbon Po

It is possible that API calls could obtain the latest emissions as well.

Subtask 3.2 T Apply NRAP Toolsto Assess Geologic Risks

The CUSP team applied National Risk Assessment Partnership (NRAP) tools to assess geologic
risks associated with GQtorage across the CUSP region. Building on the integrated datasets
developed under Subtask 3.1, we employed NRpported riskassessment framewaorks to
evaluate potential leakage pathways, characterize key sources of uncertainty, and inform
monitoring ad verification (MRV) planning for candidate storage sites. The NRAP tool suite
includes integrated assessment, induced seismicity, andamegidesign tools intended to

support quantitative risk assessment and uncertainty evaluation; the quarterly reports document
application of NRAP tools broadly without attribution to specific-samponents.

NRAP tools were applied in support of both regional screening efforts argpsitdic analyses
conducted under Tasks 2 and 4, including multiple Focus Projects. These applications integrated
geologic characterization, reservoir simulation results, USBMfrnation, legacy well data, and
site-specific operational assumptions to assess risks related to containment, injectivity, induced
seismicity, and monitoring design. Across the project, NFRRABed analyses were used to

identify dominant uncertainty drive, evaluate relative importance of potential leakage

pathways, and prioritize data collection and monitoring strategies appropriate to site conditions
and project maturity.

Outcomes of the Subtask 3.2 effort supportedingdrmed planning and decisienaking for

Focus Projects and htdzale CCUS concepts described throughout this report. Detailed
outcomes of specific NRAP analygemcluding assessments of leakage risk, aedl

seismicity, well integrity, and monitoring performafcare documented in the Focus Project
summaries (Part 1), Task 5 Risk Assessment sections, National Laboratory contributions, and
Regional Readiness Indices analyses presented elsewhere in thisplona Collectively, these
sections reflect extensive application of NRAP tools over the life of the project and demonstrate
how NRARinformed risk assessment was integrated into storage screening, MRV planning,
regulatory considerations, and region&&decisiorsupport workflows.

Subtask 3.3 T Provide Synthesized Dat a t o MBOike) s
Learning Initiative

The CUSP team synthesized and delivered curated datasets and analytical outputs to support
DOE machine learning (ML) initiatives focused on geologicG@rage assessment. Building
on the regional data infrastructure developed under Subtask 3.1 and theseskment

36



CUSP West Final RepoitDOE AwardDE-FE0031837

applications conducted under Subtask 3.2, we organized geologic, reservoir, risk, and Focus
Project specific data in formats suitable for use in ML workflows and decisupport tools.

In coordination with DOE national laboratories and NH&éd ML efforts (SMART and

otherwise), the CUSP team provided synthesized datasets, model inputs, and metadata describing
storage properties, uncertainty drivers, and-redited attributes across rtiple basins and

storage settings. These contributions emphasized reuse of existing analyses anil mattparts

than development of new mode&lso ensure consistency with D&tipported analytical

frameworks and to facilitate integration with broader ML agslk activities.

Outcomes of the Subtask 3.3 effort supported DOE efforts to apply machine learning to CCUS
planning and risk evaluation. CUSiPovided datasets and analytical products informed ML

based investigations of storage suitability, uncertainty characterizatibmegional screening

and contributed to development of scalable approaches for integrating geologic, engineering, and
risk information in support of future CCS deployment.

Subtask 3.3.1 i SMART-CS Initiative Support

The CUSP team s up pOSittiatide thtoGgh GosrdiratMAaRd data
contributions that aligned regional CCUS analyses with broader machine |éhased

research efforts. Much of the technical work supporting SMAFSTwas carried out by the
University of Utah research team under a separate, dedicated project; however, these activities
were conducted collaboratively with CUSP and leveraged data products, analytical workflows,
and Focus Project outcomes developed under Task 3.

Through this collaboration, the CUSP team facilitated transfer of synthesized geologic, reservoir,
risk, and infrastructure data to support SMARTSE objectives related to machine leariiing

enabled assessment of £5orage suitability and uncertainty. These efforts emphasized
consistency between CUSRveloped datasets and D@&pported ML frameworks and ensured
that regional storage assessments and risk insights generated through CUSP could be
incorporated into brader, scalable analytical tools developader SMARTFCS.

Outcomes of Subtask 3.3.1 strengthened alignment between CUSP data products and DOE
machine learning initiatives, enabling reuse of regional datasets and analytical insights beyond
the scope of the CUSP project. This collaboration supported DOE objdcti@dgance data

driven approaches for CCS planning while maintaining clear delineation between CUSP
deliverables and the independently funded SMABRI research activities.

Task 4 7 Evaluating Regional Infrastructure

Carbon Solutions provided support on TaskEvaluating Regional Infrastructure in several
states across the CUSP region by applying its Sifi&€@8olset (Carbon Solutions 2025d;
including CostMAPRC[Carbon Solutions 2025b], SGU R [Carbon Solutions 2025c¢], and
CO:NCORD [Carbon Solutions 2025a]) to case studies for each Focused Project. Specifically,
Carbon Solutions supported the following Focused Projects:

1 California
f Kansas

1 Montana
1 Nevada
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1 Oklahoma
 Utah

More details about the work and support provided by Carbon Solutions can be found in targeted
Focused Project final report documents. In addition to supporting these Focused Projects, Carbon
Solutions also supported efforts in all four working groups: €aafn, Data Organization, Data
Analytics, and Economic Analysis. Support was provided bigading the outreach, data

analytics, and economic analysis working groups, as well as coordinating with other members
and providing data.
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Subtask 4.1 7 Catalog, Map, and Evaluate Extant and Near -
Term CO2 Distribution Network

Carbon Solutions worked to expand and update its existing data oimaD€port systems using
MAPSearch pipeline dataitps://www.mapsearch.copdccessed January 14, 2026). Integrating
this data into CostMAP*C allowed Carbon Solutions to better incorporate existingweald

pipelines as rightsf-way (ROWS) that might act as corridors, encouraging CCS projects in the
future Figurel). These data were added as a new input layer when generating routing and cost
surfaces used in SImCE® scenario runs.
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Figure 1 Pipeline data

Carbon Solutions is not affiliated with SImMCCS Gateway. The Indiana University team
supporting SIMCCS Gateway has disbanded since project inception. The website is still live
(https://SIMCCS.orgaccessed January 10, 2026) but is not actively supported by Indiana
University.

Subtask 4.2 T Identify and Add Rights of Way for New
Pipelines (Main Lines and Otherwise)

CostMAP RCintegrates several geospatial data layers to create both cost and routing surfaces, or
in other words, geospatial data weighted to determine the cost of moving over space (e.qg.,
building on sloped land is more expensive than flat), and geospatial dgtaedeio capture the

ease of siting pipelines over space (e.g., it is better to avoid building a new pipeline in densely
populated areas.) This data is collected from a variety of both public and private data. Creating
separate routing and cosirfaces is important to ensure both realistic pipeline costs and routes.
While costs for construction is a primary concern for developers, sensitive areas such as critical
habitat require additional routing concerns separated from the cost of pipelifeodestet.

Differences in the outcomes of weighting for routing versus construction costs can be seen in
Figure2.
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Figure 2 Example of data used to construct routing and construction cost surfaces

Within these datasets, there are features that serve asaighéy, potentially supporting and
encouraging pipeline deployment. For example, existing pipelines or transmission lines could
encourage pipeline deployment since rigbftsvays have alreadyelen secured, potentially
reducing the cost of routing a pipeline that follows them. More specifically, CostRPAP
incorporates the following geospatial data that relate more directly to-afyiaay (se€lable

1).

Table 1 Specific CostMAPROdata layers that impact righté-way decision making

Geospatial layer Explanation and data source
Pipelines Pipeline ROW data from state and federal solirces
Data from Homeland Infrastructure Foundaticavel
Transmission lines Data Working Group
Railway data from the U.S. Department of
Railroads Transportation Rail Network ddta

All roads from the U.S. Census Bureau TIGER/Line
shapefile§™ and from the National Transportation
Roads Atlas Database for large scdl€s
*https://www.mapsearch.com/ accessed January 14, 2026
**At the time of data collection, these data were publicly available alttps://www.dhs.gov/gmo/hifld the
site has since been removed.
*** https://railroads.dot.gov/rail -network-development/mapsand-data/mapsgeographicinformation -
system/mapsgeographic accessed January 14, 2026
*ek hitps://www.census.gov/geographies/mappinfiles/time-series/geol/tigeiline-file.html, accessed
January 14, 2026
*eek% hittps://geodata.bts.qov/accessed January 14, 2026

During the CUSP project, Carbon Solutions worked on improving and updating this data to be as
accurate as possible. For example, Carbon Solutions utilized the most current deployed pipeline
routes from MAPSeardttps://www.mapsearch.copdccessed January 14, 2026). These data
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layers were incorporated into each routing and cost surface across all SiFGGarios in
each individual Focused Project case study.

Subtask 4.3 7 Regulatory/Policy Impact Assessment

Carbon Solutions worked with Focused Project teams to determine the most useful scenarios to
understand and assess different pipeline scenarios. After coordinating with Focused Project
teams, SImCC%°scenarios primarily focus on intrastate transport routes to meet CCUS targets,
avoiding any potential regulatory or legal challenges to developing an interstate pipeline
network. These varying Focused Project scenarios also assess potential futurgamtoject

that could join in CCUS efforts. For examplethe Kansas Focused Project, a total of 12

different scenarios were run, exploring what intrastate CCUS networks would look like if only
using project partner sources or engaging with surrounding emittersyag@ged in CCUS

efforts. This was done to provide information and support to the Focused Project partner
ONEOK as they considered the potential for future Class VI well and CarbonSAFE applications.
Two SimCCSROresult networks can be viewedRigure3.
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Figure 3 Two scenarios run in the Kansas Focused Project in collaboration with project partners ONEOK. Map A
features a CCUS network only using current ONEOK facilities, and Map B shows the CCUS network if surrounding
sources of C@were to participate.

Carbon Solutions did not incorporate any federal or state tax credits into any Focused Project
scenario but did provide total CCUS network unit costs. For example, in the California Focused
Project the SImCC&the cost of CCUS networks at the proposed field site range from $74 to
$80/tCQ, falling below the current 45Q tax credit of $85/4C0n the other hand, the total

CCUS network costs for the Kansas Focused Project range from $863t$T1L0/tCQ,

indicating that the current 45Q tax credit threshmldht not be high enough to incentivize

CCUS in Kansas. It could also be implied that some states, like Kansas, might need additional
incentives on the local level before emitters of-@@uld engage in CCUS efforts.

Alternatively, in the Oklahoma Focused Project, total CCUS network costs range from $37/tCO
to $96/tCQ. Approximately 75% of the Oklahoma Focused Project scenarios have total unit
costs that fall below the current 45Q tax credit of $85484ggesting that the current 45Q tax
credit is suffcient to incentivize early CCUS efforts in Oklahoma.
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Subtask 4.4 T Economic Assessment

Carbon Solutions provided support on Subtask 4.4 across all Focused Projects with targeted
scenarios on the following projects:

1 California Focused Projet¢tStatewide CCUS scenarios comparing hub vs distributed
storage.

1 Kansas Focused Projdctnclusion of other nearby facilities in support of potential
CarbonSAFE applications.

1 Oklahoma Focused ProjecEvaluation of stacked storage in support of developing a CCUS
roadmap.

For example, in the California Focused Projec

looking at statewide CCUS network deployment using either hub storage locations or the 50 km
SCQOTPROstorage locations. The three hub storage locations were:

1. Northern California fiTehama Countyo Hub was

being a viable geologic GQtorage reservoir than other options in the surrounding area.

2. Central California ASan Joaquin Countyo Hub

3. Southern California fAKer n-bgEldkmcellgioKerhub t hat
County into one point location near the center of Kern County based on the work and
analysis conducted in Kim et al. (2023).

These scenarios provided insight into how amounts of deployed pipeline (km), pipeline routes,
and total CCUS network costs change when considering either hub or distributed storage. Carbon
Solutions observed that distributed storage scenarios deployedpigeknes for the same

capture target and generally had lower total CCUS network costs when compared with hub
storage optionsl@ble2). For example, when capturing all available &missions in

California, distributed storage deployed approximately 3,359 km of pipeline with a total CCUS
network cost of $102/tCOThe corresponding hub scenario saw the deployment of 5,133 km of
pipeline with a total CCUS network cost of $109/¢€C®should be noted that these values

reflect only the cost of building the deployed CCUS networks (capture, transport, and storage)
and do not reflect any cost sharing or tax incentives that individual facilities may be eligible for
when engaging in hustorage. Further, 80 unique storage locations are deployed in the
distributed storage scenario when capturing all availablee@@ssiors in California from 246
unigue facilities. This indicates that captured@@issions from multiple sources are

transported to the same storage option, forming more local hubs than the three proposed by
Carbon Solutions.

Table 2 Summary table of the results for all forwdobking California runs conducted using
SimCCSRO. DSAS refers to distributed storage and all sourcesSIBIefers to distributed
storage and steam generators;Afsrefers to hub storage and all sources,3@srefers to
hub storage and steam generators.

Run Annual Number | Number | Network | Capture | Transport | Storage Total
capture of of sinks | length, cost, cost, cost, $tCQ | cost,
target, sources km $HCO2 $/tCO2 $/tCO2
MtCO 2fyr

DS-AS 51.55 246 80 3,358.49 68.29 26.81 6.91 102.01

DS-SG 8.64 63 13 218.10 64.38 3.87 6.88 75.13
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HS-AS 51.55 246 3 5,143.38 68.29 33.79 6.63 108.71
HS-SG 8.64 63 1 616.78 64.38 10.75 6.85 81.98

The Oklahoma Focused Project featured an analysis that evaluated stacked storage as part of a
roadmap for CCUS in Oklahoma. This Focused Project has 32 distinct intrastate scenarios
broken into two discrete sets. In the first set of scenarios, capturedoGId be deployed in any
county that had geologic G@torage, including but not limited to counties with existingCO

EOR operations. The second set of scenarios limited storage options to only those counties with
geologic CQ storage and counties witkisting CQ-EOR operations, simulating the conditions
needed for stacked storage. One major finding from this analysis suggested that the cost of
capture as the main driver in CCUS network deployment in Oklahoma, with the lowest cost
sources of Cetypically deploying first. Additionally, Carbon Solutions examined how often a
county was deployed across SimCG€%scenarios, indicating those counties that would be

suitable targets for future analysis and exploratiigure4). Several counties with existing
COx-EOR operations and geologic €8iorage were deployed across the scenarios, highlighting
how stacked storage could play an important role in Oklahoma CCUS development. In
particular, Pontotoc County deployed as a storage option across all 32 scenarios, suggesting that
regardless of fue appetite for stacked storage in Oklahoma, it could serve as an important
starting point for CCUS in Oklahoma.
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Figure 4 Percentage deployment of each county across A) scenarios where geolpgtora@e occurs in any
county with saline storage resources (only 16 scenarios) and B) any scenario that we conducted in this analysis (32
scenarios). Source: Miranda et al. (2023).
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Subtask 4.5.1 i Characterization of CO , Storage Potential in
Harquahala Basin

SeeBoth state and basirscale assessments of the geothermal favorability in Nevada have
previously been made (e.g., Coolbaugh et al. 2005; Penfield et al. 2010; lovenitti et al. 2016;
Figure 67). These assessments, however, were performed for the exploration and development of
geothermal power plants that use water or other chemicals as the primary working fluid at
relatively shallow depths. There are currently no published regsmade assesgents of CQ
geological storage in sedimentary basin geothermal reservoirs of Nevada; and previous
preliminary assessments of the potential for. @éblogical storage in the state did not consider
using geologically stored GQ@s a subsurface heat extraction fluid for geothermal electricity
generation (e.g., Price et al. 2005).

Explanation

o USGS Geutwrrs Bpeen

Goothormal Favoranility

Figure 67 Map of geothermal favorability of the western United States. Much of the region with geothermal
favorability of >5 is in northwestern Nevada. The extent of the Basin and Range physiographic province (black
outline) and distribution of USGS geothermal sys$ are also shown.

Recent assessments of the favorability of using Enhanced Geothermal Systems (EGS) at basin
scales in Nevada have previously been made by developing methodologies to explore optimum
subsurface conditions (lovenitti et al. 2016). Assessments of EGS anetlguoesng performed

in Nevada, but similar assessments of sedimentary basin geothermal resources are comparatively
understudied, in part because sedimentary basins have generally colder temperatures than EGS
resources. But using geologically stored>@® the heag¢xtraction fluid can more than halve the

cost of sedimentary basin geothermal power generation compared to usitugwater because

COz is a more efficient heat extraction fluid (e.g., Adams et al. 2021; Zhang et al. 2014). As a
result, geologically storedGnay fAunl ocko using sedi mentary bas
electricity generation by using G@lume geothermal power plants (Ogladdnd et al. 2022).

Nevada is a good test bed to assess the feasibility of usingl@®@e geothermal power plants

in the United States due to the statebs high
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tectonically active Basin and Range physiographic provirgeré¢ 67) and having existing
geothermal energy infrastructuiegire 68).
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Figure 68 Maps of Nevada showing: (A) geothermal favorability of entire state, and (B) geothermal favorability in
sedimentary basins with depths greater than 800 m. The location of geothermal power plants and USGS geothermal
systems distributed in northwestern Néaare also shown.

Objectives and Outcomes

The general objectives of the focused project are to (1) perform a regta@lassessment to

fill a data gap of critical information related to carbon capture, utilization, and storage (CCUS)
technologies to mitigate G@missions in Nevada and (2) to develop an approach to regionally
assess the potential that usingZg@ological storage in sedimentary basin geothermal reservoirs
may have for increasing the states capability for CCUS.

Sedimentary basin geothermal power plants that use plumes of geologically ste@slaCO
subsurface heat extraction fluid can store between approximately 2 and 2 pEO@W of

electric power capacity and as such, they are one of the onh@i@ation processes that may
demand megatonne, if not gigatonne, volumes of §#0logical storage (Adams et al. 2021).
Nevada may be an especially favorable state fordost CQ plume geothermal power plants,
given that: a) the cost of geothermal power decreases with increasing geothermal temperature
gradient, and b) there are commercial geothermal power plants currently operating in Nevada,
based on the state having high geati@rtemperature gradients (e.g., Coolbaugh et al. 2005;
USGS 2008Figure 68).

The CUSP Wesspecific objectives are to (1) provide an approach that could be used to
regionally assess the favorability of €@eological storage in other CUSP states with
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sedimentary basin geothermal resources and (2) provide a better understanding of potential areas
in Nevada that could be targeted for more detailed analyses either in individual basins or at
geothermal power plants with future research. The overall etibtte focused project will
demonstrate to the Department of Energy that the CUSP West is also researching alternative
approaches to CCUS by taking advantage of each state specific geologic setting and capabilities,
in this case, the geothermal resourckellevada.

CUSP Focused Project Team and Scope of Work

The CUSP focused project team included collaboration between Steven Bacon (PI) and Rishi
Parashar of the Desert Research Institute (DRI), Reno, Nevada and JonatharHagthde

P1), Jeff Bennett, and Richard Middleton of Carbon Solutions, LLC. The lbseogpe of work
included the DRI team creating &eth grid resolution geospatial dataset of pertinent geologic
and geothermal information to identify areas that are favorable feg€dogical storage in
sedimentary basin geothermal systems in northern Nevada. The extent of areas with favorable
sedimentary basin geothermal potential along with available reservoir property data from deep
well logs previously analyzed for the Nevada$RJproject were integrated for a basaale
assessment. These data were then used as model input parameters for the Carbon Solutions team
to apply their computational tools to characterize the storage capacity and costsddi@@e, as

well as the power capacity and cost of qume geothermal power plants across Nevada (e.g.,
OglandHand et al. 2022).

Methods

The focused project was separated into two main tasks with each team performing specific
subtasks to reach the overall objectives. The two main tasks included (1) regnohbsin

scale geologic and geothermal characterization and identification ottipbtedimentary basin
geothermal reservoirs and (2) estimating the storage capacity and costsib@Qe at basin
scales using sitepecific well log information. The geospatial datasets, approaches, and tools
used in the overall assessment include:

Geologic and Geothermal Characterization

A regionalscale assessment of €@eological storage in sedimentary basin geothermal
reservoirs was performed using a range of geologic, geophysical, and geothermal information
appropriate for making a regiorstale assessment. The geothermal potential assessment of
Coolbaugh et al. (2@) shows northern Nevada has the highest geothermal potential across the
state. As a result, the project scope concentrated on performing the assessment in northern
Nevada because of its high geothermal temperature gradient and availability of exigting dee
well log information. The following gridded data layers were used in the geospatial analysis
component of the assessment:

Basin Configuration

Deep sedimentary basins greater than 800 m depth were identified based on geophysical datasets
including gravity inversion mapping of the depth to-@@nozoic basement in northern Nevada
(Ponce 2004kigure 69A). This dataset was doubtdecked with more recently published data

from the USGS National Crustal Model (NCM). The NCM dataset includes crustal properties
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for the western United States on-&rh grid scale including depth to basement and thickness of
unconsolidated sediments (Shah and Boyd 2018). The data of Ponce (2004) was also used in the
development of NCM dataset. The geologic map of Nevada at a $dat0,000 was also used

in conjunction with the geophysical datasets to refine the delineation between sedimentary basins
(i.e., valley fill) and mountain highlands composed of@enozoic rocks (Stewart and Carlson
1978;Figure 69B).
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Figure 69 Maps of northern Nevada used in the regiestalle assessment of ggeological storage in geothermal
reservoirs: (A) depth to pr€enozoic basement, (B) geologic mapping to distinguish between sedimentary valley fill
and mountains, (C) geothermal temperature gradient, and D) fault activity.

Temperature Gradient

Previous regional assessments of geothermal favorability and detailed information on site
specific geothermal resources were leveraged (Coolbaugh et al. 2005; USGS 2008; Penfield et
al. 2010). Of the existing geothermal data available, the gridded mapthiegmal temperature
gradient at less than 2 km depth (Coolbaugh et al. 2005) provided the information required for
the SCQT and genGEO computational tooksg(re 69C).
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Fault Activity

The fault activity map of Nevada was used to identify potential areas with geothermal
favorability (dePolo et al. 2009; USGS/NBMG 2016). Fault activity is directly linked to
geothermal potential because fault zones can act as conduits for heat and fisel$ot the

surface (e.g., Faulds et al. 2012). The relative activity of faults in terms of slip rate (mm/yr) is
used in the focused project as a proxy for the relative potential of geothermal favorability, given
that fault zones with faster slip rateglwkely have higher geothermal favorability compared to
fault zones with slower slip rates that may have lower geothermal favorabilitkni\Buffer

bounding mapped fault traces was applied to best represent the extent of high density fracturing
alongdiscrete shear zones.

Sedimentary Basin Geothermal Reservoir Assessment

The approach used to identify sedimentary basin geothermal reservoirs is principally based on an
evaluationparameter rating scheme. The rating scheme approach is commonly used in geologic
hazard assessments and developed by considering intrinsic traggargers that are typically
responsible for a given geologic hazard or geologic process (e.g., Price 2009). The approach used
here for identifying sedimentary geothermal potential is partially based on applicable elements
from the study of Coolbaugh et §2005) that produced a geothermal potential map of the Great
Basin region, including both bedrock and sedimentary basin areas.

The intrinsic parameters (i.e., geological attributes) used in the assessment of sedimentary
geothermal potential include (1) sedimentary valley fill at depths between 0.8 and 9 km, (2)
geothermal temperature gradients ranging from 25°C/km to 75°C/kn{3ntutation of faults
and associated slip rate information (i.e., fault activiiyyre 69). A nonweighted, numerical
rating class system was assigned to each intrinsic parameter based on their contribution towards
influencing sedimentary geothermal potential according to logical judgments acquired from
experience and literature (e.g., Pachand Pant 1992). A 1fbld rating class (09) was used

for sedimentary valley fill greater than 800 m depth (i.e., depth to bedrock) and geothermal
temperature gradient data layers, whereasgadddrating class (03) was applied for the fault
activity (i.e., slip rate) data layer#éblel11). Geospatial analyses were initially performed in
ArcGIS to resample original datasets to haser2grid resolution followed by classifying the
resampled data in MATLAB® programming language using the factor ratings for each data
layer.

Tablel1 Parameter ratings assigned to data layers in the
sedimentary geothermal potential assessment.

Intrinsic Parameter Variable Factor Rating
Depth to basement (km)
Very Deep 8-9 9

7-8 8
Deep 6-7 7

5-6 6
Moderately Deep 4-5 5

3-4 4
Shallow 2-3 3
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1-2 2

Very Shallow 0.8-1 1

Not applicable <0.8 0
Geothermal temperature gradiel (°C/km)

Very High >75 9

70-75 8

High 65-70 7

60- 65 6

Moderate 55-60 5

50-55 4

Low 45-50 3

40- 45 2

Very Low 35-40 1

Not applicable <32 0
Fault activity (slip rate) (mm/yr)

High 1.0-5.0 3

Intermediate 0.2-1.0 2

Low <0.2 1

Not appliable No fault 0

CO:2 Plume Geothermal Power Plant Assessment

Sedimentary basin geothermal reservoirs with mostly High to Very High potential ratings and
corresponding deep well log information for saline reservoirs were assessed folu@@

geothermal power plant generation. The amount of t6&t will be stored in the sedimentary
geothermal basins was estimated under several power plant financing assumptions (e.g., Ogland
Hand et al. 2022). The power plant financing assumptions used in the analysis include: power
plant capacity factor of 95%nnual operation and management costs of 5.5% of specific capitol
cost; and capitol recovery factor of 5.2%.

As the deployment of sedimentary basin @ime geothermal power plants will ultimately be
driven by a currently undetermined e@blicy (e.g., Section 45Q of the U.S. Tax Code [Credit
for Car bo n@ikd) thelmodeld@performed for the focused project is principally
based on the lowest cost of £@ume geothermal levelized cost of electricity. The rapid tool for
carbon storage science, engineering, and economics{S®idleton et al. 2020a, 2020b) and
the generalizable GEOthermal teckhexpnomic simulator (genGEO; Ezekiel et al. 2024) with
recent tool enhancements (Ogladdnd et al. 2022) were used to calculate: a) the cost and
storage capacity of C@eological storage; and b) the cost, power generation capacity, and CO
requirements of C&plume geothermal power plants.

Project Findings

Regional -Scale Sedimentary Basin Geothermal Reservoirs of
Northern Nevada

A sixteenfold rating classification ranging from None to Very High was generated from the
three intrinsic parameter data layers to estimate the reggoald sedimentary geothermal
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potential in northern Nevada. This rating class system represents the sum of the three parameter
ratings for each grid cell. The sixte@sld rating classification can be generalized into four rating
classes. The fotiold rating classes provides a simgétion to assess the relative sedimentary

basin geothermal potential including: None (<7); Moderaté@y; High (10 13); and Very High

(13 16; Figure 70).
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Figure 70 Map of sedimentary geothermal potential of northern Nevada. Rating classes are: None (<7); Moderate
(77 10); High (10 13); and Very High (1816). Five sedimentary basins with existing deep well log information are
also shown.

Basin -Scale Sedimentary Basin Geothermal Reservoirs of Northern
Nevada

Five sedimentary basins in northern Nevada with a range of sedimentary geothermal potential
ratings were identified from the regiorsdale assessment based on the basins having existing
deep well log informationF{gure 71). A basinscale assessment of these areas was performed to
(1) validate the regionadcale approach and (2) provide a-specific feasibility assessment of
using CQ plume geothermal geological storage and power generation in sedimentary basins.
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Figure 71 Map showing five sedimentary basins in northern Nevada that have a range of sedimentary geothermal
potential ratings and existing deep well log information &gare 70). Quaternary faults are also shown.

Deep Well Log Information

Compared to other CUSP West states, Nevada has limited deep well log information appropriate
for identifying and characterizing saline reservoirs below depths of 800 m. Of the limited
number of deep wells, even fewer of these wells are in sedimentarg hasing Moderate to

Very High sedimentary geothermal potential. The five sedimentary basins that meet the criteria
of having deep well log information and variable degrees of Moderate to Very High sedimentary
geothermal potential include from west to e&ack Rock, Fallon, Tuscarora, Humboldt, and

Pine Valley Eigure 71). Each basin consists of a single and complete geophysical well log that
extends deeper than 800 m. Geophysical well logs were digitized, and resistivity, neutron
porosity, and permeability were used to characterize aquifer properties and identify saline
formations with salinities of 3,000 to >10,000 mg/L (se&kB0SCQT geologic input database).

The five sedimentary basins have a wide range of sedimentary fill thickness, aquifer rock types,
fault density, and geothermal gradients, which provide sufficient information to evaluate the
accuracy of the regionalcale assesgent, as well as assess the feasibility of using deep
sedimentary basin G@lume geothermal geological storage in northern Nevada.
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Black Rock Sedimentary Basin Analysis

Of the five sedimentary basins identified in the regiatale assessment, the Black Rock basin
within the Black Rock Desert of northwestern Nevada was selected to be an example of a basin
scale assessment using specific reservoir property data. Thasin was selected because of its
relatively large size, has the highest sedimentary geothermal potential of the five basins
evaluatedKigure 72), and has the highest temperature gradients in the region, ranging mostly
from 60°C/km to 75°C/kmHgure 73).

Figure 72 Map of sedimentary geothermal potential within the Black Rock basin based on the regaleal
assessment. The extent of thier grid coincides with depths greater than 1,950 m in the valley, which is the top of
the first saline reservoir identified the King Lear Federal No-17 well log.
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Figure 73 Map of geothermal temperature gradient within the Black Rock basin (Coolbaugh et al. 2005). The extent
of the 2km grid coincides with depths deeper than 1,950 m in the valley, which is the top of the first saline reservoir
identified in the King Lear Fextal No. 217 well log.

The Black Rock sedimentary basin is within a half graben formed between theipyst

Jackson Mountains and Black Rock fault zorrgufe 71 andFigure 72). The Black Rock
sedimentary basin is the largest of the five basins evaluated. The basin has an area 6f 912 km
that was determined from the spatial extent of sedimentary fill thickness between the depths of
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1,950 and 2,130 m. These depths coincide with an upper approximatalytié€k saline

formation (reservoir 1) composed of Miocene interbedded lacustrine siltstone and claystone and
a lower approximately 12t thick saline formation (reservoir 2) consigtiof Miocene

lacustrine siltstone with lesser interbeds of limestone and tuffaceous siltstone that were identified
in a geophysical well log from the easntral sector of the basin (King Lear Federal Nt&71

[API# 27-013-05002]; Table12; Figure 73).

Table12Reservoir property data from analysis of geophysical log of the King Lear FederdlMNoell (API# 20130

R _ Depth Depth g Mean Minimum Maximum Mean Minimum Maximum  Me
ngzservow top bottom  hickness porosity porosity porosity  permeability permeability permeability sal

' (m) (m) (m) (fraction) (fraction) (fraction) (mD) (mD) (mD) (mg
1 1,951 1,981 30 0.288 0.265 0.299 1,630.1 1,043.3 1,969.5 9,0
1 1,981 2,012 30 0.288 0.263 0.300 1,622.1 1,003.1 2,004.9 11,
2 2,012 2,042 30 0.276 0.242 0.299 1,308.0 653.9 1,969.5 11,
2 2,042 2,073 30 0.260 0.241 0.294 953.8 640.2 1,800.3 11,
2 2,073 2,103 30 0.257 0.223 0.300 934.3 432.1 2,004.9 10,
2 2,103 2,133 30 0.272 0.242 0.300 1,235.1 653.9 2,004.9 11,

Given the tectonic setting of the Black Rock basin, it is likely that the Miocene rocks are
fractured having increased fracture density proximal to fault zones. Future work could also
incorporate a discrete fracture network analysis that would accoumtfag r i d cel | 6s di s
nearby fault zones. The discrete fracture network analysis could provide additional reservoir
property information in terms of spatial variations in fracture density of the rock mass, which in
turn can be used to provide insigluin potential changes in hydraulic conductivity and
permeability relative to fault distance (e.g., Jiang et al. 2025). Furthermore, a major assumption
in the basirscale analysis is the saline formations and associated aquifer properties identified in
thewell log are laterally and vertically continuous throughout the entire basin. As a result, long
term basin evolution and spatial variations in reservoir properties driven by tectonic ground
deformation was not explicitly accounted for in the analysis.

Assessment of Low -Cost CO 2 Plume Geothermal Power Generation

Analysis of greenfield levelized cost of electricity of £flume geothermal development was
performed to assess the feasibility of using deep sedimentary basin geothermal for power
generation in the Black Rock sedimentary basin. Reservoir properties for two stacked saline
formations of interbedded claystone aritb®ne (depth: 1,95@,012 m) and siltstone and
limestone with tuffaceous siltstone (depth: 2j@,@30), along with geothermal temperature
gradient Figure 73) were used with the SGD and genGEO computational tools (Oglétand

et al. 2022) to identify sectors of the Black Rock basin with the leeasttpower generation.

The range of levelized cost of electricity in the basin was estimated for the stacked saline
formations. Analysis was performed at depths between 1,950 and 1,980 m for reservoir 1 and at
depths between 2,010 and 2,100 m for reservaifgdré 74). The range of depths analyzed is
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reflective of each reservoirodés different aqui
(Table12 andFigure 73). In general, a deep and thick saline formation with high permeability and

a high temperature gradient result in foast CQ plume geothermal power and in turn, loast

geologic CQ storage. The results of the assessment are promising and show that most of the

basin has the potential for lewost CQ plume geothermal power generation ranging from

$70/MWh to $80/MWh to less than $70/MWidure 74).
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Figure 74 Maps showing greenfield levelized cost of electricity of:@lDme geothermal power generation for two
stacked saline formations of the Black Rock sedimentary basin. The saline formations consist of an upper reservoir
composed of Miocene interbedded claystone and siltstone at depths between 1,950 and 1,980omeand a

reservoir of Miocene siltstone with interbeds of limestone and tuffaceous siltstone at depths between 2,010 and
2,100 m.

Summary and Conclusions

The scope of the CUSP focused project is to perform a regional assessment afthe CO
geological storage in sedimentary basin geothermal reservoirs of northern Nevada. Both
regionat and basirscale assessments of the geothermal favorability in the state have previously
been made. However, there are currently no published regioal® asessments of CO

geological storage in sedimentary basin geothermal reservoirs of Nevada; and previous
preliminary assessments of the potential for @éblogical storage in the state did not consider
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using geologically stored GQ@s a subsurface heat extraction fluid for geothermal electricity
generation.

The goal of the CUSP focused projsemlet i s to pr
assessment of the potential for £3§@ological storage in sedimentary basin geothermal

reservoirs to fill a data gap of critical information related to CCUS technologies to mitigate CO
emissions in Nevada. The regional assessment was based on the integrakongyfd?

resolution geospatial datasets of geologic and geothermal information to identify areas that are
favorable for deep sedimentary basinpme geothermal geological storage. From the

regional assessment, five sedimentary basins were identified fordzadtnassessments based

on the presence of deep well log geophysical data that were previously analyzed for the Nevada
CUSP project to chiacterize reservoir properties. The reservoir property data was then used as
model input parameters for the SECGand genGEO computational tools to characterize (1) the
cost and storage capacity of £geologic storage and (2) the power capacity and cost of
greenfield CQ plume geothermal power generation.

Analysis of the Black Rock basin was performed as a psbobncept of a basiacale
assessment. The analysis shows that sedimentary basins with Moderate to Very High
sedimentary geothermal potential, geothermal gradients of less tt@atkis5 and interbedded
claystone and siltstone saline formations with salinities ranging from approximately 6,000 to
25,600 mg/L have the lowest cost of ilume geothermal levelized cost of electricity, ranging
from $80/MWh to $70/MWh to less than $70/MWh.

The regionakcale assessment of sedimentary geothermal potential provided a useful dataset to
identify areas for more detailed basicale assessments of l@mest CQ plume geothermal

power generation where deep well log information is available. The results of the focused project
provide an alternative CCUS capability for Nevada, as well as a methodology that could be used
to assess the favorability of G@eological storage at both regionahd basirscales in other

CUSP states with sedimentary basin geothermal resources.
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Subtask 4.5.2 i Regional -Scale Assessment of CO , Geological
Storage in Sedimentary Basin Geothermal Reservoirs of Nevada

SeeWithin Rio Arriba County, New Mexico, the Entrada Sandstone is both an oil reservoir, a

salt water disposal target, and a potentiab @f2ction target. Since the oil reservoirs have been

mostly played out, new life for the reservoir is a target fop €€uestration. A potential source
oftheCQi s from the potential retrofi tRigura33. i Bl ue
The plant will create hydrogen from natural gas while sequestering 97% ofien@i€3ions.
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Figure33. Subsea structure map on the Entrada Sandstone for the San Juan Basin showing the location of the
Escalante Power Station.
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Geologic Model

The primary reservoir identified in the area is the Jurassic Entrada SandstigneB4). The Entrada
Sandstone is a large eolian sand erg that covers the northwestern part of New Mexico. It consists of very
fine- to mediumgrained sandstones that are composed of quartz and subordinate feldspars and lithic
rock fragments. Potential secondamgservoirs include the Jurassic Bluff Sandstone, another eolian
deposit, and the Salt Wash Member of the Morrison Formation. Bluff deposits are like the Entrada
Sandstone, but they may have undergone more extensive cementation. The Salt Wash depasits cons

of alluvial fan and plain sediments associated with widespread, braided stream complexes.
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Figure34. Stratigraphic column for the Mesozoic to Cenozoic section in the San Juan Basin.

The primary seals for the Entrada Sandstone are the overlying Todilto and Summerville
Formations and the underlying Carmel Formation. The Todilto Formation fills the relief on top
of the Entrada dune fields and was deposited as part of a complex cdastal/sare marine

and freshwater interacted. Todilto deposits consists of alzatinated limestones with

anhydrite nodules, higanergy coastal carbonates to massive anhydrite deposits. The
Summerville deposits represent a change from the tidal fléitsvial and lacustrine depositional
environments. Sediments include very fgrained sandstones, siltstones, mudstones and
limestones. The Carmel Formation represents widespread sabkha deposits in the San Juan Basin
and are composed of siltstones and stoiles. The secondary seal, for the Bluff and Salt Wash
units, is the Brushy Basin Member of the Morrisson Formation. The Brushy Basin deposits
represent a change to fluvial and lacustrine sedimentation. They have isolated fluvial sandstone
channels encaddy mudstones and siltstones, making it a good potential seal.
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A geologic model was constructed in IHS Kingdom® based on well logs tops that were all hand
picked Figure 35). For each of the units, subsea structure and isopach maps were constructed.
Since the primary injection target is the Entrada Sandstone, included in the report are the maps
for the Entrada to Summerville unitSigure 36 to Figure 38). These surfaces, and the others
created in the geologic model, were then utilized for the simulation model.

Scelo = 1 1412060

0 117747 235408 383242 n

Figure35. Base map showing the distribution of wells used for this study. The blue line is Cotpip€lde.
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Scale = 1:1497408
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Subsea Structure Isopach

Figure36. Entrada Sandstone subsea structure and isopach maps. The contour interval (Cl) = 200 feet for the
structure map and Cl = 50 feet for the isopach map. The blue line is the Cortez Pipeline on this and subsequent
figures. The subsea maps show the numerauissfthat bound the eastern margin of the San Juan Basin and make
up the Nacimiento uplift and Archuleta Anticlinorium.
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Figure37. Todilto Formation subsea structure and isopach maps. The Cl = 200 feet for the structure map and Cl =
20 feet for the isopach map.
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Figure38. Summerville Formation subsea structure and isopach maps. The ClI = 200 feet for the structure map and
ClI = 15 feet for the isopach map.

Due to several small oil fields occurring with the study area, core is avaifagled 39).

Therefore, the Entrada Sandstone is relatively well characterized in the area with both thin
section and porosity and permeability data available. The porosity and permeability data will be
discussed in the model section, but it should be noted tleanadly, porosity and permeability

vary in the Entrada Sandstortédure 40). Some logs indicate a thin zone of tight Entrada just
below the contact with the Todilto Formation. This is followed by a zone of high porosity
(thickness varies by well), and in the lower part of the unit, the porosity and permeability
decrease with déip. This is easily seen in thin sections from the San Luis Federal #001 core
(Figure 41 andFigure 42).
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Figure39. Map showing available cores in the area. The blue star is the approximate location of the recommended
injection well.
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Figure40. Log from the San Luis Federal #001 {383-20099) showing the 87 feet of tight Todilto Formation,
followed by a zone of variable porosity in Entrada Sandstone.
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Figure4l. A planelight photomicrograph of the Entrada Sandstone from a core in the southeastern part of the San
Juan Basin in Sandoval Co., NM (San Luis Federal #1, 4,778 feet). This view contains quartz grains (white grains),
feldspars (gray grains) and rockdraents (dark grains). This sample is from a dune structure in the core. Quartz
overgrowths are present on a few grains, but otherwise there is little or no cement. This sample has an average
porosity of 22.2%; most of the porosity is likely primary popditut there are numerous pores with very rounded
outlines that may be a result of grains being dissolved producing secondary porosity. Scale bar = 0.51 mm.

Figure42. A planelight photomicrograph of a sample from a tight zone of the Entrada Sandstone (San Luis Federal
#1, 4,793 feet) containing quartz and feldspar grains, and rock fragments. This sample has an average porosity of
3.5%. This sample was likely deposit@ an interdunal setting. Note the abundance of-ijmained material in this
slide. Compaction has destroyed most of the porosity that was present in the sample. Scale bar = 0.51 mm.
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In addition, analyses of produced waters indicate that the reservoir is a saline aquifer. and would
not be an injection issue for going forward with detailed simulation mo@igjare 43).

Sakney Ponls
Conmlant water salinty

o 2000000

$0000.00

Figure43. A contour map of total dissolved solids in produced waters within the study area.

Overall, the geologic analyses indicates that the Entrada Sandstone would be an excellent

injection zone. The Bluff Sandstone and Salt Wash Member also have potential as sequestration
targets, though their injectesoundestooddustothed as s
lack of coring and porosity and permeability analyses.

Reservoir Model

Compositional reservoir simulat@MG-GEM was used to simulate the storage scenarios, and
CMG-RESULTS and REPORT were used to quantitively evaluate the simulation results. The
trapping mechanisms considered are-gigoctural trapping, hysteresis trapping, and solubility
trapping. Reservoirock types, and fluid properties from San JBasinEntrada reservoir was

used. As a result, the simulation group was able to analyze a simulation scenario that stores 45
Mt CO2 over 30 yr working with the industrial partners. The proposed final development
strategies will inject into Entrada Sandstone only.

Thedomain of the current model remains to be 60.9 miles by 57.1 miles ¢gigare 44 and

Figure 45). The grids distribute in I, J, K directions are 311 X 330 X 15 with 1,539,450 cells in
total , 1,000 square feet grid size in average
Washoé, oBluffé, and O6Ent r adaesérvoiainital canditenspnadt ent i
trapping mechanisms stay the same as the last version of the modelT@ayeimited

reservoir was assigned to the boundary of the simulation domain to mimic infinite reservoir
response. Midlepth ¢1,850 fti MSL, 7,760ft - KB) reservoir pressure 3,314 psi was calculated

with the pore pressure gradient of 0.427 psi/ft. The reservoir temperature was calculated to be

85.83 Celsius degree. ThelRcondition was used to compute the fluid model by FRalginson

Equation of &te in the CMGWinProp module. Irreducible water saturation of 0.55 is used to
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generate the relative permeability curves for thevgater systengFigure 46). The reservoir is
assumed to be initially saturated with 100% brine and exhibit hydrostatic equilibrium.

Figure44. Aerial view of the simulation model boundary over the state map.

o |

Figure45. 3D view of the simulation model with SWDs and fault models considered.
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Figure46. Relative permeability used in the reservoir simulation.

Based on the estimated maximum allowable gas injection rate per well, it is set as the primary
control. Each injector is set to 1.5 Mt/yr or 79,210,173 standard cubic feet per well per day. The
target is to inject Ce&over 30 yr period. The schedule of each simulation run can be categorized
into three phases: (1) history matching (1990 to 2023), (2)ig€xtion (2023 to 2053), and (3)
postinjection site care (2053 to 2073). The formations of injection are selected to be Entrada
without because it is noted that Salt Wash and Bluff are beneficial to serve as a buffer zone.
During the injection, Salt Wasformation prevents the G@&om being pushed into the caprock
layer due to the high bottom hole pressure. During the PISC period, the buffer zone of Salt Wash
enables the C£xo migrate upward while interacting with the formation solution and matrix that
more CQ can be securely trapped by solubilization and capillary hysteresis effect. The
secondary control is the maximum bottom hole pressure. It is set to equal to 5,000 psi which is
estimated by the fracture gradient of 0.6 psi/ft, calculated at the shalleevisapon depth to
ensure safe injection operations.

According to the well database from the State of New Mexico Oil Conservation Division, 13
Saltwater Disposal (SWD) wells that penetrate Entrada and with historical water injection data
are imported into the model domaifaple 7). The simulation model set the injection rate as the
primary constrain for SWDs. The wellhead injection pressure limit and historical wellhead
pressure are converted to bottom hole pressure througkhause program for SWDs. The
purpose of this step te justify the permeability and porosity realizations populated through
statistic calculation with available core plug samples and correlafiafde(8 andFigure 47).

Table7. Petrophysical properties used for zones of the simulation model.

Porosity, dec

Permeability, md

Average Thickness, ft

Salt Wash 0.17 t0 0.23 1.9to0 21.7 287
Bluff 0.16 1.026 91
Summerville 0.04 0.006 75
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Todilto 0.01 0.002 48
Entrada 0.01to0 0.25 0.01 to 507.13 100
Table8. Activesaltwater disposal wells considered in the model validation.
Well
API Well Name Latitude Llongitude TVD (ft) Yo Status
3003930148 CARRACAS SWD #002 36.997990 -107.250952 9334 SWD
3003924278 CARRACAS UNIT 27 A #082 36.953957 -107.343425 10060 SWD Active
3003926868 CARSON SWD #001 36.787414 -107.230275 9590 SWD
3003926214 EULCANYON SWD #1 36.961603 -107.414712 9235 SWD
3003925465 JILLSON FEDERAL SWD #001 36.325713 -107.180083 8800 SWD Active
3003924236 NORTHEAST BLANCO UNIT SIMS MESA 36.830393 -107.564145 8956 SWD Active
3003927055 ROSA UNITSWD #001 36.884527 -107.426675 9176 SWD
3003930812 ROSA UNIT SWD #002 36.870988 -107.314770 9334 SWD
3003923231 RUCKER LAKE #002 36.380128 -107.004781 8975 SWD Active
3003924807 SAN JUAN 29 6 UNITSWD #301 36.748372 -107.423891 9112 SWD Active
3003924518 SAN JUAN 30 6 UNIT 8002 36.804575 -107.546728 8930 SWD Active
3003924549 SAN JUAN 31 6 UNIT #301 36.846163 -107.502143 9040 SWD Active
3003922756  SIMMS FEDERAL #001 36.809108 -107.202985 9731 SWD Active

10000

1000

Perm vs. Porosity (Entrada)

0.2 0.25 0.3

Figure47. Petrophysical properties correlation from core plug samples.
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Some representative results of the history matching are shdvigure 48 to Figure 49. The

history results can be categorized into good matched. There following observations are from the
history matching phase: 1) some literature indicates that the area of Entrada formation in the San
Juan Basin maybe naturally fractures, which may rasylarts of the region recorded better
injectivity than others. As this project goes further, the geology characterization of the San Juan
Basin will be better addressed, which is part of the significance of this ongoing project; 2) some
wells may experiete neatwellbore skin effects from formation damage and perforations. If this

is true, the injectivity can be adjusted by assigning positive skin factors to certain wells; and 3) as
the earliest historical data were from three decades ago, some of this ey need quality

checks and adjustment.

Wt Pate 50, CMGOUS SarO8_SWO0 w3
Wetws Rty 55 MATE

Figure48. The injection historical injection rates of saltwater disposal wells.
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Figure49. The injection historical bottom hole pressures of saltwater disposal wells.

Thetotal injected CQachieved 45 Mt Ceover 30 yr, and 1.5 million tons of injection rate
maintained the entire injection periddigure 50). The CQ plume barely migrated during the

post monitoring period and the size is about 10 miles in diantataré 51). The CQ is
predominantly stored as supercritical phase and trapped through capillary pressure hysteresis
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effect. 25% of which C®was dissolved in formation brine under the reservoir temperature and
pressure conditiong-{gure 52).
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Figure50. The total CQinjected over 30 yr and the yearly rates.

Figure51. The injectedCO, plume at the end of 3¢ injection and 26r postinjection.
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CO2 conditions during the Injection and Post-Injection periods
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Figure52. The injectedCO, stored by separate mechanisms over years of sequestration.

Evaluation of the Potential Benefit of Enhanced Coal Bed
Methane (ECBM)

Experimental Study of Permeability Reduction in Fruitland Coal
Due to CO > Adsorption and its Effect on Strength and Stiffness

By Jason Simmons

The main objective of this CUSP Focused Project is to perform a feasibility assessment of site
characterization to identify a suitable storage complex in New Mexico that can safely store a
minimum of 1.5 million metric tons of Cver a 36year injection period. As part of this
assessment the project aims to provide data which may increase the technical understanding of
using coalbeds in New Mexico as part of the storage complex. One of the main challenges for the
long-term storag of CQ in coalbeds is injectivity decline near the wellbore which has been

linked to swelling induced permeability reduction as,@@sorbs to the coal matrix (Siriwardane

et al., 2009; Pan et al., 2010; Perera et al., 2011;Vishal and Singh, 2015; Vishal, 2017; Wang et
al., 2019). To define this phenomenon and to assess the potential for storageroNE®

Mexico coalbeds, we performed laboratory fldwough experiments in Fruitland coal samples
under reservoir conditions to measure the permeability reduction over time. Permeability
experiments were combined with unconfined compressive strentglf€sS) on two pristine
samples and flowhrough samples interacted with €0 determine if adsorption of G@ad

any adverse effects on strength and stiffness within the Fruitland Coal which may affect
operations. Finally, adsorption isotherms for:&@d N in the experimental samples were
developed using BrunaugmmettTeller (BET) analysis.
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Methods

Sample Preparation: Flow -Through and UCS

Sample selection in the Fruitland Coal was based on visual inspection and existing logs which
contained proximate analysis for nearby depths. We chose interval 3738739 ft. from well

Chicosa 35, API1 3003924622 (FCC35; Figure 1; Tables 1 and 2)in8ryal samples were cut
parallel to general dim2nSoohenofhlf 60 dhamex,|
standard press (Table 2). Due to friability, a heat shrink was molded to the samples before they

were end trimmed using a Kemet Aotatic Cutter 402 saw. All sample preparation was

completed dry, without cooling fluids to retain sample integrity.
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Figure 1. Well location for Fruitland Coal samples.

Table 1.Well information for sample locations within the SJB Fruitland Coal

API Well Name

Well ID Lat NAD83 Lon NAD83 MVD Elev Status

3003926422 Chicosa 35 FCC35

36.8615456 -107.217598 3862 7005 CBM

71



CUSP West Final RepoitDOE AwardDE-FE0031837

Table 2. Core parameters of Fruitland Coall

Sample Interval Interval Length Diameter
ID Test Type ft m cm cm

FCC351 COGJ/UCS 3759 1145.74 5.9479 3.8682
FCC352 COJ/UCS 3758.33 1145.54 6.2009 3.8684
FCC353 COJ/UCS 3758 1145.44 6.1006 3.8814
FCC354  Pristine UCS 3739.75 1139.88 5.7523 3.8710
FCC355  Pristine UCS 3740 1139.95 6.0117 3.8669

2.2 Laboratory Flow -Through Experiments

Flow-through experiments with supercritical @®ere conducted on 2 samples (FCd3&nd
FCC352) of Fruitland Coal from well Chicosa 35 at the reservoir temperature 56°C, and
reservoir effective stress of 12 MPa to measure any permeability reduction through time due to
adsorption. A 3rd experiment wpsrformed using liquid C&by lowering temperature to 28°C

to determine if changes in GPhase would affect adsorption (Table 3).

Prior to the experiment, we jacketed samples in a Buskeeve wrapped in stainless steel foll

inside a Core Labs hydrostatic cell. A PTFE sleeve was inserted around the jacketed sample to
minimize the mass of C@hat will diffuse into the silicon oil confining fluid. Three Watlow

ceramic heating bands controlled by a Watlow control and a Type K thermocouple inside of the
vessel heated the system. Three Teledyne ISCO syringe pumps were used throughout the
experimemto control pore fluid (pump A and pump B, Figure 2; 260HP and 500HP) and
confining pressures (pump C, Figure. 2; 100D). During the test, two high precision (0.0129 MPa)
Heise HWQ64864 pressure transducers measured upstream and downstream pressures.
Pemeability was measured using a pore pressure transmission method which involved a constant
gas injection pressure at the sample inlet with a downstream compartment which was isolated
from any pump controls. Initially, a G@ylinder was connected to pumps A and B and used to
gently increase pore pressure to 6 MPa. The pumps were then filled witn@Qsed to further
pressurize the system to 7.5 MPa. Pumps A and B were set to constant pressure and pore
pressure was allowed to equilibrate until no volume changes were observed in the pumps.
Confining pressure was simultaneously increased to 19.5 Mirally, the core sample was
momentarily isolated from the upstream pressure, which was increased to 8.5 MPa, while the
confining pressure was increased to 20.5 MPa to meet the in situ effective stress requirement.
The downstream compartment was closddhareby isolating the sample from the downstream
pump B and the most upstream valve at the sample inlet was opened allowing a 1 MPa pressure
gradient across the sample. Pressure was allowed to move freely through the sample into the
downstream compartmewhile the change in pressure there was recorded at 5 second intervals
and used to calculate flowrate according to

where— is the change in downstream pressure through tingethe adiabatic compressibility
of CO, andwis the volume of the downstream compartment (Siriwardane et al., 2009a and
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2009b; Perera et al., 2011;Vishal and Singh, 2015; Vishal, 201vas calculated using the
derived formula

o
0f
where®is the Zfactor which accounts for the deviation of £f&dm ideal to real gas behavior
at our experimental conditionB,is the average pore pressure, ansl the ratio of specific heat

capacity ratio for C@(Bear, 1972; Pipeng, 2025). Finally, permeabilii@®)(was calculated
using the standard formula

I

ovu U
whereDi s the downstream f | oarandOearethe upsteamvands c 0 s i t )
downstreanpressures respectively, and A and L are the cross sectional area and the average
length of the coal sample respectively (Perera et al., 2011;Shukla; et al., 2012; Nasvi, et al.,
2013; Vishal and Singh, 2015jshal, 2017). Once the initial permeability was determined, CO
was passed through the sample®f@0-36 hours, before the experiment was repeated at the
exact same conditions to determine if a change permeability had occurred.

A B C
L | [ | | | |
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[ﬂl]]D] Core Holder e LVDT

Figure 2. Permeability apparatus. Black lines represent flow lines with directional arrows.

UCS Tests

Unconfined compressive strength (UCS) tests were performed on the three experimental flow
through samples interacted with supercritical or liquich @l two pristine samples of Fruitland
Coal using a MTS 793 testing system with maximum load of 600 kN (Figure 3). Sample
preparation and testing protocols generally adhered to ASTM D7012. However, due to friability,
cores were not ground flat but ratheds were capped with card stock according to methods
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outlined in Pells (1993). Samples were placed between steel platens and capped with card stock
before being loaded at a constant strain rate of 3.9 x 10* strain/s and displacement rate of
0.0009- 0.0115 mm/s. UCS, ) wascalculated from the standard formula

" = (1)

where P is the maximum | oad (kN) susectwonahed du
area (mm; SCDOT, 2009; Gudmundson, 2011). The displacement of the card stock and platens
was calilvated by applying the same loads and deformation rates’tdan50 x 3. 0 i n. 3

stainless steel cylinder. Calibrated displacements were to be subtracted off from the
displacements that developed during each test.

Figure 3. MTS testing machine used in UCS testing of Fruitland Coal specimens.
Results and Discussion

Flow -Through Experiments

Three experiments were conducted on Fruitland Coal samples to assess permeability reduction
during injection of supercritical Cand to determine if changing the €@hase would affect
adsorptive properties. For the two samples which were interacted with supercriticaeCO

found that the rate of change in the downstream pressure was slow during the initial exposure,
lasting® 4-5 hours for a generally steady state between the upstream and downstream
compartments (Figures 4a and 5a). Based on the flowrate from this pressure change, we found
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that initial permeability was low at 78.1 nanodarcies (nD) and 80.4 nD for FC@88 FCC35

2 respectively (Figure 6 ). After prolonged exposure to supercritical tG®rate of change in

the downstream compartment had decreased in both samples leading to reduction in permeability
of 60.6 nD (22.4%) and 24.5 nD (55.9%) for FC&13&nd FCC32 respectively (Table 3;

Figures 4b ,5b, and 6). Opposing results occurrékerBrd experiment performed with liquid

CO.. Where CQhad taken hours to move through the previous 2 samples, equilibration of the
downstream pressure in sample FC@G3&ccurred ir? 3-4 minutes rather than hours (Figure

7a).We found that initial permeability here was 200 times greater than in the 1st two experiments
at 0.0157 millidarcies (mD) or 15,683 nD (Figure 8). After the sample had been exposed to CO
for 30+ hours, the rate of pressure change in the downstream compartment had had sufficiently
increased informing the permeability increase to .0237 mD (23,742 nD; Figure 7b and 8).

Samples flooded with supercritical @&xperienced 22.4% to 69.5% reduction in permeability

after approximately 388 hours of total time (Figure 6). Because effective stress and

temperature remained constant for both experiments, the reduction in permeability occurred due
to adsorption of Ceto the coal matrix during the initial experiment and during the samples
prolonged exposure to the €fhase. This experimental result indicates that without a change to
the cleat/fracture network, injectivity problems are likely to occur through time in this section of
interval 3758.33 to 3759 ft of the Fruitland Coal. However, the permeability increaample
FCC353 tells a different story. The high initial permeability in this sample is not typical of
traditional tight coalbeds. Upon examination of the coal sample, we learned that an extensive
network of preexisting fractures exists throughout tlidl Eample geometry. Fractures are a
dominant channel of gas flow in coal as evidenced by the large difference in permeability from
samples FCC38 and FCC3% which show no evidence of a fracture network. We also find that
because the sample is so wletictured, that adsorption of G@ the matrix was insignificant

through time as compared to the connectivity of the flow pathways. Because gas moved through
the sample so quickly, the experiment was repeated multiple times, allowing at least 10 hours of
exposure between measurementsrtally equal the same total exposure time too@®occurred

in the first two samples. From this we found that the permeability increased at each subsequent
measurement except from the second to third where no change occurred. We believe that the
1MPa pressure gradient across the sample contributeidéning or increasing the fracture

network through time which resulted in increasing the permeability (Figure 8). The increasing
permeability in the previously fractured sample indicates that where there is an extensive fracture
network, the Fruitland Coad likely to have good injectivity which may increase with time as
connectivity changes with increasing injection pressure. Overall, determination of the Fruitland
Coal as a good storage reservoir to meet the requirement of 1.5 million metric tonsoMeC®
30-year injection period will be highly dependent on the cleat and fracture network which exists
on the reservoir scale especially in proximity to the injection well.

Finally, because our 3rd sample had a connected fracture network, we could not determine how
changing the C&phase would affect adsorption in Fruitland Coal. It should be noted however
that supercritical C&would generally be the preferred phase during injection activities based on
in situ conditions in the Fruitland Coal in most of New Mexico.

Table 3. Permeability of coal samples. Red indicates a decreas
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Sample CO Initial Post Change Change
ID Phase (nD) (nD) (nD) (%)
FCC351 SC 78.1 60.6 17.5 22.4
FCC352 SC 80.4 24.5 55.9 69.5

FCC353 Liquid 15683.4 23744.2 8060.8 51.4
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8.1 |
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Figure 4. Downstream pressure evolution through time in experiment 1 during initial flooding of the coal sample (a)
and after 3686 hours of prolonged exposure (b).
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Figure 5. Downstream pressure evolution through time in experiment 2 during initial flooding of the coal sample (a)
and after 3686 hours of prolonged exposure (b).
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Figure 6. Permeability before and after prolonged exposure torCamples FCC351 and FCG235Decreases
ranged from 22.4% to 69.5% in the two samples.
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Figure 7. Downstream pressure evolution through time in experiment 3 using liquatL@y initial flooding of
the coal sample (a) and after-36 hours of prolonged exposure (b).
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Figure 8. Permeability before and after prolonged exposure tornample FCC353 interacted with liquid €0
Because Coflowed through the sample in minutes, the experiment was repeated several times to match total time
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of exposure as in FCC3band FCC38. This coal sample was extensively fractured and permeability increased by
51%.

UCS and Estimated Youngs Modulus

Unconfined compressive strength testing was performed on 5 samples of Fruitland Coal that
were either interacted with G@r pristine (Figure 9 and 10). Samples of the Fruitland Coal
generally exhibited brittle pogteak failure behavior with several samples showing double peaks
(Figure 11a and 11b). Notably, pristine sample FGZ2&xhibited ductile failure before an
abruptbrittle postpeak failure (Figure 11b). Peak load and unconfined compressive strength
were determined for each experiment. For pristine samples not interacted withe@lload

was 27.6 kN and 32.3 kN, and UCS was 23.4 MPa and 27.5 MPa (average 25.5 MPa) for
samples FCC38 and FCC35% respectively (Table 4). For experimental samples, peak load was
38.1 kN, 32.9 kN, 26.2 kN, and UCS was 32.4 MPa, 28.0 MPa, and Bala&derage 27.5

MPa) for samples FCC3b, FCC352, and FCC38 respectively (Table 4).

Typically, Youngdés modulus would easily be ca
the stress strain curve during UCS testing (Gudmundsson, 2011). However, the calibration of the
card stock displacement from the total displacement during tgstivgd to be unattainable.

Therefore, the strains that developed during each test were overestimated, resulting in the

underestimati on of Youngdés modulus while | eav
significant data which positively correlatesU@3 t h Youngds modul us i n (e
stronger materials typically have a higher Yo

2006; Basu et al., 2009; Pan et al., 2013; Malkowski et al., 2018). Of these studies, Pan et al
(2013) developed amict correlatiorb et ween UCS and Youngdés modul u
coal types:

YO Y o  1OF 2)

where the unconfined compressive strengl8g isin MPaand&Ei s t he Youngds mod
GPa. Applying this correl at i smoduuswhchuwas4slt udy ,
GPa and 4.4 GPa (average 4.2 GPa) for pristine samples FC&ZR®bFCC35 respectively,

and 4.8 GPa, 4.5, GPa, and 4.0 GPa (average 4.4 GPa) for experimental sample$,FCC35

FCC352, and FCC38 respectively.

Based on results, the values of peak |l oad, UC
consistent between the pristine and-@teracted samples, and were within normal range for

strong coal specimens found in the literature (Pan et al., 2013; Perera, 2013; Perera, 2016;
Schreiber et al., 2017). The | owest values of
occurred in CQinteracted sample FCC3bwhich contained the most connected and extensive

cleat and fracture network based on fluid flow during permeability testing and physical

observations of the core plug. This result is not unexpected as fractured coal genefatly exh

lower strengths and elastic properties when compared to the more solid coals with a lesser
cleat/fracture network (Abrar, et al, 2025). Even then, when comparing results between the
experimental and pristine sample groups, we found the lowest dli@in the experimental

group was only 1.3 MPa (6%) lower than in the pristine samples. There was also only a 2.0 MPa
(8%) difference and 0.2 GPa (5%) difference b
modulus respectively, for the pristine and expental sample groups (Table 4). When looking

for real variations which might indicate change in strength or stiffness for the coal samples post
experiment, we believe a reasonable difference should be > 20% which did not occur in this
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study. It is also worth noting that the | arge
(4.8 GPa) occurred in a Gnteracted sample (FCC235. This sample also underwent a

permeability reduction of 22.4% during the flalarough experiments. Based on the relative

similarity of results for all of the samples, relatively low % differences between sample points of

the two groups, and low differences in average values for the combined samples of each group,
there was no effect on the UCS or Youngds mod
CQO to the coal matrix. Beyond the lowest value of UCS in experimental sample FCdi8bto

its internal structure, the slight differences in strength are acceptable and from heterogeneities

within the coal specimens themselves.

RS e

Figure 9. Coal specimens generally experienced brittle failure during UCS testing.
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Figure 10. Sample FCC3bwhich exhibited ductile failure during UCS testing.
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Figure 11. Failure curves for experimental samples (a) and pristine samples (b). Strain includes sample strain, and
card stock (end cap) strain due to pest calibration issues. Because of this, strain is overestimated for these tests
and couldnotbessied to determine Youngbs modulus while the UCS

80



CUSP West Final RepoitDOE AwardDE-FE0031837

FCC354 exhibited ductile failure, and several samples show double peaks where stress increased after an initial
decrease before failure.

Table 4. Results of UCS tests for Fruitland Coal. Young's modult
was estimated from a correlation in Pan et al (2013)

Sample Test Peak Load UCS E

ID Type (KN) (MPa) (Gpa)
FCC34 CQ/UCS 38.1 324 4.8
FCC32 CQ/UCS 32.9 28.0 4.5
FCC383 CQ/UCS 26.2 221 4.0
FCC3% Pristine UCS 27.6 234 4.1
FCC3% Pristine UCS 32.3 27.5 4.4
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BET Gas Adsorption Measurements on Powdered Coal Samples
by Jessie Wu and Ernest Owusu

Gas adsorption measurements based on the Briiauerett Teller (BET) approach are
commonly applied to characterize gsglid interactions in coal and other porous materials.
Adsorption isotherms are obtained by mesmuthe amount of gas adsorbed as a function of
pressure at a controlled temperature, providing quantitative information on adsorption behavior
under defined experimental conditions.

Nitrogen (N ) adsorption experiments conducte
used to characterize pore structure, including pore size distribution and pore volume, over a
broad pore size range. Car bo rypicdlly gekornkedat ( CO ) a
higher temperatures, are often used to evaluatattsn behavior under conditions that are

more relevant to laboratoigcale and subsurface applications.

Gas adsorption measurements in this study were performed udilcgoaneritics ASAP 2020
Plussurface area and porosity analy@eigure 1) The ASAP 2020 Plus is a fully automated
volumetric gas adsorption instrument designed for-hggolution adsorption and desorption
measurements under controlled temperature and pressure conditions. The system supports a wide
range of adsorptive gasesdas commonly used for adsorption isotherm measurements on

powders and porous solids.

The instrument is equipped with precise pressure transducers and automated dosing control,
enabling accurate measurement of gas uptake as a function of pressure. Integrated degassing
capabilities allow samples to be evacuated and thermally treated paimalysis to remove

moisture and residual gases. During adsorption measurements, free space determination, pressure
equilibration, and data acquisition are performed automatically through instrument control

software, ensuring consistent and repeatablerarpetal procedures.

™

— § 1

~

~ g

Figure 1. Micromeritics ASAP 2020 Plus instrument.
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Experimental Methods

Materials

Gas adsorption experiments were conducted on three powdered coal sEGPEEEs; FCC32,
andFCC38. All samples were prepared as fine powders prior to analysis to ensure uniform
packing and consistent gaslid contact during adsorption measurements.

Sample Preparation and Degassing

Prior to adsorption measurements, each coal sample was loaded into a standard sample tube and
degassed automatically on the instrument to remove moisture and residual gases. Degassing was
performed under vacuum using a tatage procedure. During the evatian phase, samples

were evacuated from approximately 5.0 mmHg to about 1.@8nifHg while being heated to

150°C at a ramp rate of 10°C/min. The evacuation was maintained for 60 minutes. This was
followed by a heating phase in which the sample temperature was held at 150°C for an additional
120 minutes. After degassing, samples vadi@ved to cool and were backfilled prior to

adsorption analysis.

Carbon dioxide (CO ) experiments were conduct
Micromeritics ASAP 2020 Plus instrument (Figure 1). All measurements were performed at 0°C
with CO as the adsorptive gas to onrdlledi n adso
temperature conditions

Nitrogen (N A Adsorption Measurements

Nitrogen adsorption and desorption experi ment
as the adsorptive gas at a measurement temper
collected over a wide range of relative pressures using absolute pressurendg. T he N
adsorption data were used to obtain adsorption isotherms, pore size distribution, and pore volume
for each sample. Ambient and analysis free space volumes were measured automatically prior to
data acquisition, and pressure equilibration wasiegh at each dosing step to ensure stable
measurements.

Carbon Dioxide (CO A Adsorption Measurements

Foll owing the N adsorption experiments, CO
conducted on the same coal samples using CO
were collected at a measurement temperatudélafsing absolute pressure dosing over a

pressure range from near vacuum to approximately 925 mmHg. An equilibration interval of 10
seconds was applied at each pressure step. Adsorbed gas quantities were recorded as a function
of pressure and reported in units of cm3/g at standard temperatipeegsure (STP).

Results

NFAdsorption Measurements at  -196°C

Nitrogen adsorption and desorption isothermgfoc3ame asur ed at T 196 AC ar e
Figure 2. The isotherm exhibits a continuous
pressure over the full measured range. A distinct separation between the adsorption and
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desorption branches is observed, indicating pressependent adsorption and desorption
behavior.
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Figure 2. Nitrogen adsorption and desorption isotherms of FAIC35me asur ed at 1T 196 AC

BET analysis of the N adsor2pgamgpThetdtapore yi el ds
volume derived from adsorption data @ando64 cm3/gfrom desorption data over the analyzed

pore size range. The average pore diameter estimated from the BET method is approximately

10.2 nm

Nitrogen adsorption and desorption isothermFBec352me asur ed at T 196AC ar
Figure 3. The isotherm exhibits a continuous
pressure over the full measured range. A distinct separation between the adsorption and

desorption branches is observed, indicafiressuredependent adsorption and desorption

behavior.
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Figure 3. Nitrogen adsorption and desorption isotherms of F336re 22 measur ed at T 196AC.

BET analysis of the N ads or3®H6é m3ghhe talpore y i el ds
volume derived from adsorption dateDi®064 cm3/gand0.0063 cm3/grom desorption data

over the analyzed pore size range. The average pore diameter estimated from the BET method is
approximatelys.72 nm

Nitrogen adsorption and desorption isotherms for FGE35me asur ed at T1196AC a
Figure 4. The isotherm exhibits a continuous
pressure over the full measured range. A distinct separation betweesdhgtiad and

desorption branches is observed, indicating pressependent adsorption and desorption
behavior.
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Figure 4. Nitrogen adsorption and desorption isotherms of F@C3fme asur ed at T 196 AC. BET ar

adsorption data yields a BET surface area of 10.41 m?/g. The total pore volume derived from adsorption data is
0.0219 cm3/g, and 0.0217 cm?/g fralesorption data over the analyzed pore size range. The average pore diameter
estimated from the BET method is approximately 8.22 nm.

Comparison of the nitrogen adsorption and desorption isotherms for the three coal samples

shows clear differences in adsorption capacity and overall gas uptake behavior. All three samples
exhibit similar isotherm s h skeasrelativeipressurea cont i
increases and a distinct separation between adsorption and desorption branches, indicating
pressuredependent adsorption and desorption behavior.

Among the three sampldsCC353s hows t he hi ghest N uptake acr
range, consistent with its higher BET surface area and larger total pore vBlO@&52

exhibits inter meRCC31showdthe lowgst oackak gdsonption dapacity.

These differences are reflected in both the magnitude of adsorption at high relative pressure and
the total pore volumes derived from the N da

Despite differences in total uptake, the overall trends in adsorption and desorption behavior are
similar for all three samples. The N adsorpt
porerelated characteristics among the coal sampleswimglintaining comparable adsorption

behavior across the measured pressure range. These results provide a consistent basis for
subsequent comparison with CO adsorption mea

COFAdsorption Measurements at 0°C

Carbon dioxide adsorption and desorption isotherms@@348 measured ai°Care shown in
Figure 5. The isotherm exhibits a continuous
pressure over the full measured range (p/p° up to approximately 0.035). A distinct separation
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between the adsorption and desorption branches is observed, indicating patepsuadent
adsorption and desorption behavior.

The CO adsorption data show gradual upt ake a
pronounced increase in adsorption as relative pressure approaches the upper end of the measured
range. The observed hysteresis between adsorption and desorpticmelrendicates differences

in CO uptake and release behavior under the

ksotherm Liness Plot
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Figure 5. Nitrogen adsorption and desorption isotherms of FAG8basured at 0°C.

Comparison of N Fand COF Adsorption
Nitrogen and carbon dioxide adsorption and desorption isotherms for FC§I8%w clear

differences in adsorption behavior under the
i sotherm measured at T1T196AC spans raduabr oad r el
increase in gas uptake with increasing relati

at OAC covers a narrower relative pressure ra
with increasing relative pressure.

Both isotherms exhibit hysteresis between adsorption and desorption branches, indicating
pressuredependent adsorption and desorption behavior. Differences in the shape and magnitude

of the isotherms reflect vari adQ onusnden atdhseo rtpe
conditions. Together, the N and CO resul ts
gas adsorption behavior on the same coal sample.

Model Construction

The primary goal is to develop a hydrodynamic model to calibrate the measured gas production
rate at the Fruitland coal site in New Mexico. The initieldimodel, created using Petrel 2024,
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was upscaled to Computer Modelling Group's (CMG) General Equation of State Model (GEM)
2025 to simulate fully implicit compositional fluid flow. A slayer field double porosity model,
consisting of three codidearing zones (upper, middle, and lower) td&d from log

interpretations (Weber et al. 2012), was built for the simulation study. Eachearahg zone
includes two layers separated by freservoir sections, with total thicknesses ranging from 4.6
to 25 ft for the upper zone, 3.5 to 12 ft foetmiddle zone, and 8 to 33 ft for the lower zone. The
matrix porosity of the production zones was set at 1% (assumed), while the cleat permeability
was set at 78 nD based on core testing. The model grid comprised 235 x 196 x 11 blocks,
totaling approximagly 506,660 grid blocks, of which 276,360 are active. Each grid block
measures 100 ft x 100 ft. The cleat porosity was estimated using the production index
(Siriwardane et al. 2012) for each wedr(or! Reference source not fouhdnd used as input for

a Gaussian geostatistical simulation to fill the rest of the gfidsie 1). A cubic powerlaw
relationship (Siriwardane et al. 2012) between cleat permeability and poirsay Reference
source not founglwas used to model permeability distributiéingure 54). The Langmuir

volume and pressure isotherms were obtained from the Tiffany UrigQEM Pilot report

(Reeves and Oudinot 2004). Wells completed in the three coal zones, with operating parameters
based on gas and water surface production histories, sssswaddel inputs. The wells were
constrained to respect reservoir volume during history matching, with skin factors set to zero.
Other relevant reservoir parameters are listéfainle 9. Reservoir parameters used in the

model The model boundaries were set adlow barriers to represent wells adgnt to the

study area (Reeves and Oudinot 2004).

n n

n _ Y Y n Eq. 1
naNQ Eq. 2
Where:

'Y = The relative production of each wettompared to maximum productior{—

'Y = Minimum relative production ratio among all producers
n = Specified maximum porosity
n = Specified minimum porosity

0 = Production rate of well

0 = Maximum production rate of wall

n = Porosity

Q = Intrinsic permeability in the face cleat, mD
a = Variable porosity factor

n = 0.33 for coal
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Figure53. Face cleat porosity distribution
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Figure54. Face cleat permeability digoution

Table9. Reservoir parameters used in the model

Parameter Value Source
Initial Pressure 1,600 psi Well test report
Reservoir Temperature 120 deg F (Reeves et al. 2003)

Initial Water Saturation

Assumed

Initial Gas Content

Per Isotherm

(Reeves et al. 2003)

Sorption time

10 days

(Reeves et al. 2003)

Fracture Spacing

0.25 inch

(Reeves and Oudinot
2004)

Gas Composition

95.5% CH 4.5%
CO.

(Reeves et al. 2003)
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Relative Permeability History Match
Permeability Function n=0.33a=0.0024 | (Siriwardane et al. 2012)
Parameters

History Matching

The goal of this subtask is to calibrate the coal seam reservoir model to match field history
before Enhanced Coalbed Methane (ECBM) production. The parameters chosen for adjustment
are those affecting field performance and can be technically justifiedn@ilependent parameter

in the reservoir model was the reservoir production rate to maintain material balance, while the
dependent (historynatching) parameters were the gas and water production rates. A parametric
study was performed on the permeabilitysatropy ratio between the cleat and butt directions to
identify the ratio at which gas production cannot be sustained while matching thmdatuired
rates. This step prevents selecting permeability values that could lead to overestimation during
field operations. A second step involved history matching, adjusting two parameters of the
relative permeability model (Chen et al. 2013) aBriror! Reference source not fourid Error!
Reference source not founahere | is the cleat size distribution, h is the tortuo&y, is the
endpoint relative permeability of the wetting pha%®, is the eneboint relative permeability

of the nonwetting phaséy is the wetting phase saturatioM, is the residual wetting phase
saturation andY is the residual nonwetting phase saturation to align gas production with the
relative permeabilityFigure 55is the resulting relative permeability curve after model

calibration and used in the ECBM study.

Q0 Y Eq. 3
0 QT p Y p Y Eq. 4
N A— Eq. 5
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Figure55: Calibrated relative permeability curve

A comparison of measured versus megpladicted well gas production is showrHigure 56
for selected wells. The only conclusion that can be drawn from this result, since the reservoir
volume rate drove the model, is that the model can produce the observed gas volumes.
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Figure56: Comparison between measured and mpdedlicted gas production performance (a) NORDHAUS #714
(b) NORDHAUS #715 (c) JAQUEZ #331S (d) QUINN #338T

Figure 57 shows the well water production performance for selected wells. The quality of the
water rate predictions varied, with some being too highufe57c) and some too lowF{gure

57d). However, on balance, the projections are considered reasonable, and the measured water
rate appears too erratic to be accurate. It cannot be easily explained by regional variations in
porosity and/or water relative permeability. Therefore, matchingrwates was not a priority.

Even though water production from individual wells was not prioritized, the total water produced
from all wells was honored at the end of calibratiBigre 58). Preferably, well bottormole

pressure, if available, should be used to validate the calibration, which was not available for this
study. The use of the water rate, which is historically known not to be measured accurately, may
lead to erroneous calibrah pressures, which in turn affect forecast performance.
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Figure57. Comparison between measured and mpdedicted water production performance (a) NORDHAUS
#714 (b) NORDHAUS #715 (c) JAQUEZ #331S (d) QUINN #338T
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Figure58. Field cumulative water production performance between measured and model predictions.

Performance Forecasts

To evaluate the lorterm performance of the ECBM pilot under status quo conditions (i.e., no
furtherCQi nj ection) and other fAwhat i fo future i
cases were simulated using the calibrated model. The specific cases evaluated included:

1) No CQvinjection (i.e., primary production only).
2) Continuous C®@injection.

3) Continuous N CO; co-injection.

4) Continuous CQwith intermittent N injection.

For each forecast scenario, the model assumed flowing bottomhole pressures of 200 psi. The gas
production rate is 1E6 ft3/day for the ECBM cases and gradually increased every 2 yr until 2034,
when the maximum rate target of 3E6 ft3/day is maintained.hHeoXb CQ injection case, the

last known wellspecific rates from history were used for forecasting. Additionally, an economic
limit of 50% CQ content per well was imposed; exceeding this threshold prompted the layer in
guestion to be shut in. An injection target of 100 tons per day per injection well was set,
gradually increased by 50 tons every 2 yr until 2034, when the maximum injectianofaB§é

tons per day is reached. The maximum injection bottore pressure was set to 0.7 of the initial
reservoir pressure, translating to 1,120 psi. A peripheral injection scheme was implemented,
coupled with staggered rate control between the injeetia production wells to delay GO
breakthrough and prevent rapid pressure changes that could negatively impact displacement
efficiency. By maintaining reservoir pressure around 0.7 of its initial value, pressiuiced

injectivity loss will be minimizedFigure 59 shows the relationship between permeability

changes with pressure and concentrations (Reeves et al. 2003). The forecast aims to keep
reservoir pressure within the green region. After the calibration, the average pressure within the
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upper coal was 1,151 psi, while the middle and lower coal zones were around 980 psi. The upper
coal was within the pressudependence region, while the middle and lower coals were within
the matrixshrinkage region.

Matrix Shrinkage Pressure Dependence

| |

Target Pressure range

|Sorption Capacity

Figure59. Permeability changes with pressure and concentration (Reeves et al. 2003)

Case #1: No CO2 Injection

The baseline scenario assumes that neigjéction occurred and that the field was produced
exclusively by primary pressure depletion over 30 yr. In this case, total incremental methane
recovery was 336 Mt within the active model area, yielding a recovery factor of 3.0%. The final
average reseoir pressure was 971 p$tigure 60).
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Figure60. Average reservoir pressure and incremental gas production and recovery Case 1

Case #2: Continuous CO 2 Injection

This case assumes eiDjection over 30 yr, with a gradual increase in the injection rate. The
incremental gas rate for Case 2 is showhigure 61. Notably, several wells were shut in due to
exceeding the maximum allowable £édntent of 50% in the produced gas. The total methane
recovery for Case 2 was approximately 3.53 Mt, approximately 3.19 Mt more than in Case 1.

The total volume of Ce&injected was approximately 21.6 Mt, resulting in a2@®OCH; ratio of

6:1. The average final pressure within the active model was 1,130 psi. The estimated incremental
sequestration volume for this case is approximately 18.7 Mt of CO
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Figure61. Continuous C@injection incremental recovery performance

Figure 62a shows the C@plume within the coal matrix at the end of injection, delineated as any
regions with CQadsorption greater than 3 gmol&/ffhe minimum value was chosen based on

the maximum final adsorption after calibration. Any adsorption value above the maximum is
treated as the injected @Plume region. The forecasting was designed to decrease the fracture
pressure in the upper coal region and increase it in the middle and lower regkigaré62b,

which shows the cumulative pressure drop within the @@me, it can be observed that there is

a decrease (positive fracture pressure drop) in the upper coal and an increase (negative fracture
pressure drop) in the middle and lower regions. An average pressure gain of 100 psi was
observed in the middle andwWer regions, and an average pressure depletion of 100 psi in the
upper coal region. With that pressure target, permeability increased in the upper coal region
without significant loss in the middle and lower regions, as shown in the cumulative permeability
change plotKigure62c). The permeability changes in the fractures between the injector and
producersKigure62c) did not lead to injectivity because the matrix pressures around the
producers created a significant pressure drigufe62d), thereby shrinking the matrix and
increasing permeability in the fractures. At the end of the injection, the pressure within all
regions was within the target range, which is around the average pressure at the end of
calibration.
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(@) (b)

(©) (d)

Figure62. Case 2 C@adsorption: (a) Ceplume, (b) cumulative pressure change, (c) fracture cumulative
permeability change, and (d) matrix cumulative permeability change at the end of injection

Case #3: Continuous N 2i COz Injection

This case assumes @@z injection at a 0.95:0.05 ratio over 30 yr, with a gradual increase in
injection rate. The incremental gas rate for Case 3 is shofigume 63. The total methane

recovery for Case 3 was approximately 3.59 Mt, approximately 3.26 Mt more than in Case 1 but
about 66 kt more than in Case 2. The total volume ofiGj@cted was approximately 20 Mt.

The average final pressure within the active model was 1,117 psi which is not different from
Case 2. The estimated incremental sequestration volume for this case is approximately 17.4 Mt
of COz,about 1 Mt less than Case 2.
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Figure63. Continuous C@ N3 injection incremental recovery performance

Figure 64a shows the C@plume within the coal matrix at the end of injection, delineated as any
regions with CQadsorption greater than 3 gmol&/ffhe forecasting was designed similarly to
Case 2, but bkept the fractures open to decrease the pressure in the upper coal region and
increase it in the middle and lower regionsFigure64b, which shows the cumulative pressure
drop within the CQ@plume, it can be observed that there is a decrease in the upper coal and an
increase in the middle and lower regions. An average pressure gain of 100 psi was observed in
the middle and lower regions, and an average pressure depletion of 100 psi iretheapp

region. With that pressure target, permeability increased in the upper coal region without
significant loss in the middle and lower regions, as shown in the cumulative permeability change
plot (Figure64c). At the end of the injection, the pressure within the production zone within the
matrix (Figure64d) decreased, creating a flow path between the injector and producers. Due to
the distance between the injectors 1 and 3 and the producers, there was net pressure decrease
which lead to permeability increadeédure64c).
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Figure64. Case 3 C@adsorption: (a) Ceplume, (b) cumulative pressure change, (c) fracture cumulative
permeability change, and (d) matrix cumulative permeability change at the end of injection

Case #4: Continuous CO 2 with Intermittent N 2 Injection

This case assumes giDjection for 11 months andzNhjection for 1 month over 30 yr, with a
gradual increase in the G@jection rate while the Ninjection rate is maintained at 50 t for

each of the four injection wells. The incremental performance for Case 4 is shbignria 65.

The total methane recovery for Case 4 was approximately 3.65 Mt, approximately 3.32 Mt more
than in Case 1, but about 126 thousand and 59 kt more than in Cases 2 and 3, respectively. The
total volume of CQinjected was approximately 20.7 Mt. The average final pressure within the
active model was 1,097 psi, which is not different from Cases 2 and 3. The estimated
incremental sequestration volume for this case is approximately 17.3 Mtpalbaut 1 Mt less

than Case 2.
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Figure65. Intermittent CGi N injection incremental recovery performance

Figure 66a shows the C@plume within the coal matrix at the end of injectionFlgure66b,

which shows the cumulative pressure drop within the @@me, it can be observed that there is

a decrease in the upper coal and an increase in the middle and lower regions. An average
pressure gain of 100 psi was observed in the middle and lower regions, and an average pressure
depletion of 100 psi in the uppcoal region similar to Case 2 and 3. The permeability increase
within the upper coal region without significant permeability loss within the middle and lower
regions as shown in the cumulative permeability change Figaie 66c).

(@) (b)
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(©) (d)

Figure66: Case 4 C@adsorption: (a) Coplume, (b) cumulative pressure change, (c) fracture cumulative
permeability change, and (d) matrix cumulative permeability change at the end of injection

A comparison of the forecast cases' performance relative to {impetion case is delineated in
Table 10. The results indicate an approximately 1% increase in recovery wheasNnjected,
despite a reduction in G@torage attributable to increased {oduction. Because we could

not attribute what amount of GOr N> was contributed to CHecovery, the CXCHjs ratio was

not computed. The peripheral injection strategy and the spacing between injector and producer
facilitated improved recovery, thereby permitting a larger injection volume and enhanced
injectivity.

Tablel0: Summary of case comparisons

NO_COz_Inject CO2- CO2-N2- CO2-N2-ECBM-
ion ECBM ECBM Cycling

Total CH4 produced, t | 3.37E+05 3.53E+06 3.59E+06  3.65E+06
Incremental CH4 0 3.19E+06 3.26E+06 @ 3.32E+06
produced, t

Total COzinjected, t 0 2.16E+07 2.05E+07 @ 2.05E+07
Total CO2 produced,t | 4.70E+04 2.90E+06 @ 3.15E+06 @ 3.18E+06
Total Nz injected, t 0 0 6.87E+05 | 6.85E+05
Total N2 produced, t 0 0 4.25E+05  4.25E+05
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CO2:CH4 0 6 - -

Incremental CH4 2.45 25.67 26.15 26.59
recovery, %0OGIP

CO2 stored, t 0 1.87E+07 1.74E+07 | 1.73E+07

Average pressure, psi | 972 1,130 1,117 1,097

Underground Injection Control Consideration for Escalante
Power Plant

Geologic CO > Storage Permits Template in New Mexico (EPA
Region VI)

Well drilling and CQ storage facility permits issued by New Mexico Oil and Gas Commission
and the U.S. Environmental Protection Agency (EPA) Regional VI individually are required to
implement geologic C&storage in New Mexico. The Petroleum Recovery Research Center at
New Mexico Tech has developed one permit template to assist the operator in preparing 1) an
application for permit to drill (APD) a stratigraphic test well and 2) a storage facility permit
(SFP) application that are consistent with EPA Underground Injection Control (UIC) Class VI
statutes and regulations. The APD template includes options for the design and permitting of a
stratigraphic test well that can be transitioned for use as a UIG Zlampliant injection or
monitoring well.

No storage facility permits have yet been issued in New Mexico. The permit application
templates presented incorporate learnings and clarifications that have been garnered as the first
projects advancing carbon capture and storage (CCS) in New Mexicoséitin provides a
description of the intent of the section, and a description of evidence or exhibits to be included
within the section. The templates incorporate formatting that is both structured to present the
information required in the permit apmion in a functional, logical, and consistent fashion and
aligned with the permit review and public hearing process.

With the assistance of the project team, Four Corners Carbon Capture LLC (Tallgrass) had
successfully submitted an UIC Class VI permit to EPA Region 6. Currently the submission is
pending for the final permitting determination.

Introduction

Well drilling and CQ storage facility permits (SFP) are required to construct and operate a
geologic CQ storage project in New Mexico. An application of permit to drill (APD) is required
to drill a stratigraphic test well, which is used to acquire the necessary downhole data to
complete a COSFP in New Mexico. The New Mexico Oil and Gas Commission (NMOCD) has
authority to regulate stratigraphic well drilling permit align with the Class Il well permit as an
acid gas injection well. As such, the stratigraphic test well is part of a crititeigpathieving
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UIC Class VI compliance. Several recommended practices and clarifications related to well
design, geologic characterization, well testing, and the UIC Class VI requirements resulted from
these permit discussions, the more significant of which are captucatl-out boxes throughout
these templates.

This document provides application templates for the two permits that are required to move
forward with the commercial geologic storage of2@©New Mexico: the APD for Class Il well
and the SFP.

Well Drilling Permit

For the purposes of this template, the APD has been developed as a stratigraphic test well which
classified as a Class Il acid gas injection well. A complete storage facility permit requires data
and information obtained from core, geologic formation ngséind sampling, and wireline

logging within the facility area of a geologic storage project. While there may be instances where
existing data (i.e., core and log data) can be used for the SFP in lieu of drilling a stratigraphic test
well, in many cases ¢hoperator will need to drill a well prior to applying for a SFP to collect the
necessary data.

An option for accelerating deployment of CCS is to permit and drill a stratigraphic test well
designed and constructed in a manner that provides a pathway to convert the Class Il well to a
UIC Class VI compliant injection well (e.g., strategic use ob @8istant materials). The
stratigraphic test well transition pathway is addressed in the SFP application process, which
includes a request to convert the well to & @fection well and an application to inject @0

The APD includes 1) an accurate well location plat certified by a registered surveyor showing
the location of the proposed well with reference to the nearest lines of a governmental section
and referenced to true north; 2) an accurate pad layout whidaieslia cut and fill diagram and
additional construction required, i.e., water bars, culverts, etc.; 3) a facility layout, i.e., location
of surface facilities on well pad; and 4) road access to the well location. If drill cuttings will be
buried on locatn (i.e., a drycuttings pit), the location of the dry cuttings pit needs to be on the
facility layout plat.

This attachment, a geological prognosis, presents such information as the estimated depth to the
top of objective horizons (measured depths [MD]); the estimated depth to the top and thickness
of important geologic markers such as members or zones pdjectiadaining usable water,

USDWs, oil, gas, or other valuable deposits; and the identification of the formation at total

depth, including the identification of all potential confining layers above and below the zone of
interest. The drilling program andggnosis provides the technical detail of the plans for drilling

and completing the injection well. Examples of the information and content of this attachment
are as follows:

Proposed total depth (including MD and true vertical depth) to which the well will be drilled
Estimated depth to the top of important geologic markers

Estimated depth to the top of objective horizons

Proposed drilling mud program for surface hole and vertical hole

Proposed openhole and cased hole logging program

Proposed well testing, coring, and geologic characterization program

Proposed casing program including size and weight

= =4 =8 -8 _9_9_-2
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Proposed depth and formation at which each casing string is to be set
Proposed amount of cement and placement procedure to be used
Estimated top of cement

General completion procedure

Other pertinent information

= =4 48 -4 -4

The storage operator should provide information regarding the proposed mud program for both
the surface and production holes in this attachment. Also, the operator should include a
description of the casing program, which includes the casing properteestdrage operator is
required to provide a schematic of the wellbore. An evaluation program for the coring, testing,
and logging of the stratigraphic test well is provided in this attachment. Additional information

of importance includes the descriptiarfghe pressure control equipment, the drilling procedure,
and the post completion plan. Examples of the content that is required for each of these topics is
provided in the remainder of this section.

Well control during all phases of the drilling, logging, casing runs, cementing, testing, etc., is
mandated by NMOCD and by industry best management practices. Well control equipment is
typically referred to as blowout prevention equipment (BOPE). The BOdhkdes a

description, accompanied by exhibits, of the type of equipment that will be used, e.g., blowout
preventers, choke manifolds, and accumulators, including the operational procedures and
frequency for testing and documentation of this equipment.

The drilling procedure are requiréal each drilling interval from ground level to the total depth
of the well, include the following:

Hole size

Type of drilling mud

Bit and casing specifications

Detailed drilling procedure

Detailed coring, testing, and logging procedures
Specific cementing procedures

Cementing and casing evaluation procedures

= =2 =4 -8 -9 -9 -9

Within thirty days after the conclusion of well drilling and completion activities, the storage
operator is required to provide project specific reports, exhibits, documentation, and descriptions
of the drilling, logging, coring, cementing, and well iniggevaluations of the stratigraphic test

well.

UIC Class VI Well Permit

The UIC Class VI well permit application(s), one for each proposed Class VI well, will meet all
requirements of 40 CFR 146.82 and those parts referenced therein. Required permit application
materials will be entered into the ten modules of the GeologigeSeation Data Tool (GSDT)

and, after meeting data validation, will be submitted to EPA Region 6. Table 5 indicates the
documents the project had been developed.

Table 5 Class VI Underground Injection Control (UIC) permit application project narrative, modified [1].

Section of Project
Narrative

Requirements UIC Regulatory
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Site Characterization, including:

40 CFR 146.82(a)(2)
(3), (5), and (6)

Regional Geology,
Hydrogeology, and Local
Structural Geology

Submittal of geologic & topographic maps &
cross sections illustrating regional geology,
hydrogeology, geologic structure of local area
surrounding the project area

40 CFR
146.82(a)(3)(Vi)

Maps and Cross Sections
of the AoR

Topographic maps; geologic maps w/ cross
sections & stratigraphic columns summarizing
lithology, sequence of geologic units (including
injection & confining zones and USDWSs),
approximate formation thicknesses, lateral ext
of units, and correlation of its in vicinity of
project and across region

40 CFR 146.82(a)(2)
40 CFR
146.82(a)(3)())

Faults and Fractures

Submittal of information on location, orientatio
and properties of known or suspected faults &
fractures that may transect the confining zone
in the AoR and a determination that they woul
not interfere with containment.

40 CFR
146.82(a)(3)(ii)

Injection and Confining
Zone Details

Submittal of information on the depth, areal
extent & thickness of the injection formation &
confining zone(s); submittal of data on
mineralogy of injection & confining zone(s);
submittal of data on porosity, permeability &
capillary pressure of injectiafa confining zones

40 CFR
146.82(a)(3)(iii)

Geomechanical information be submitted on
fractures, stress, ductility, rock strength, and ir

Geomechanical and situ fluid pressures within the confining zone; { 40 CFR
Petrophysical Information| use of geophysical methods for obtaining 146.82(a)(3)(iv)
subsurface information in lieu of direct physics
sampling.
A report on the seismic history of the project s 40 CER
Seismic History including the presence and depth of all seismi 146.82(2)(3)(v)
sources
Submission of maps and stratigraphic cross
: sections indicating the general vertical and lat
Eydrologlc ar_1d limits of all USDWs, water wells, and springs 40 CFR .
ydrogeologic ithin the AoR. thei " lati h 146.82(a)(3)(vi); 40
Information within the AoR, their positions relative to the CFR 146.82(3)(5)

injection zone(s) and confining zone(s), and th
direction of wate movement

Geochemistry

Baseline geochemical information on subsurfg
formations including all USDWs in the AoR
including both fluid and solid phase chemical

analysis.

40 CFR 146.82(a)(6)
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Site Suitability

Provide comprehensive data and descriptions
many properties of the proposed project site a
demonstrate whether it is a good candidate fo
GS and meets the requirements at 40 CFR 14

40 CFR 146.83

Injection Well
Construction Plan,
including:

Ensure that all Class VI wells are constructed
and completed to:

(1) Prevent the movement of fluids into or
between USDWSs or into any unauthorized zor
(2) Permit the use of appropriate testing devic
and workover tools; and

(3) Permit continuous monitoring of the annuld
space between the injection tubing and long
string casing.

40 CFR 146.82(a)(9)
(11), and (12)

Proposed Stimulation
Program

40 CFR 146.82(a)(9)

Construction Procedures

40 CFR
146.82(a)(12)

Well Operation Plan,
including:

Maintaining the integrity of the well and
ensuring the safe sequestratiorCéD,

40 CFR 146.82(a)(7)
and (10)

Operational Procedures

40 CFR
146.82(a)(10)

ProposedCO, Stream

40 CFR
146.82(a)(7)(iii) and
(iv)

Injection Depth Waiver
and Aquifer Exemption
Expansion

Seeking a waiver of the requirement to inject
below the lowermost USDW

40 CFR 146.82(d);
40 CFR 146.95(a);
40 CFR 146.4(d);
40 CFR 144.7(d)

. 40 CFR
Other Information 146.82(a)(21)
Executive Summaries of:
The types of financial instruments that owners
operators of Underground Injection Control 40 CER
Financial Responsibility | (U!€) Class VI Geologic Sequestration (GS) |4 45°a52y14): 40
wells can choose to demonstrate compliance CER 146 .85

the financial responsibility requirements of the
Rule

AoR and Corrective
Action Plan

Prepare, maintain, and comply with an AoR ar]
Corrective Action Plan that includes all of the
required elements of the plan; Delineate the A
using computational modeling and identify all
wells that require corrective action; Perform al

required correctie action on wells in the AoR,;

40 CFR 146.82(a)(4)
40 CFR
146.82(a)(13); 40
CFR 146.84(b);
CFR 146.840

40

108



CUSP West Final RepoitDOE AwardDE-FE0031837

Re-evaluate the AoR throughout the life of the
project; Ensure that the Emergency and Rems
Response Plan and financial responsibility
demonstration account for the most recently
approved AoR; Retain modeling inputs and da
used to support AoR +evaluations for 10 yr.

Pre-Operational Logging
and Testing Plan

Describes how they will test the well and analy
the chemical and physical characteristics of th
injection and confining zones

40 CFR 146.82(a)(8)
40 CFR 146.87

Emergency and Remedia
Response Plan

Describes actions to be taken to address ever
that could potentially cause endangerment to
USDW during the construction, operation, and
PISC phases of a project

40 CFR
146.82(a)(19); 40
CFR 146.94(a)

Injection Well Plugging
Plan

procedures for injection well plugging are
t he we
geol o¢

appropriate to
and the siteds

Testing and Monitoring | Describes testing and monitoring activities tha 40 CFR .
Plan are primarily required during the injection phas 146.82(a)(15); 40
1 CFR 146.90
Ensure that the proposed materials and 40 CFR

146.82(a)(16); 40
CFR 146.92(b)

PostInjection Site Care
(PISC) and Site Closure
Plan

Outlines the proposed peisijection monitoring
strategies and how nendangerment of USDW

will be ensured throughout the PISC phase

40 CFR
146.82(a)(17); 40
CFR 146.93(a)

Required permit application materials will be entered into the ten modules of the GSDT and,
after meeting data validation, the package will be submitted to EPA regional offices by the site
operator.
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RegionalScale Assessment of GGeological Storage in Sedimentary Basin Geothermal
Reservoirs of Nevadan pagell5

Subtask 4.5.3 i Site Characterization for CO , Storage to Support
Escalante Hydrogen Power Plant and Logos Resources Projects

SeeWe proposed a new technology for Z@lume detection wherein a seismic emitter will be
placed beneath the plume and tomography will be performed with stations at the $tgiaee (

28). This design has six hypothesized advantages over the presenf-staart of CQ plume
tomographic detection, which typically only images the plume in a 2D sense at either a single
time or infrequently(Ajo-Franklin et al. 2013; Gunning et al. 2020; Hu et al. 2@hd) only

augments the numerical modeling of the plyPriess et al. 2001; Pham et al. 20Thge first
advantage of this technology is the inherent tiapse nature wherein the operator would be able
to image the plume at essentially any time they choose. The second significant advantage is the
3D nature of the design. So long as the surfatést are placed with sufficient coverage above
the expected extent of the plume (and they can be moved in the middle of monitoring), then the
plume can be imaged with accuracy throughout its full volumetric extent. The third advantage is
that the tomognahy will be performed with direct waves rather than reflected waves, which
increases the amplitude and reduces the uncertainty. Fourth, by placing the emitter in the
borehole rather than using a surface source, the frequency content of the emittedoaa\mdet
significantly higher, which will allow for greater tomographic resolution. Such resolution could
potentially offer the ability to detect leakage of supercritical carbon dioxide through the caprock
should that be the case. Fifth, the source is fregguewept, which allows for correlatidrased
processing that offers a much higher dynamic range for imaging the system. Finally, the
tomographic image can be improved by moving the source to different locations within the
monitoring wellbore to gather fno different source points.

? Injection well
v vA v Av v v v v

Confining layer _ —— — e Ve T —h e e —— ——
e - T T d s
Sequestration zonbs .‘.' ‘o"' e -.\‘, o 0 Sy e .-f. -:c ’.'..: :. .0 ".o.u
go f Jjoe/pR0 00 09" 10980 0 o080
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- Well head
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Figure 28 Proposed design of the downhole source tomographic technology to enhance fien@Omigration
detection
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Final Report

The project team designed a laboratscgle experiment to simulate the potential

implementation of the Downhole Source Tomography technology. The proposed experiment will
be conducted in a 1m x 1m x 1m cube of sandsteigei(e29). There will be two sandstone

blocks separated by a thin, impermeable epoxy seal. The bottom block will host the plume of
supercritical carbon dioxide and simulate the reservoir in a deep saline sequestration project. The
epoxy seal will simulate the caqmk, and the upper block of sandstone will simulate the

formations above the sequestration target. A single perforation will be placed into the epoxy seal
at a distance of 20 cm away from the center of the deigere30). Supercritical carbon dioxide
injection will take place in a fAwell boreodo in
dioxide only goes into the bottom, reservoir block. Injection will take place for four hours at 0.01
kg/s. The rate is chosenatiow for the carbon dioxide fully to percolate through the system,
including the leak, in a reasonable timeframe without risking hydraulically fracturing the sample.

Figure 29 A schematic of the sandstone cube that will host the experiment. The gray circles represent the sensors
that will be placed on the sample.
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Figure 30 The perforated epoxy seal that simulates a leaky wellbore

Quotes to perform these experiments were obtained from Sandia National Laboratory and

Schl umbergerdéds Geomechanics Laboratory in Hou
Schlumberger quoted about $180,000, but $45,000 of that is for sample prepariaioh we

have assessed will cost roughly $8,000 for the project team to perform, reducing the price to
$143,000. We estimate that the Schlumberger experiment will be sufficient for the project needs.
In addition to the cost of the geomechanics laboyatbe project team will also have to rent
specialized sensors that can detect with a sampling frequency of at least 200 kHz. These custom
sensors have been estimated to cost about $70,000. Another option at a similar price is the use of
a distributed fibeoptic cable that will allow for a greater spatial resolution of the experiment,

but this both moves the design further from an analog of the field scale experiment, and it would
be challenging to wind the cable around the sample without interferingheitinue triaxial load

frame. Thus, the project team has elected to use the custom transducers and Schlumberger load
frame.

Two versions of numerical simulations were performed. First, we used TOUGH2 code to
simulate fluid flow in the experimental apparatus. This encapsulates the flow through the bottom,
reservoir rock as well as flow through the perforated epoxy Beplre31). These results show

that the plume of supercritical carbon dioxide occupies the reservoir rock with relatively high
concentrations of carbon dioxide, and a lower concentration plume escapes into the upper,
country rock. The second numerical simulatiothestomography based on the placement of the
sensorsKigure32) and the output of the fluid flow simulations. These results demonstrate a
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large difference in thE-wave velocity as a function of the injection of the carbon dioxide.
Furthermore, the smaller plume through the perforation is detectable through the tomography,
which lends credence to both the ability to detect a plume and a leak with this technology. It
should be noted, however, that the synthetic data in these simulations do not contain noise.

Figure 31 Numerical results of the first experiment, which show the plume hitting the seal and the one location of
leakage through the perforation. The colors represent gas saturation.
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Figure 32 Tomography results after 4 hours of injection. The color bar repreéBemése velocity.

There will be two experiments. One with brine in the pore space of the lower block, and one with
oil in the pore space of the lower block. In the first experiment, we can easily release the carbon
dioxide by bringing the sample to atmospheric conditiohss Will allow the carbon dioxide to

leak out of the pore space, and then the experiment can be conducted again. We anticipate that
each experiment will take roughly one day, and so we will repeat the experiments from Monday

to Thursday. On Friday, we wgwitch to the second experiment, which given our inability to
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withdraw the oil, cannot be repeated. By occupying one week with these experiments, we hope
to optimize productivity and minimize costs.

One important consideration for the project is scale effects. A laboratory experiment objective is
to replicate a plume that spans several kilometers in-awadd scenario, but it's important to
account for any differences that may arise from downsiZitgough there may be variations in

the length of migration and the complexity of the structure between the two scales, the response
of the medium to tomography is similar. As a result, the path taken by the plume during
migration may not be a represetda of the field scale, but measurements of seismic body wave
velocities through the medium apply to both scales, with two possible exceptions. Firstly,
frequencies of seismic waves in the lab are much higher, which may cause dispersion effects.
Secondlydetectors may be positioned at regular, specific intervals around the plume in the lab,
but in the field, surface stations and geophones in legacy boreholes are locations of opportunity,
and therefore almost always irregularly spaced. Such disparitiestheetab experiments are

not directly comparable to the full design. However, we may still use the lab results to interpret
whether the fielebased technology may be feasible.

In summary, we successfully designed experiments that will achieve four separate results. First,
we want to detect the extent of the plume throughout the duration of the experiment. Second, we
want to detect the carbon dioxide leaking through the perdoratithe epoxy. Third, we want to
passively detect the plume with acoustic emissions, which is something that has been seen in
triaxial experiments as the pore pressure changes. It would be novel if we could demonstrate and
differentiate acoustic emissismssociated both with the pore pressure front and with the sCO
plume. And fourth, we want to demonstrate the ability of our tomographic technique to

distinguish between brine, sg@nd oil in the EOR experiment. These laboratory experiments

will allow for the assessment of the downhole source tomography technology as a viable means
of monitoring CQ plumes in the subsurface.

A funding application has been written and submitted to the Unsolicited Proposal program at the
National Energy Technology Laboratory. They declined to provide additional funds.

For more perspective on our designs, please see our American Rock Mechanics Association
paper (McCormack et al. 2023).

References
Ajo-Franklin JB, Peterson J, Doetsch J, Daley TM. 2013. ¥kgblution characterization of a
CO pl ume using crosswell seismic tomography:
Control. 18:49v509. doi:10.1016/j.ijjggc.2012.12.018
Gunning J, Jackson S, Pevzner R, Barraclough

time-lapse pressure tomography. In: Proceedings of the 84th EAGE Annual Conference &
Exhibition; 2023 Jun; Vienna (Austria). p.3.

Hu L, Doetsch J, Brauchler R, Bayer P. 2017.
formations: comparison and joint evaluation of tilapse pressure and seismic tomography.
Geophysics. 82(4):101D18. doi:10.1190/ge02016365.1

McCormack KL, Edelman E, Moodie N, McPherson BJ, Paulsson B, He R. 2028¢e§lgn of
a downhole source tomography experiment for the detection ppl@es in the subsurface.

114



CUSP West Final RepoitDOE AwardDE-FE0031837

Paper presented at: U.S. Rock Mechanics/Geomechanics Symposium (ARMA); 2023 Jun;
Atlanta (GA).

Pruess K, Tsang CF, Law DHS, Oldenburg CM. 2001. An intercomparison study of simulation
models for geologic sequestration of £: Proceedings of the First National Conference on
Carbon Sequestration; 2001 May; Washington (DC). Berkeley (CA); Lawrence Berkeley
National Laboratory.

Pham THV, Maast TE, Hellevang H, Aagaard P. 2011. Numerical modeling including hysteresis
properties for C@storage in Tubaen Formation, Snghvit Field, Barents Sea. Energy Procedia.
4:3746 3753.

Site Characterization for GCdtorage to Support Escalante Hydrogen Power Plant Paoject
pagel09

Subtask 4.5.4 T Feasibility Study on a Potential CCUS Project in
Colorado: CO 2 Capture from a Gas Power Plant and Sequestration
in the DJ Basin

SeeFeasibility Study on a Potential CCUS Project in Colorado2 Cé@pture from a Refinery
and Sequestration in the DJ Basimpage580.

Subtask 4.5.5 i Derisking CO > Mineralization Storage in Basalt
Reservoirs

SeeArizona Geological Survey, University of Arizoina'ucson, AZ

The majority of this report has been adapted from the ABBDpenfile report 2401 (Wilson
et al. 2024).

The Arizona Geological Survey (AZGS) conducted a Phasefepsgbility study of the

Harguahala basin, western Maricopa County, Arizona, for subsurface geologic storage of CO
The purpose of this project was to evaluate subsurface geology and structure and provide site
characterization for future lorgrm CQ sequestration. This work was done as part of the larger
Carbon Utilization and Storage Partnership (CUSP) regional initiative with the goal of
expediting the deployment of onshore carbon capture, utilization, and storage (CCUS)
technologies in the westeragion of the United States. This project advances this goal through
subsurface characterization to geologicallyridk this carbon storage prospect to help attract
industry for further development. Additionally, learnings from this site can be applied t
numerous geologically similar basins throughout the state.

The Phase | evaluation compiled and integrated publicly available geologic maps, wellbore
lithology logs, wellbore temperature data, well water chemistry information, and published
gravity surveys with proprietary datasets including legacy 2D seismicdintedetailed gravity

and resistivity surveys. These data were used to producetddptidrock (DTB) contour maps,
structure maps of the lower basin fill surface, and isopach maps of the total basin fill, upper basin
fill, lower basin fill, and potentia¢vaporite deposits in the basin. Our analyses yielded new
information about the basin size, geometry, and structure, which improved calculations of the
area and volume of the potential reservoir study area.
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Harguahala basin may have the geologic conditions necessary to store natural gas permanently
and safely in the subsurface, but additional geophysical and well data are needed to characterize
the physical properties of storage reservoir rocks. Harquahakhiok accumulations of basin

fill sediments with sufficient volumes for storage of supercriticap:@@ estimated 1,997 Mt of

CQO, (P50). Basin fill likely contains three different potential storage reservoir typesnCO

stacked saline clastic sedimentary deposits, bedded evaporite deposits for comprgased H
storage, and basalt lava flows for O@ineralized sequestration. Hot, dry crystalline rock
underlying basin fill is favorable for geothermal energy and has an unknown volume of saline
groundwater. The seismicity risk is low based on the absence of Quaternary faults and historic
seismicity. Tle basins located close to five major (greater than 100,000 tons/ys)odt

sources, existing pipeline infrastructure and Interstate 10, a transportation corridor between
Arizona and southern California.

At the completion of our data analyses, three critical unknowns remain: the existence/absence of
sealing strata such as bedded evaporites andjfaieed deposits, the physical properties of

stacked saline reservoir rock, and the stratigraphic archigecturasin fill sediments.

Harquahala basin lacks deep well borehole data to adequately characterize rock lithology,
porosity, and permeability. New 2D seismic interpretations reported within suggest bedded
evaporite deposits and basalt lava flows ardylikemponents of the lower basin fill unit;

however, these interpretations cannot be calibrated with physical evidence. To reduce the
uncertainties about storage reservoir integrity, we recommend the acquisition of new data to
include 2D activesource seismic, highesolution gravity infilling, high resolution aeromagnetic
survey, and a stratigraphic characterization well with wireline geophysical logs and a core,
cutting, and fluid sampling program. These datasets, combined with data reptntadwiil

refine our understanding of the basin fill rock properties, identify the presence/absence of sealing
strata, and clarify stratigraphic architecture and basin structure.

Project Description and Scope

The AZGS conducted a phase | feasibility evaluation for subsurface storage of,@O
Harquahala basin, western Maricopa County, Arizona. This study was funded by the U.S.
Department of Energy (DOE), as a Focused Project within the regional CUSP Regional
Initiative. The purpose of this work was to evaluate the basin geometry, stractre,
stratigraphic architecture of Harquahala basin and provide site characterization for future
potential subsurface G@Gtorage.

The scope of work required data collection, data analysis, coordination, and technical evaluation
in three tasks. In Task 1, AZGS researchers synthesized geologic maps, well lithology logs,
public and private gravity datasets, newly reprocessed 2D salsiaicDTB contours, and
groundwater temperature and chemistry data for Harquahala basin. Task 2 involved stakeholder
engagement and outreach through periodic meetings and the creation of a publicly available
StoryMap. In Task 3 sites for a future charaetgron well and geophysical surveys were

identified. Deliverables include this report, supporting maps, cross sections, model data and
parameters, and future data collection recommendations.
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Study Areas

The Harquahala basin is located on the border of Maricopa and La Paz countiescenivast
Arizona Figure75andFigure76). The Harquahala basin underlies a rural, agricultural valley
located approximately 60 miles west of Phoenix. The approximately $1dasin area is

defined by several rugged mountain ranges composed of crystalline rocks: Harquahala
Mountains to the north, Big Horn Mountains to the northeast, Saddle Mountain to the southeast,
and the Eagletail Mountains to the southwest. Existing iméreistre crossing Harquahala Valley
includes 110, Central Arizona Project (CAP) canal, and natural gas pipelines. Land ownership
consists of 62% federal land (managed by the U.S. Bureau of Land Management), 25% private
land, and 13% State Trust lands (T@2014).
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Figure 75 Map of study area in souttentral Arizona (black box in state inset) showing the location of natural gas
pipelines, CQemission point sources (greater than 100,000 t per year), and major sedimentary basins in this region.
The study area includes Harquahala basin (red box and locatioguoé 76).
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Figure 76 Location map of Harquahala basin (yellow outline), the surrounding infrastructure, and nearby energy
facilities.

Four natural gdgowered energy facilitiés Harquahala Generating Station, Mesquite
Generating Station, Redhawk Generating Facility, and Arlington Valley Energy Faailiey
located within 15 miles of the basin, three of which operatengesrd. In 2021 ,Hree of the four
natural gas power plants emitted over 6.32 Mt @@ste to the atmosphere (U.S. EPA 2023).

Pal o Verde Nuclear Generating Station, the
miles east of Harquahala basin.
Methods

All publicly available data were compiled, quality checked, and organized into an Esri ArcMap
geodatabase. Data includes geologic map compilations, borehole lithology logs, 2D legacy
seismic lines, public and proprietary gravity datasets, DTB contourtsdn@ter temperatures,
and well chemistry information.

Geologic Map Compilation

Surficial geology was compiled and simplified from four 1:100,000 AZGS geologic maps
(Reynolds 1997; Reynolds and Grubensky 2007; Richard et al. 2022; Spencer et al. 2022).
Geologic units were simplified into 11 tirteansgressive lithologic categorieshighlight

important compositional provenance for basin fill sediments (see Plate 2, Wilson et al. 2024).
For example, crystalline bedrock units were lumped by age, while younger volcanic rocks were
lumped by age and chemistry (this approach identifiedcecaneas for mafic volcanic rocks that
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can be used to sequester L@\l surficial alluvium younger than approximately 5 Myr was
omitted from the map compilation for simplicity.

Borehole Lithology Logs

Over 740 Arizona Department of Water Resources (ADWR) and Arizona Oil and Gas
Conservation Commission (AZOGCC) wells were reviewed for subsurface geologic data within
Harguahala basin (Appendices A and B). Within the basin center, only wells deeper2tman 12
(400 ft) with lithologic borehole data were plotted. Along the basin margins, all wells regardless
of depth were logged and plotted to refine depth to bedrock contours.

The review criteria resulted in 205 wells with subsurface lithologic data that have an average
depth of 250 m (820 ft), with the deepest well reaching 611 m (2,005 ft; AZOGCC 2023). Wells
were sorted by lithology, clast size, and/or composition at repiotizals, and plotted by

lithology in crosssections. Lithology codes were assigned to a color and resulting logs are
displayed on each of the cressctions traversing the basin.

Vintage Seismic 2D Reflection Data and Analysis

The application of 198006s vintage seismic ref
the understanding of the structure and stratigraphy of Harquahala basin. In this section we

present the quality of legacy data, processing methods includiny captersion and

limitations of these data. These seismic data are proprietary and confidential under contract
between the UA Seismology Group and Conoco Phillips. Results and interpretations presented in
this report may be reproduced, although original degital data remain confidential.

Seismic reflection profiles were acquired by petroleum exploration companies in the early
198006s to assess petroleum potenti al in Terti
The focus of the original data acquisition was to image stratigrapthgtructure from a few

hundred meters to several thousand meters in depth. However, the limited number of wells and

lack of any deep wells to calibrate seismic velocity in both basins introduce uncertainty in

velocity and depth estimates across the basthin gaps between lines.
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A. Well Data within Harquahala and Tonopah Basins

B. Well Depths Summary Chart
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Figure 77 (A) Map of well data types within the Harquahala basin. (B) Summary chart showing wells plotted

against depth. The average depth to the water table is shown as a blue line, depth to bedrock is a black line, and the
potential reservoir (basin fill below 80n and above bedrock) is shaded red. This chart highlights the lack of well

data at the reservoir depths.

Reprocessing of five of these 2D seismic reflection lines was carried out by Jourdan Anoka with
Anoka Geophysical LLC, Aurora, CO, in collaboration with Roy Johnson and Kurt Constenius at
University of Arizona Figure78, Table 1). Analysis of the final stacks were made by Kurt
Constenius with input from AZGS research geologists. Data quality for the five lines was
variable, ranked from moderate quality to poor quality: PW24, PW23, PW22, TR12, TR10b, and
TRO.
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Figure 78 Map of the 2D seismic lines and cross sections profiles that traverse the Harquahala basin. 2D vintage
seismic line shot points are black dots.

Table 1. List of vintage seismic lines stations used in Harquahala basin. Beginning of line (BOL) and end of line (EQd&). Refe
Figure 78 for location of seismic lines and stations.

Reprocessed SP Datum
Seismic  line length BOL EOL spacing elev.
line (km) stations stations  (ft) (m)
PW23 18.3 780 1,050 1,100 600
PW22 355 670 1,200 2,000 600
PW24 30.7 201 658 2,000 600
TR9 34.5 1,200 2,200 1,200 600
TR10b 6.7 0 200 2,000 600
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Seismic Reprocessing

A standard processing sequence that included iterations of velocity analysis and static corrections
was used for the PW and TR profiles (Ta®leDifferences in processing between lines included
application of normal moveowborrection velocities determined separately for each line and
application of automatic static corrections, which were based on individual reflection events in
each profile.

Table2. Acquisition parameters for seismic lines used in Harquahala basin.

Acquisition

Parameters TR lines PW lines
Acquired by '(I;ixoma Production Anschutz Corp.
Date 1980 1980

Source Dynamite Vibroseis
Source size or swee 110 Ib 14-56 Hz; 18 s
Source interval 134 m 67 m

Group interval 33.56m 67 m

Channel array 96 channels; off end 48 channels; ofend
Near offset Far — g45 m-3,900 m 268 m- 3,420 m
offset

Normal maximum 1,200% 2.400%

fold

Sampling interval 2 ms 4 ms
Recording time 8s 24 s

Depth Conversion

Depthbelowsurface was determined for two interpreted event horizons usingayaravel

time to the horizon and assigned interval velocities. Velocity control for the upper basin fill was
provided by a sonic log from the Humble Oil and Refining Statevétll(Section 2 TBSR8E) in

the Picacho Basin. The average velocity of the upper basin fill in that well is approximately
2,133 m/s (7,000 ft/s). The lower basin fill was depth converted using velocity data from the
same Humble well and sonic log datanfrthe Suncor Development, Sunset PoinrtL8well

(Section 19 T2NR1W) in Luke basin. The lower basin fill in the Humble well is predominantly
evaporites and is entirely halite in the Suncd9lwell with a velocity of 4,419 m/s (14,500

ft/s). Depth convision of lower basin fill used the velocity of halite because we interpret the
lower basin fill to be predominantly evaporites (see section 4).

Gravity Data

Multiple gravity datasets were used in Harquahala b&sgufe79). Historical and statewide
public gravity data were provided by the Arizona Department of Water Resources (ADWR;
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2022) who maintains the regional dataset compilation derived from thArRarican Center for
Earth and Environmental Studies dataset (PACES 2016). A-adengravity survey of
Harguahala was conducted in 2008 but was unpublished (HGI 2009). The CdBupigier
Anomaly (CBA) gravity values from all datasets in conjunction with well, modeled DTB, and
seismic data were used to identify geologic structures, anomalies, and data gaps.

Legend
_/ Depth to bedrock in ft-bls
(Richard et al., 2007)

A Gravity stations
wr High CBA: -41

- Low CBA: -99

Figure 79 Map of gravity, deptito-bedrock contours (Richard et al. 2007), and modeled CBA gravity data used in
this study. Gravity point data are compiled from three separate sources (ADWR 2004, 2022; HGI 2009). Colored
basemap is interpolated from Complete BougAdrgomaly (CBA) low (blue) to high (red) values.

Depth -to-Bedrock Contours

Depthto-bedrockdataused at the start of this study were derived from a statewide DTB contour
map modeled from gravity data and a limited number of borehole control points (Richard et al.
2007;Figure79). In that report, bedrock is defined as crystalline basement overlain by clastic
and volcaniclastic rocks, the same definition we use in this report. Of note, the HGI gravity study
(HGI 2009) was not included in the (Richard et al. 2007) compilation.

The 2007 DTB contours were modified stepwise using detailed geologic maps, recent borehole
lithology logs, and results from reprocessed vintage seismic data. Modification of DTB lines in
this study were based on the hierarchy of data sources, from mbdeobto least confident, is

as follows: (1) geologic mapping, (2) borehole lithology logs, (3) reprocessed 2D seismic lines,
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and (4) gravity. Data sources for DTB contour modification are listed for each contour line in the
geodatabase.

ADWR wellbore logs are of generally poor quality (specific rock types may not be mentioned or
may be too generally categorized; Appendix B), which prompted-dapth quality review of
adjacent wellbore logs and their relationship to geologic mappingraowin geophysical data.
Wellbore logs that did not correspond with two or more other datasets were not used. Basin
margin contour shapes below 122 m (400 ft) were most affected by the well log review, while
basin center contours were largely unaffecte@ ¢duhe lack of deep borehole data). Well
terminations in granite or crystalline volcanic rock overlying granite were considered bedrock
penetrations. Green dots indicate reprocessed shot points included in this analysis.

Basin Fill Storage Volume Calculations

Basin fill volume between the 2D areal extent of the 800 m depth contour and the depth to
bedrock was calculated using Esri ArcMap geoprocessing tools. Volume estimations rely on
gravity and seismic data and interpretations of those data. Thus, thegtaveder estimates of
potential basin fill storage volumes below 800 meters depth and above crystalline bedrock. In
these estimates, basin fill is not distinguished by lithology (i.e., clastic sedimentary, chemical
sedimentary, and volcanic rocks are l@dpogether); however, we do assume that the basin
centers consist of fingrained clastic sediment and some percent evaporite bedding, and possible
interbedded volcanic rocks, and a range of physical parameters, such porosity and permeability,
commonly asociated with those lithologies. Carbon dioxide injection volumes are based on
these physical dimensions and used in three separate methods to calculate gross and net injection
volume capacity and volumes over-géar period. These methods are descrilb@agawith

results in section 6b.

Isopach Maps

Reprocessed seismic data revealed acoustic differences within the basin fill, which gave rise to
an interpretation of distinct stratigraphic units and seismic zones delineated by seismic fabric.
Stratigraphic picks for top and bottom of basin fill unitsjl @n acoustically transparent zone

within the lower basin fill, were determined at each seismic shot point along TR9, PW23, PW24,
and PW22 in Harguahala basin. Depths were converted to elevation and used to create contour
maps of the surfaces. Contour reapere converted into raster data and later used to create
isopach maps (maps of thickness) for the upper and lower basin fill units, and acoustically
transparent zone in Harquahala basin.

Geologic Cross -Sections

Five geologic crossections were created along or adjacent to the 2D seismicHigese79).

Profiles were created along each line by combining a surface digital elevation model (DEM) and
DTB contours. Well lithology logs from wells located within 3,000 m of the profile were
projected vertically onto each cressction line. In areas where wellere clustered, rendering

them unreadable on the profile, the well(s) located further away were removed for clarity. Basin
fill unit boundaries, extent of each seismic line, extent of probable salt, and the location of faults
as interpreted from seismilata were also projected onto the cross sections. The interpreted
seismic lines are displayed next to their corresponding profile (see Plate 3, Wilson et al. 2024).
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Lithofacies Maps

Geologic mapping of bedrock units exposed at the surface surrounding the Harquahala basin was
used to predict what lithology or lithofacies would be encountered through drilling the upper few
thousand feet of basin fill. The geometry of the modern watetsta¢ supplied sediment to
Harquahala basin during upper basin fill time is assumed to be consistent over the last
approximately 5 Myr due to the absence of tectonism and/or major drainage reorganization.
Smaller watersheds within the basin watershedubsheds, are also assumed to be relatively
consistent.

The basinds asymmetrical geometry and |-dipsaigmicceflectarswerpasetde o de po s
to create paleodepositional boundaries or subsheds in the subsurface. Watershed maps were derived from the USGS Watershed
Bounday Dataset (WBD). The simplified geologic map compilation (described in section 3a) was used to calculate the area of
geologic map units in the basin. Geologic map units were clipped to subsheds. Areas of each map unit within each subshed were

exported inb Excel. Map units were lumped into broad lithologic categories (e.g., plutonic, metamorphic, volcanic, etc.) and
relative percent of each lithologic category plotted for each subshed.

Legend

Jurassic plutonic rocks
mm Jurassic meta-sedimentary rocks
B Proterozoic to Cretaceous Plutonic rocks
Mesozoic and Paleozoic sedimentary rocks [¢
mm Mafic to intermediate volcanic rocks
Tertiary felsic volcanic rocks
Tertiary plutonic rocks
Tertiary tuffs and sedimentary rocks
Tertiary rock avalanche breccia
Tertiary to early Proterozoic felsic granites
mm Proterozoic crystalline rocks

Figure 80 Lithofacies prediction map showing the percentage of rock types expected in upper basin fill based on
watershed and subshed boundaries within Harquahala basin
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Well Borehole Temperatures

Publicly available borehole temperature data in Harquahala basin was compiled, reviewed, and
analyzed. Reported temperatures and well depths for 157 wells in Harquahala basin (Witcher
1995) are plotted ifrigure81. Overall, the quality of the data is highly variable, and data
collection methods were not standardized. The borehole temperature sample depth and time
collected, as well as the screened intervals sampled, are unknown. Borehole temperature data
was plottel and symbolized by a color gradient representing temperature and constrained by
discrete depth ranges to look for any spatial trends.

Geothermal gradients were calculated from wellbore temperatures by subtracting the bottom
hole temperature from the mean annual surface ground temperature at the well site and dividing
by well depth. The mean annual surface ground temperature used foabwth was 21.1°C

(70°F). This calculation yielded values between 6°C/km and 438°C/km, with many values

outside of the expected range of geothermal gradients. This may be due to reporting errors of the
wellbore temperature values. The worldwide averagéhgemal gradients are from 24°C/km to
41°C/km (1.3°F/100 ft to 2.2°F/100 ft; Peters et al. 20D2Afa outside of this range was omitted

in the analysis, which brought the well count from 201 to 101 wells with reasonable calculated
geothermal gradient values (Appendix C).

A. Map of Borehole Temperature Data B. Borehole Temperature vs. Depth
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Figure 81 Borehole temperature data (A) Map displaying borehole temperatures colored by specific temperature
ranges. (B) Scatter plot of temperature vs. depth for Harquahala basin. Trend lines shown in green with R2 values.
Wells with depth listed as 0 were removed

Groundwater Total Dissolved Solids (TDS)

We compiled a total of 453 wells with publicly available groundwater salinity and conductivity
data in Harquahala basin (Appendix D). Of thesestsllowwells included direct

measurements of total dissolved solids (TDS; Towne 2014). The remaimnielt data lacked

direct TDS values, though they did have conductivity measurements which we used as a proxy
for TDS. The reported TDS value was retained where water quality records reported both TDS
and conductivity values.
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Conductivity values were converted to equivalent TDS values using the equation
TDS (mg/L) =k * EC (uS/cm),

where fAko is the conversion factor and EC i s
and conductivity measurements (n=51) were used to determine an average conversion factor of
0.64 (range = 0.59 to 0.69). For comparison, previous work repotéteyvsde salinityused a

conversion factor of 0.642 (Gootee et al. 20ERQjure82is a scatterplot of groundwater salinity

vs. well depth for Harquahala basin.
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Figure 82 Groundwater salinity from wells. Scatter plot of groundwater salinity as total dissolved solids (TDS) vs.
borehole depth for water wells in Harquahala basin. No trend between TDS and depth is observed.

Geologic Characterization

Conceptual Model for Basin Formation

The geology of Harquahala basin can be broadly described with a conceptual model that
integrates commonalities in geologic structure and stratigraphic architecture across the Arizona
Basin and Range Province (Eberly and Stanley 1978; Menges and Ped@8%e8dencer and
Reynolds 1989).

About 30 Ma, tectonic extension in southeastern, southern, and western Aez@mato
fracture, fault, and pull apart ol der st ocks t
angle normal faulting, the crust thinned, and large, linear fault blocks were uplifted to form
subparallel mountain ranges. The space between thaogesrgradually increased and deepened

with each additional earthquake. Mountain rangeseseparated by largely asymmetrical, deep
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sedimentary basins into which water and sediment from the surrounding mountain ranges
collected over millions of year&igure83).

A. elevation (ft)
range basin @ngel s 000
groundwater table —
______ e —— e ————— bedrock |
Increasing |
roundwates basin fill 0 (sea level)
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Figure 83 (A) General geologic cross section of Harquahala basin showing distribution of basin fill features and
lithology. (B) Block model of depositional environments of basin fill. Modified after Faulds et al. (2016).

Early in the basin extension process between about 25 to 15 Ma, coarse sediments were
concentrated near steep basin margins close to their mountain provenance and fine sediments
were concentrated near shbrizontal depositional centers where water likgyded. The

climate was servarid and favorable to both periods of water accumulation (forming shallow
playa lakes) and extended periods of drought (water evaporation) which, in the case of closed
basins, resulted in the formation of bedded evaporite degded primarily by shallow

groundwater high in dissolved solids within the basin center or subbasin cérgers§3).
Deposition of these basitill facies were punctuated by continued crustal extension and
widespread volcanic eruptions that deposited lava flows, ash, and pumice directly on crystalline
bedrockcored mountain ranges and interlayered with basin fill sedsn@ontinued extension
during this phase accumulated thousands of feet of basin fill deposits before tectonism waned.
As a result, older basin fill and interbedded volcanic deposits are progressively tilted, faulted,
and compacted with depth.

Beginningabout 6 to 5 Ma, extension and faulting waned while passive erosion and deposition
dominated within the closed basins. These deposits are generally horizontal, less compacted and
nondeformed compared to older basin fill sequences. Bilsig continued nh depocenters in a

closed basin, generally fining grain sizes up section, as piedmonts backfilled bedrock topography
near the base of mountain fronts. As a result, there are basin sedimentary packages with different
structural histories: a lower, older sméntary package that is tilted and faulted (during active
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extension) and an upper, younger sedimentary package that is generally undeformed (as
extension wanedsigure84).

Harguahala basin is mantled by a thin veneer of Pleistocene and Holocene (about 2.6 Ma to the
present) alluvium that forms logradient piedmonts graded to the modern valley axial washes
(Centennial Wash). Both axial wash systems are integrated withleh®i&er about 2 miles
downstream of the Hassayampa Riveroés confl uen
known, but it likely occurred during the Pleistocene or latest Pliocene (5 to 2.6 Ma). This basin

model is generally well understood ineflow basin fill and surficial exposures, although less
understood in buried basin fill deposits below about 2f6d@pth. Harquahala basin exhibits a

similar extensional history, style of faulting, and depositional environments to other neighboring
basins irsouthermArizona

Legend

 Possible subsurface fault
mm Mapped surficial faults
=== DTH contours

Figure 84 Map of fault traces exposed at the surfdmgght red) and subsurface faults interpreted from seismic lines
(brown).

Basin Geometry and Structure

Harguahala valley is surrounded by mountains composed of a diverse suite of Proterozoic
crystalline igneous and metamorphic rocks, sparse outcrops of Paleozoic and Mesozoic
sedimentary rocks, and Jurassic igneous and metasedimentary rocks, unconforerébty oy
effusive and explosive products from Miocene volcanic eruptions (see Plate 2 , Wilson et al.
2024).

Harquahala basin is divided into three subbasins each separated by a subsurface structural high,
as shown on the DTB contour map (see Plate 2, Wilson et al. 2024). The central subbasin is the
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deepest with a maxi mum depth of 2,538 m (8, 32

depth is 2,530 m (8,300 ft). The northwestern subbasin is isolated and smaller than the other two
with a maximum depth of 2,438 m (8,000 ft). Reprocessed 2D seismishaatethe basin

bounding detachment fault is close to the southwest basin margin at the base of 8 NW

striking Eagletail Mountains (see Plate 3, Wilson et al. 2024; seismic line TR10b). As such, the
deepest portion of the basin is adjacent and sulbia@that mountain rang&igure85).

Stratigraphy

The stratigraphic architecture of basin fill in Harquahala basin is not well delineated due to lack
of age constraints, few higiuality well records, and no deep well penetrations. However, basin

fill could be divided into three units based on the character of the seismic reflection data and the
conceptual model described in section 4a. Listed from oldest to youngest the stratigraphic
packages are: lower reflective package (LRP), lower basin fill (L&%),upper basin fill (UBF;
Figure85). Harquahala basin is not dissected, therefore all basin fill deposits are covered by
Pleistocene and Holocene alluvium. Due to the lack of exposure and deep well penetrations, the
porosity and permeability of each unit are unknown.

Lower Reflective Package (LRP)

The LRP, the oldest unit, is a strong reflective package and is likely comprised of interbedded
lava flows and sedimentary rocks deposited directly on the crystalline basinFigare85; see
Plate 3, Wilson et al. 2024, seismic lines TR9, PW22, PW23, PW24). This unit is distinguished
solely through interpretations of strong, parallel, shakttping seismic reflectors. The LRP is
approximately 1,066 m (3,500 ft) thick near the basirierealthough without velocity control

the true thickness is not known and couldH20-30%. The apparent thickness increases to the
southeast and decreases to the northwest. Extensive outcrops of early Miocene age volcanic
rocks in the mountain ranges bordering Harquahala basin are evidence for widespread bimodal
volcanism during earlydsin formation. Therefore, we suggest that the LRP is equivalent to
those rocks in part by age, although contains a mix of clastic sediments interbedded with
volcanic flows near now buried depocenters. The LRP may also include explosive centers or
cauldrors as part of an uppg@iate geometry within the Harquahala bgithben.
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A. Harquahala — Seismic Line TR9

B. Seismic Line Index Map

Basin outene
mm Interstate highway 10
mm Cross section profiles
@ Reprocessed 2D seismic shot points

Figure 85 Examples of the basin fill units interpreted from the 2D seismic. (A) Seismic line TR9 is perpendicular to
the basin axis in Harquahala basin and shows the seismic character of the lower reflective package (LRP), lower
basin fill (LBF), and upper basinlif{UBF) units. (B) Index map of seismic lines.

Lower Basin Fill (LBF)

The LBF is a middleaged sedimentary package defined by tilted and truncated seismic reflectors
seen on all seismic lineBigure85; see Plate 3, Wilson et al. 2024). There are no direct
measurements, such as borehole lithology logs, to characterize lower basin fill lithologies for
Harquahala basin. Broadly, LBF is likely comprised of a wide range of clastic sediment sizes
from clay b boulders sourced from nearby mountain ranges, and the package may contain
interbedded mafic to intermediate lava flows and felsic explosive material. The areal extent and
lateral continuity of deposits and grain size distribution is unknown; howeved basour

conceptual model, coarse clastic deposits on the basin margin grade lateralgrddignt into

finer sediments near basin centers. Potential capping rocks such as extensive clay deposits or
evaporite deposits, if present, should be locatedbreesan centers.

In Harquahala basin, the LBF is a maximum of 975 m (3,200 ft) thick and overlies the LRP.
Seismic reflectors suggest individual LBF blocks are cut and tilted by severarmgggnormal
faults. The LBF isopach map in Harquahala baBigure86) represents the gross thickness of

rock between the LRP and UBF units and highlights three subbasins: the northwest subbasin
with a maximum thickness of 785 m (2,575 ft), southern subbasin with a maximum thickness of
722 m (2,368 ft), and the central sablm where LBF is thickest at 975 m (3,200 ft).

131



CUSP West Final RepoitDOE AwardDE-FE0031837

The LBF includes an acoustically transparent zone (ATZ) which is defined as an area of dim
amplitude reflectors. The ATZ is interpreted to consist of bedded evaporite deposits based on
similar, tested, ATZ6s i n pr oedgtons fomithes ( Eber |
conceptual basin formation model (section 4a). Although the type of evaporite minerals present

in Harquahala basin is not directly known, poorly reflective and chamtieak amplitudes, are

indicators of haliteaich bodies (Teixeira etl. 2020). The composition of evaporite deposits in

proxy basins also include significant halitéhe evaporites in Luke basin are halite and Picacho

basin is composed of anhydrite with lesser bedded halite (Neal and Rauzi 1996).

N C.l.=200m

985 m
(3,232 ft)
thick

Figure 86 Isopach map of lower basin fill in Harquahala basin created by subtracting the base upper basin fill (UBF)
elevation (m) grid by the base lower basin fill (LBF) elevation (m) grid

The acoustically transparent zone is observed on lines TR9 and PW23 in Harquahala basin. An
approximate thickness across the zone was calculated using the difference of the travel time (ms)
between the top and bottom of the seismic facies (convertedaondsy@and multiplied by14,500

ft/s (the proxy evaporite velocity from sonic logs in Picacho and Luke basins). The areal extent
and maximum thickness of the ATZ in Harquahala basin is 18qkh2 mf) and 610 m (2,000

ft). Isopach maps of the ATZ show their extemts generally locateadjacent tdasin
depocentergFigure87), which may represent the extensive, and shallow salt pan environment as
seen on the depositional environment block moigiure84). Additionally, subbasins likely

132



CUSP West Final RepoitDOE AwardDE-FE0031837

migrated slightly over time which may explain why the ATZ polygon does not match the deepest
parts of the subbasins. Higher resolution data is needed to better delineate ATZ extents.
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Figure 87 Seismic line TR9 with the mapped ATZ outlined in purple. Isopach map of the acoustic transparent zone
(ATZ) in Harquahala basin.

Upper Basin Fill (UBF)

The youngest unit defined in this study is the upper basin fill (UBF). It is characterized by
combining the conceptual basin model, proxy studies from nearby basins, well lithology logs,
and lateral predictions from bedrock and surficial geologic mappirigpth basins, the UBF is
relatively nondeformed (not faulted, folded, or tilted), extends to basin margins, and
unconformably overlies the LBFFigure85). Like the LBF, the UBF is composed of clastic
sediments ranging in size from clay to boulders and grain size is dependent on distance from the
basirbounding mountain ranges. At the titdBF was deposited, Basin and Range extension

and volcanism was waning, therefore the UBF likely has little or no primary volcanic deposits.

The isopach map of UBF in Harquahala basin shows two distinct subbasins, the northwestern
subbasin with a maximum thickness of 530 m (1,740 ft) and the central subbasin with a
maximum thickness of 820 m (2,690 ft; Figli&A).
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Figure 88lsopach map of upper basin fill unit in Harquahala basin by subtracting the surface digital elevation
model (DEM) grid by the base upper basin fill (UBF) elevation (m) grid

Geothermal Gradient

Hot dry crystalline rock is close to the surface in the Basin and Range Province due to millions
of years of extension/faulting resulting in high heat fléug(re89A). Smaltscale national
geothermal studies of heat flow (Mullane et al. 2017; Witcher 1995) show the state of Arizona
has moderate geothermal potential (Sass et al. Fo§4re89B).

Borehole temperature data in Harquahala basin are sparse and they show no distinct spatial
trends. Measured temperatures in 84 wells that penetrate upper basin fill to the shallow depth of
611 m (2,005 ft) average 91°F (33°Che calculated mean geothermal gradients to shallow well
terminations are 87°F/mi (30.6°C/km) for Harquahala basin. These graalierdsmparable to

the published mean geothermal gradient for the southern Basin and Range Province of 30°C/km
(Nathenson and Guffanti 1988).

Geothermal gradients for the entire basin depth cannot be directly calculated because there are no
deep borehole logs. Estimates can be made, however, using two nearby proxy basins: Luke basin
at 78.8°F/mi (26°C/km) with a maximum well depth of 550 m (4,8pand Higley basin at

104°F/mi (40°C/km) with a maximum well depth of 2,780 m (9,118 ft). In general, geothermal
gradient is dependent on crustal thickness. Thick basin fill that overlies thinner crust (at basin
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centers) is expected to have a higher geothermal gradient because there is lestemzetdle
heat loss within that crust. Conversely, thin basin fill that overlies thick crust (at basin margins)
is expected to have a lower geothermal gradient becauskerdarived heat is widely dissipated

within that crust. Additional data acquisition is required to better characbersne heat flow
and borehole temperature heterogeneity.

A. Highly extended structural domains in Arizona B. Heat Flow Map of Arizona

:’5 """""""""""" o B
\ |
: J Highly extended regions with |
)/ rotated mid-tertiary volcanics and !
(") sediments : £
‘| ; Exposed metamorphic core |
v complexes :
|} ’
( Possible break away faults or : -
\\ detachment extension |
\ I
\ |
r £ !
s |-
|, LOK [ Luke
\ uke
/ \ |
f % B 1 Harquahala %H,
» \ gley
I Harquahala \ % Higley :
~ 2
S \ \, I Pcmcngo
§ . Picachg 1
LSS RS Heat Flow
“ R T . (mW/m2)
M3 S 1 1 < B0
R 8 | 60 - 80
" e T s o 80 - 100

Figure 89 Map of extended crust and heat flow in Arizona (A) Map of highly extended structural domains
throughout Arizona. Modified after a 2018 presentation by Witcher, originally from Spencer and Reynolds (1989).

(B) Map of heat flow throughout Arizona modifieftexr a 2018 presentation by Witcher, originally from Sass et al.
(1994).

Groundwater Salinity

The U.S. Environmental Protection Agency (EPA) defines aputable water resource as
greater than 10,000 milligrams per liter (mg/L) of total dissolved solids (TDS). Several basins in
southcentral Arizona have brackish, saline and hypersaline groundatadepths generally

greater than 2,500 ft (Gootee et al. 2012). Due to the lack of salinity data below 2,000 ft in
Harquahala basin, we refer to proxy basins for comparison.

Figure90 shows TDS values exceed approximately 90,000 mg/L for three proxy basins with
deep well data: Luke basin, Higley basin, and Picacho basin. Measured TDS values for
Harquahala basin are below the 10:@dn limit, but those data are limited to wells shabow

than approximately 1,000 ft. Deep TDS values cannot be extracted from shallower data because
the data do not trend linearly due to factors such as groundwater mixing from mdrortain
recharge, mixing with deeper groundwater and recharge from agrailuises. The basin is
structurally and hydrologically isolated with deep (>5,000 ft) basin centers, and likely bedded
evaporite deposits. Given this, the potential for elevated TDS concentrations at depths greater
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than approximately 2,500 ft is anticipated. Additional water sampling and temperature
measurements at depth are required to give a more accurate and complete assessment.

A. Basins in southemn Arizona with bedded salt deposits B. Salinity vs. Depth for Cenozoic Basins in Arizona
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Figure 90 Bedded salt and groundwater salinity in southern Arizona (A) Location map-besaihg basins of

interest in soutftentral Arizona colored to match fields shown in 16B. (B) Scatter plot of salinity vs. well depth for
saltbearing basins of interest, wlified after Gootee et al. (2012). Each basin has a colored data cloud for
comparison. Red dashed lines represent the salinity and depth cut offs. Black lines represent maximum basin fill
depths for each basin.

Analysis and Discussion

Storage Reservoirs

Parameters necessary for a suitable carbon capture and storage (CCS) reservoir include sufficient
lithostatic pressure of around 800 m depth (about 20 MPa pressure), groundwater salinity at or
greater than 10,000 ppm TDS limit set by EPA, below viable ngnoend sources of drinking

water (USDW), reservoir pore space volume and permeability, and a seal or caprock above the
reservoir. The types of CCS reservoirs applicable in this region would be stacked saline, mafic
rocks, and geothermal. Potential seatsild include claystones and bedded evaporites. A

stacked saline reservoir with figgained clastic and bedded evaporite capping layer(s) are

highly probable in Harquahala. Bedded evaporite deposits and basalt lava flows are likely but not
directly measuré. Storage reservoir types stated herein are each 800 m (2,624 ft) below the land
surface, where lithostatic pressure is sufficient to retainpi€@ supercritical state, assuming

regional pressure and temperature conditions.

Stacked Saline Formations

Stacked saline reservoirs are comprised of permeable clastic and chemical sedimentary rocks
with saline pore water and represent the most likely and abundant type of storage by volume.
The stacked saline reservoir in Harquahala basin includes both therédleetive package

(LRP) and the lower basin fill (LBF), which can also include stacked volcaniclastic and mixed
volcanic and sedimentary rocks. Together these stratigraphic units occupy a total gross volume
of 396 kn¥ (95 mP): LRP = 304 km (73 mP) and LBF = 92 kri(22 m#). Reported volumes
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include rock volume and pore space. Capping or sealing stratigraphic units cannot be identified

with available data. However, evaporite deposits,-fireened siliciclastics such as clay beds,

and some weathered basalt lava flows, can provide sealingioosdind are likely present in
Harquahala basin based on predictions from th
map units.

Bedded Evaporite Deposits

The presence of bedded evaporites is likely based on nearby proxy basins with similar tectonic
histories and tested evaporite deposits. Bedded evaporites in Harquahala basin are strongly
supported by proprietary isostatic residual gravity anomaly mapsessidic patterns/fabrics
observed and interpreted from 2D seismic lines in this study.

The nearby Picacho and Luke sedimentary basins, which have the same geologic history as our
basin of interest, have proven salt deposits. Picacho basin, approximately 90 mi SE of
Harguahala basin, has evaporite facies at depth confirmed by wirelinecdtegsrand whole

rock core. The Luke basin contains a large salt body that has been developed and used to safely
store liquid natural gas since the early 1970s. The Luke basin salt deposit is characterized by
gravity anomaly maps (Richard et al. 2007) aagmic data (Eberly and Stanley 1978) which

have also highlighted the potential salt presence in Harquahala basin.

The acoustically transparent zone (ATZ) imaged from seismic facies likely represents a bedded
evaporite deposit or interval and is present in Harquahala basin. The ATZ is defined by areas of
dim amplitude reflectors. The areal extent and thickness arenshioligure86. The location

and extent of this facies is limited by the quality of the 2D seismic lines, and it may be present
elsewhere, where resolution is poor, or data is absent.

Basalt Flows

Liquified CO; can be reacted with buried magnesiand irorrich mafic rocks in situ to form a

solid precipitate, permanently storing it (Raza et al. 2022). This chemical reaction takes place on
short timescales ranging from hours to a few years, and the reactomelsrated with greater
exposed surface area (i.e., vesicular basalt, volcaniclastic particles, and joint surfaces). During
crustal extension and formation of Harquahala basin, mafic (basaltic) volcanism was widespread
and longlived. Basalt lava flows capedrock in baskbounding mountain ranges, and (at least)

one large volcanic vent (Saddle Mountain) divides Harquahala and Tonopah basin to the east
(see Plate 2, Wilson et al. 2024). Mafic volcanic rocks are logged in shallow wells along the
basin margin (see Plate 3, Wilson et al. 2024) and lithofacies mapping predicts mafic volcanic
rocks are the dominant source terrain for basin fill in the southern HarquahalaRigsiag&0).
Inselbergs of basaltic flows exposed on basin margins are surrounded by young basin fill,
suggesting some likelihood that these flows are interbedded with a part of basin fill. The LRP in
Harquahala basin is likely comprised of volcanic flows interbéddth sedimentary rock,

which may present additional basaltic storage reservoirs combined with interbeds capable of
trapping CQ long enough to mineralize into solid carbonate minerals.
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Volume Estimates of Basin Filland CO , Storage

Basin Fill Sediment Volumes

Storage volume estimates are theoretical and not based on direct measurements in the
Harquahala basin. Isopach maps were created to calculate the total rock volume of the
stratigraphic units present. Without deep borehole lithologic and rock propertywkbmgssigned

mean matrix porosity values derived from our interpretations of basin stratigraphy and regional
proxy data from other deep sedimentary basins (Gootee 2013a, 2013b, 2015). Fracture porosity,
spacing, and density was not considered in our stidyage volumes for GOnineralization in
basalts were not estimatékhis technique is relatively new and there are too many unknowns at
this stage to achieve a reasonable estimate.

To estimate net pore space for £Xorage, the area of each basin fill unit and maximum
thickness were calculated from isopach maps presented in section 4. The average thickness of
basin fill below 800 m depth was used to calculate-@irder gross volume. The UBF lies above
the 800 m deth requirement for C&storage, so it is not considered in the storage volume
calculations. Tabl8 summarizes the area, max thickness, and gross sediment volume for each
basinfill unit in Harquahala basin.

Table 3. Physical dimensions of area, thickness, and volume for basin filiuHiésquahala basin. Italicized physical
parameters below 800 m depth were used in @ume analysis

Max Average  Gross

Bisriirgi" (ﬁrrr?g) thickness thickness volume

(m) (m) (km3)
UBF 1,380 820 -- 248
LBF 1,380 975 -- 92

Harquahala ATZ 185 610 - unknown

basin LRP unknown 1,490 - 304
below 800 m 327 1,740 848 269
total basin fill 1,380 2,540 -- 644

Other Physical Parameters

Basin fill units in Harquahala are suitable reservoirs for supercriticals@@age because they

likely contain permeable and porous strata under confined tecgarfined conditions in saline

to hypersaline aquifers below 800 m depth. The LBF is likely composed of evaporite minerals,
mixed with some fine gravel, sand, silt arabpibly extensive clay, characteristic of basin fill in

the region at these depths (Gootee 2015). The LRP, which underlies the LBF, is likely composed
of volcanic and sedimentary rocks. A gross volume of porous rock was estimated based on these
lithologiesand their porosity contributions. For example, sandstone, fine gravel and volcanic
lithofacies would contribute to porous and permeable strata, whereas clay and evaporites would
serve as sealing strata. The percentage of the porous lithofacies wasddbasad upon the
conceptional basin model presentedrigure80. In both basins, we estimate between 30% and
70% of basin fill have porous and permeable sediment suitable fostG@ge, thus we used the

50% median or neb-gross ratio of 0.5. The porosity of sandstone and gravel range from 40% to
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15%; we used an average porosity of 25%, excluding porasityced compaction with

increased depth. An effective available porosity (specific yield) between 10% and 30% was
considered, based on data from general physical character of sand and finf/gatteel 1970),
although these estimates do not take cementation into consideration. A conservative effective
porosity of 15% was used, derived primarily from numerical groundwater models of older basin
fill strata in nearby McMullen basin (Gootee and N2@15) and Phoenix basins (ADWR 2006).

The density of supercritical G@t an approximate depth, temperature and pressure for
supercritical CQstorage is based on modeled datasets (Pan et al. 2017). The temperature of the
reservoir was based on scant oil and gas well data in this region, and from the geothermal
gradient discussed in section 4. A summary of physical parameters and their sfentdions

used to calculate volumes are listed in Tablall volume data, other factors, coefficients, and
calculations are listed in Appendix G.

Table 4. Physical parameters of basin fill used to calculate iGi@ction volumes.

Parameter Units Harquahala gé?/?;fgg
Area, A km2 327 0.1
Gross thickness m 848 0.2
Por osity, 0 frac. 0.15 0.05
“ggo—Gross Ratio, frac. 0.5 0.25
Efficiency Factor frac. 0.2 0.1
Density ofCO, kg/m3 650 -
Reservoir temperature C 75 10
Reservoir pressure MPa 20 3

CO2 Storage Volume Estimate

The volume of pore space available $apercritical CQinjection into a stacked saline reservoir

was estimated by employing three different approaches using the physical input parameters listed
in Table 4i a simple linear approach, a probabilistic approach independent of time (Sarkodie
Kyeremeh et al. 2022and a similar probabilistic simulation for 5 yr of €i@jection at 200,000

mt/yr using a DOE National Energy Technology Laboratory (NETL)-S€een tool v.4.1

(Sanguinito et al. 2022).

In the simplistic linear approach, the assumed net rock volume is multiplied by the estimated
effective porosity to derive the estimated pore volume. To estimate the amount thia€O

would be stored in this calculated pore volume we used the average volumgaifaCO
supercritical state, 0.650 g/éif650 kg/n?) to find that 100,000 t of CQOvould occupy
approximately 0.000154 khof space. This resulted in 13,550 Mt of £sorage in Harquahala
basin.

For the probabilistic methods the results are plotted as a percentage of uncertainty, represented
by a probability distributionHigure91). Estimates are defined as the probability of exceedance
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such that a proved (P90), the lowest value, 90% of the calculated estimates will be equal or

exceed the P90 estimate. P50 is the median estimate. The P10 is the possible estimate, the
highest value, or 10% of the calculated estimates will be equal ordettee®10 estimate.

Because the mean and median (P50) values are not the same, this suggests the results are slightly
skewed, thus we consider the P50 values to be more representative than the mean. The P50
results yield 1,997 Mt (1.9 Gt) in Harquahalaiibafor total CQ storage. The time dependent

approach resulted in a P50 of 463 Mt in Harquahala basin gsto@ge for 5 yr of injection.

The simplistic linear approach yields much larger values than the probabilistic approach and is
likely an overestimate. The probabilistic approach takes more parameters into account and is
likely more representative of the subsurface conditions, therem®expect the total CGtorage
volumes to be closer to the probabilistic method values. The method by Safkedsneh et

al. (2022) estimates a degree of uncertainty or sensitivity of most parameters listed in Table 4.
The area, gross thickness, and>@@nsity presented the least degree of uncertainty, whereas the
porosity, netto-gross ratio, and efficiency factor presented the most, which will help to identify
which parameters need to be refined as part of new data collection. The relative amount of
uncertainty for this method is presented in more detail in Appendix G.

Table5. Summary of C@storage calculations in million metric tons (Mt) for each method.

Total CO2 storage, Mt COz2 storage for 5 yr, Mt
Basin Simple linear Probabilistic Probabilistic (P50)
P (P50) NETL CO2-Screen
Harquahala 13,550 1,997 463
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Figure 91 Calculated statistical volumes of €&torage in nowifferentiated basin fill units below 800 m depth in
Harquahala basin for total G@njection capacity in solid blue (Sarkoekgeremeh et al. 2022) and GCapacity
after 5 yr injection in hashed blue (Sanguinito et al. 2022).

Known Natural Gas Subsurface Storage Risks

Sealing Conditions

The lack of known impermeable sealing strata is a geologic risk to subsurface natural gas

storage. In Harquahala basin, potential bedded evaporite and clay deposits could be adequate seal
rocks for stacked saline reservoirs. We predict these depositeaempin the lower basin fill,

but we have made no direct observations of them.

Evaporite deposits are impermeable and can serve as a robust seal to trap fluid and gases
underground. The lateral extent of this potential seal is shown by the zero contour on the
acoustically transparent zone isopach map (equivalent to the top ofishiscsaciesFigure

86). The chemistry, geomechanical properties, and lateral continuity of the evaporite deposits
have not been directly measured. Fgmained clastic sediment such as clay, silt and fine sand
usually borders evaporite deposits, and the types of salts and paseent of lithofacies is
important to map out in the subsurface to adequatetsiiestorage of C@

The low porosity, finggrained facies such as clay can be a lithologic barrier to fluid migration.
Lithology logs from shallow water wells suggest the presence of a laterally continuous clay layer
in Harquahala basin (Towne 2014). The extent, thickneds;c@mtinuity of this clay is limited

by the location of well penetrations, which are generally clustered within the agricultural area of
the basin. Based on the conceptual basin model (section 4a), clay would likely be present near or
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along the margin of subbasin centers. Thin interbedded clays layers could create baffles to
subsurface flow and compartmentalization within the reservoir. Direct measurements such as
electric wireline logs and core are needed to furtherstethe sealingntegrity and conditions in
these basins.

Seismic Hazard

Historical and induced seismicity can present a risk to any subsurfactdt&ye. There are

several faults surrounding Harquahala basin, and major faults interpreted in vintage seismic
reflections Figure84); however, there are no known active or Quaternary faults (last 2.5 Myr).

The nearest known Quaternary fault is the fASa
Harquahala basin near the town of Gila Bend, although no paleoseismic investigative work has

been done on this fault. Based on the lack of surface ruptures, lack of springs and aseismic

activity in Harquahala basin, the seismic risk is considered relativelyHgure92;, USGS

2018).

-~ USGS Highest hazard
=
2= -

science for a changing world

Figure 92 Earthquake hazard map showing peak ground accelerations having a 2 percent probability of being
exceeded in 50 yr, for a firm rock site. Harquahala basin is shown as a solid black polygon within Arizona outline.
The map is based on the most recent USG8etsdor the conterminous United States (2018), Hawaii (1998), and
Alaska (2007; all from USGS [2018]). Models are based on seismicity;digultates and consider the frequency of
earthquakes of various magnitudes. Locally, the hazard may be greatshtiwn because site geology may

amplify ground motions.

The known seismicity rates for the Harquahala basin and surrounding area are low. Within the
last several decades, no events larger than M 3.0 have occurred. Events smaller than M 3.0 may
occur; however, the area has not had adequate seismic monitaiiadjyspr historically. In

2009, AZGS began operating a statewide seismic network, but that network only has 16 stations
in the entire state. The two stations closest to Harquahala basin are located approximately 43 km
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to the north near Wickenburg and about 110 km to the southwest near Mohawk Valley. Higher
density seismic monitoring would improve the detection threshold for the study area if lower
magnitudes were necessary.

Conclusions

This study integrated geologic maps, borehole lithology logs, newly reprocessed vintage 2D
seismic lines, public and proprietary gravity datasets, and borehole temperature & TDS data to
characterize Harquahala basin for geologic storage ef B&®manent subsurface €€orage is
possible in two different geologic environments: (1) storage as a supercritical fluid within
stacked saline formations below 800 m depth or (2) permanent mineralization through chemical
reactions with basalt lava flows. Short termdtbrage may be possible within the evaporite
deposits likely present in the basin, though much of this study was focused sto@GQe

potential. CQ storage in fractured bedrock and geothermal energy potential could be utilized in
this basin, though not expanded in this study due to limited data. Harquahala basin is one of 57
extensional basins in the Arizona Basin and Range that is sufficientlyalste CQ. This

basin formed during the same time under similar tectonic and climatic conditions. Therefore,
data from nearby basins such as deep well lithology logs, TDS measurements, and geothermal
temperatures can be used a proxy for missing data in HarqualsalaA conceptual geologic

model based on numerous basin studies in the Arizona Basin and Range is used to generalize
lithofacies distribution, stratigraphic framework, structural history, and basin geometry.

Harquahala basin is a deep, asymmetric, extensional basin filled with a thick accumulation of
clastic and (potentially) chemical sediments, lava flows, and explosive volcanic material from
nearby volcanic vents. Seismic reflectors, well lithology logsyypdata from nearby basins,

and our conceptual geologic model delineate three stratigraphic packages. From oldest to
youngest these are: lower reflective package (LRP), lower basin fill (LBF), and upper basin fill
(UBF). The LRP is deposited on older andrmextensively deformed plutonic, metamorphic,

and sedimentary rocks and likely composed of a sequence of stacked lava flows interbedded with
felsic tuffs and coarse clastic sediments. Deposition of the LRP began with the onset of basin
extension and hamly been identified from seismic imaging in Harquahala basin. The LBF is
likely composed of a wide range of lithofacies and grain size, dependent on distance from the
source terrains. Laterally discontinuous seismic reflectors suggest the LBF is litteal]y t

folded, and/or faulted, consistent with imaging in other parts of the basin and range province at
similar depths. Seismic interpretations of an acoustically transparent zone on seismic lines TR9
and PW23 suggest there may be a thick accumulatibadifed evaporite deposits within the

LBF. The UBF is a relatively undeformed, laterally continuous package of clastic and
(potentially) chemical sedimentary rocks that unconformably overlies the LBF. The UBF
sedimentary package is entirely above 800 midapd is therefore ineligible for stacked saline
storage.

Harquahala basin has sufficient volumes of pore space in presumably saline groundwater below
800 m depth, however, we cannot identify a sealing or capping rock for those reservoirs with
certainty because of the lack of deep well lithology logs. Isopack tighlight the thicker areas

in the basin that could be targeted for future exploration. The LBF and LRP are both present
below 800 m (2,625 ft) and are good candidates for stacked saline storage and, potentially,
mineralization in basalt lava flows. Basprimarily on analysis and interpretation of seismic

data, and on physical parameters from proxy basins, there is a P50 probability that about 1,997
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Mt of supercritical CQcan be stored in Harquahala basin. To reduce uncertainty and sensitivity
in these calculations, the porosity, /@fgross storage volumes, and storage efficiency require
new data collection from drilling and detailed geophysics.

From this study we have refined the basin geometry and provided new insights into basin
structure and gross stratigraphy. Three critical unknowns remain: the existence/absence of a
sealing strata such as bedded evaporites, the physical properties af stdtiereservoir rock,

and the stratigraphic architecture of basin fill sediments. Harquahala basin lacks the deep well
borehole data needed to adequately characterize rock lithology, porosity, and permeability. We
cannot diagnostically identify, for exgple, the presence/absence of bedded evaporite deposits,
basalt lava flows, or extensive clay beds that can be used as sealing strata. The stratigraphic
architecture of the basin, such as lateral extent of sealing strata, minor fault blocks, or
presence/agence of anticlinal traps also remains unknown. Therefore, we recommend the
acquisition of three new datasets in both basins: 2D astivece seismic (possibly passive

source too), magnetotellurics, and deep well borehole wireline geophysical logs atidgeam
These datasets, combined with data reported within, will refine our understanding of the lower
basin fill unit rock properties (the potential stacked saline aquifer), identify the presence/absence
of sealing strata, and clarify stratigraphic arattitee and basin structure.

Recommendations

CO: geologic storage in Harquahala basin is favorable, but more data collection is necessary to
better characterize the reservoir and decrease geologic risk. For a phase Il technical evaluation,
our team recommends acquiring 8 new 2D seismic lines, additiefitigravity data, high

resolution aeromagnetic survey, and drilling one stratigraphic characterization well.

The location of each method is presenteHigure93 and discussed below. Magnetotellurics

and a 3D seismic survey were considered as part of new data collection, although we recommend
these methods be considered after Pliadata are analyzed and funded as part of a Phiase

program.

New 2D Seismic

The reprocessed legacy 2D seismic data that was interpreted for this project is of moderate to
poor quality and was not acquired with modern techniques. Acquiring new 2D seismic lines is
advantageous because the acquisition parameters can be tailorédadlyefor the purpose of
exploring the deep subsurface using what we now know about the stratigraphic units at depth.
Line locations would target deep subbasins identified in this study. New 2D seismic would help
refine basin geometry, identify faultggvide greater image resolution and seismic facies, map
the extent of bedded salt deposits, and reduce uncertainty related to reservoir boundaries and
potential seals.

We recommend acquiring 2D seismic reflection data along 8 different lines in Harquahala basin,
totaling 105 miles. Three of these lines are longerZ16niles) and strike northwesbutheast

and northsouth. The remaining five lines are shortérl(B miles), cover the two main

depocenters, and generally run perpendicular to the basirFaysg93). The proposed 2D

seismic lines were chosen based on existing roads and access points, minimizing impact to
agricultural plots, utilizing land ownership maps, intersecting legacy seismic surveys, and
maximizing the characterization potential of the reservased on our findings in this study.
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The locations of these conceptual lines will likely change as part of a-plagg@oach
involving permitting, surveys related to permitting, ownership, and access.

Gravity and Aeromagnetic Surveys

Gravity and magnetic surveys are cost effective geophysical methods for exploring the

subsurface over a large area. Gravity measurements provide information about rock density and
can be used to understand the spatial distribution of those rock typessuburface. An
aeromagnetic survey measures the intensity of
spatial distribution of the relative abundance of magnetic minerals. Often these types of data are
used in conjunction with one another. The resgltlata can help refine the boundaries of the
sedimentary basin at depth and can elucidate the internal structural highs and lows (Selley and
Sonnenberg 2023). Faults can also be identified using these methods which can help characterize
the effectivenessf the sealing strata and potential seismicity risk, especially when combined

with 2D seismic and well control. These data will be processed using the Werner Deconvolution
method to also map salt extent (top and bottom), thickness, and the depth tbrerysiabment.

We recommend acquiring additional gravity data and a-feghlution aeromagnetic survey over

a targeted area (approximately 900%kwf the Harquahala Valleyr{gure93). The spatial
distribution of existing gravity stations within the basin is not sufficient, as there are areas
(specifically in the east) that lack control points. The goal is to develop a gravity acquisition plan
that fills in the existing gravity datatsat regularly spaced intervals (1 mile apart) for the entirety
of our Area of Interest (AOI). Additionally, more gravity stations along the southwest margin of
the basin along seismic lines will be needed to capture the steepness of that fault margin. An
aeromagnetic dataset also exists over this area but again is not sufficient for this study. This
survey was collected in 2001 by the U.S. Geological Survey as part of a large statewide effort
and lacks the resolution needed. We plan to collect areglition aeromagnetic survey with

200 m line spacing and 2,000 m tie lines.

Stratigraphic Characterization Well

A deep characterization well is required to examine rock lithology, stratigraphy, reservoir type
and depth, sealing potential, geothermal potential, and water chemistry/salinity. This will be
achieved by drilling a deep borehole, running wireline loggadst collecting cuttings,

retrieving core samples, and collecting downhole water samples and pressure information. A
comprehensive suite of wireline logs should include, but not be limited to triple combo (caliper,
spontaneous potential, gamma ray, restgt density), 4point Rx sonic, formation imager

(FMI), nuclear magnetic resonance, cement bond log (CBL) and temperature log. These logs will
greatly reduce uncertainty and be used to calibrate and adjust input parameters in legacy and new
geophysicatatasets. Continuous wireline core through the bedded salt section would provide
the greatest preservation of data and likely be the moseffestive method. Conventional
wholerock core and sidewall cores are recommended for pertinent sections alog)iés

below the bedded salt portion. A detailed core analysis would include, but not be limited to:
porosity, permeability, grain density, core gamma for correlating core depth with logs, core
photographs, CT scan, and fluids analysis. Additional @fDeralization experiments will be

run on mafic rocks encountered.
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Figure 93 Map of selected existing data and proposed new data acquisition.

We recommend drilling a 10,000 ft stratigraphic characterization well in the central subbasin
(Figure93). This depth was chosen to ensure the hole penetrates the crystalline basement rock
which, if fractured, will be evaluated as a potential reservoir and to determine the temperature for
assessing the geothermal potential. This location will capture tpestgmrtion of the basin and

will confirm the presence or absence of bedded evaporite deposits and interbedded basalt flows
here (including their state of alteration or weathering). The proposed well location is on federal
land (Bureau of Land Managementhich should streamline the permitting process for CCS
projects under BLM Internal Memorandum # 26221 (June, 2022). It is also conveniently
positioned near interstate 10 and Salome Road, which provides a transportation route to support
drilling operatons.
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Derisking CQ Mineralization Storage in Basalt Reservairspagel83

Subtask 4.6 7 Develop Regional Readiness Indices
Carbon Solutions worked in tandem with Montana State University for Subtask 4.6.

This report details the methodology and resulting regional readiness indices maps for carbon
capture and storage (CCS) deployment within the Carbon Utilization and Storage Partnership
(CUSP) region. The goal of this report is twofold: (1) to present thkflwar and methodology

used for generating readiness indices and (2) to present the resulting readiness index maps that
depict CCS deployment potential across the CUSP region. This report provides a structured
framework for evaluating the spatial distrilut of CCS opportunities and challenges in the

CUSP region that was developed by integrating multiple independent @atratading source

and storage suitability, economic incentives, pipeline routing, regulatory factors, and risk
considerations.

Regional readiness for CCS deployment refers to the extent to which a geographic area is
prepared to support CCS infrastructure and project development. This readiness depends on a
combination of technical, economic, policy, and logistical factors thiaeimnée the feasibility

and efficiency of CCS projects. It helps identify locations where CCS can be implemented most
effectively in the short, medium, and long term and also highlights regions that may require
additional investments, regulatory adjustmeatsnfrastructure development.

Readiness indices quantify regional readiness by integrating multiple factors into a composite
score. These indices provide a quantifiable way to compare different subregions based on their
CCS deployment potential. The purposes of readiness indices are to

1) identify promising CCS deployment areas by highlighting regions best suited for CCS
projects in the short, medium, and long term;
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2) pinpoint avenues for improvement by identifying specific technical, economic, or regulatory
barriers to CCS deployment;

3) facilitate strategic planning and investment by helping stakeholders efficiently allocate
resources by prioritizing higreadiness regions; and

4) support scenario analysis and decisioaking by allowing evaluation of different policy,
economic, and technical conditions to assess their impact on CCS readiness.

The methodology presented in this report to generate readiness indices for the CUSP region
incorporates a variety of technical and nontechnical metrics, including the following:

1 Source availability proximity, concentration, and cost of @@missions sources

9 Storage suitability geological characteristics, capacity, and injectivity of potential storage
sites

1 Infrastructure availability existing and potential transport networks, including pipeline
feasibility

1 Economic consideratiorisimpact of tax incentives (e.g., tax credits under Section 45Q of
the U.S. Tax Code [Credit for Carboné2021]),
viability

1 Regulatory and policy landscapgermitting ease, legal frameworks, and government
incentives

1 Risk factorg environmental and operational risks, such as induced seismicity and
community acceptance

The first part of this report details the workflow and methodology used to develop these
readiness indices. The approach involves scettased modeling to simulate a portfolio of

different assumptions. Using data from CUSP partners, scenarios werepdeiiblat consider

CCS deployment potential (e.g., source and sink availability and performance) and variations in
storage capacity estimates, tax policies, and seismic risk tolerance. The SimCCS modeling tool
(Carbon Solutions 2025b) was used to identifgteninimal configurations for CCS

infrastructure under each scenario. The results were spatially aggregated into a 50 km by 50 km
raster grid, in which each cell is assigned a readiness index score based on its CCS deployment
potential relative to all thether cells in the region.

The second part of this report presents the actual readiness index maps generated using this
methodology. These maps provide a visual representation of CCS potential across the region
under different assumptions for each scenario, identifying areas githrior lower readiness
scores based on the selected metrics.

By outlining a structured methodology and presenting readiness index maps, this report
establishes a framework for evaluating CCS readiness across the CUSP region.

Methodology

This section provides an overview of the workflow used to generate regional readiness indices
for CCS deployment in the CUSP region. The methodology consists of several key steps: (1)
Readiness metric identification and scenario generation, (2) infrageunbdeling, (3)
infrastructure aggregation, and (4) readiness scoring. This workflow is presehigdreb and

each step is described below.
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Figure 5 Readiness index generation workflow consisting of readiness metric identification, scenario generation,
use of SImCCS to generate infrastructure solutions for each scenario, and aggregation of deployed infrastructure
components into raster for relativeadiness index scoring. IS = induced seismicity

Readiness Metrics and Scenario Generation

The first step in readiness index generation is the selection of key metrics that influence CCS
deployment potential and the development of scenarios based on different parameter
assumptions for each metric. The selected metrics account for criticabféebimpact the

feasibility and coseffectiveness of CCS infrastructure deployment. During the CUSP project,
multiple metrics were considered and explored. The readiness index software developed during
the CUSP project was designed to accommodate a vadge of metrics than are discussed

here, enabling future extensions and refinements beyond the scope of this report. For this report,
the following metrics were selected:

1 Storage performance estimates-specific saline storage capacities and injection costs
under three different performance assumptions:

- Pessimistid The reservoir underperforms, resulting in lower storage capacity and higher
injection costs.

- Expected The reservoir performs as expected, with standard capacity and cost
assumptions.

- Optimistici The reservoir exceeds expected performance, leading to higher storage
capacity and lower injection costs.

1 45Q saline credit values reflect the economic incentive forsE@age, modeled under three
different credit values per metric ton of stored.CO

- $85/t1 baseline credit value reflecting current incentives
- $100/ti increased credit scenario to assess potential policy improvements
- $115/ti aggressive incentive scenario representing a more favorable policy environment

1 Induced seismicity data uncertainty represents uncertainty in available fault data and their
influence on site selection:

- Pessimistid assumes that critical fault lines are missing from the dataset, leading to a
higher probability of seismic risks

- Optimistici assumes the available fault data are complete and accurate, reducing
uncertainty in risk assessment
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To systematically explore the impacts of these metrics on CCS deployment, multiple scenarios
are generated by varying the parameter settings for each metric. By systematically combining
different parameter values, we create a diverse set of scenariogpghat variations in

geological performance, economic incentives, and seismic risks, ensuring a comprehensive
evaluation of potential CCS deployment under a wide range of conditions. For example, one
scenario assumes optimistic storage performance, $1%0Q/saline credit, and pessimistic

induced seismicity uncertainty. Given the number of parameter settings for each metric, this
results in a total of 18 distinct scenarios as presentemjure6.

Sorage 45Q Sline Induced
Performance Qredit Value Seismicity
N Uncertaint
Pessimistic $85 y
Expected $100 Pessimistic
Optimistic $115 Optimistic
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
Sorage Performance: Sorage Performance: Sorage Performance: Sorage Performance: Sorage Performance: Sorage Performance:
Pessimistic Expected Optimistic Pessimistic Expected Optimistic
Saline Oredit: Saline Qredit: Saline Oredit: Saline Oredit: Saline Oredit: Saline Qredit:
$85/ton $85/ton $85/ton $100/ton $100/ton $100/ton
ISUncertainty: ISUncertainty: ISUncertainty: ISUncertainty: ISUncertainty: ISUncertainty:
Pessimistic Pessimistic Pessimistic Pessimistic Pessimistic Pessimistic
Scenario 7 Scenario 8 Scenario 9 Scenario 10 Scenario 11 Scenario 12
Sorage Performance: Sorage Performance: Sorage Performance: Sorage Performance: Sorage Performance: Sorage Performance:
Pessimistic Expected Optimistic Pessimistic Expected Optimistic
Saline Oredit: Saline Qredit: Saline Qredit: Saline Oredit: Saline Oredit: Saline Qredit:
$115/ton $115/ton $115/ton $85/ton $85/ton $85/ton
ISUncertainty: ISUncertainty: ISUncertainty: ISUncertainty: ISUncertainty: ISUncertainty:
Pessimistic Pessimistic Pessimistic Optimistic Optimistic Optimistic
Scenario 13 Scenario 14 Scenario 15 Scenario 16 Scenario 17 Scenario 18
Sorage Performance: Sorage Performance: Sorage Performance: Sorage Performance: Sorage Performance: Sorage Performance:
Pessimistic Bxpected Optimistic Pessimistic Bxpected Optimistic
Saline Oredit: Saline Qredit: Saline Credit: Saline Oredit: Saline Qredit: Saline Qredit:
$100/ton $100/ton $100/ton $115/ton $115/ton $115/ton
ISUncertainty: ISUncertainty: ISUncertainty: ISUncertainty: ISUncertainty: ISUncertainty:
Optimistic Optimistic Optimistic Optimistic Optimistic Optimistic

Figure 6 The 18 unique scenarios that result from generating all combinations of metric parameter values. IS =
induced seismicity

For each uniqgue scenarios, the relevant dat a
selected parameter values. The impacts of these parameters on ssecfio data values are

as follows:
1) Storage Performance Parameter

- Each reservoir | ocationb6és storage capacity
whether the scenario assumes pessimistic, expected, or optimistic performance.

- In pessimistic cases, injection costs increase and storage capacity decreases due to poorer
reservoir performance.
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- In optimistic cases, injection costs decrease and storage capacity increases, making
storage sites more viable.

2) 45Q Credit Value Parameter

- The selected credit value is incorporated into the effective storage cost at each reservoir
location.

- Higher credit values reduce net storage costs, making storage more financially attractive
in those scenarios.

3) Induced Seismicity Parameter

- This parameter influences which reservoir locations are available for CCS deployment in
a given scenario.

- Storage locations classified as having an elevated risk of fault activation are removed
from consideration in all scenarios. However, under the pessimistic assuintion
which critical faults are assumed to be missing from the détasete locations are
classified as high risk compared with the optimistic assumption.

By systematically varying these parameters across the 18 scenarios, a robust set of readiness
conditions that reflect different economic, geological, and risk factors is generated. The
infrastructure modeling process, described in the next section, ttegmaees optimal CCS
infrastructure deployments for each scenario, identifying infrastructure that would be deployed
under a specific set of assumptions. The output of this step is a set of sepeaiiic datasets

that serve as inputs for subsequent aetind and infrastructure optimization. This structured
approach ensures that key uncertainties and policy variations are systematically incorporated into
the subsequent infrastructure modeling and readiness index computation.

Infrastructure Modeling

After each scenario is formalized, optimal infrastructure is calculated for each using the SImCCS
infrastructure optimization software. SIMCCS determines optimal CCS infrastructure by
formulating the problem as a mixa@uteger linear programming (MILP) gotem. MILP is a
mathematical optimization approach widely used for planning and deaig&img in complex
systems. The goal of MILP models is to minimize or maximize an objective function, which is
the algebraic representation of some parameter of ib{ergs, cost, productivity, or throughput)

in the system being modeled. The objective function is encoded with data from the problem and
decision variables, which are unknown elements of the problem that one wishes to determine
(e.g. the amount of produttt produce or the location to which a resource is to be deployed).

MILP models combine continuous decision variables, which represent quantities such as flow
rates, with ©or 1-valued decision variables, which indicate on/off decisions for components

suh as the construction (or not) of pipelines.
[IBM 2025]) manipulates the decision variables in order to optimize the objective function.
Linear inequality functions called constraints are used to enforce probbparies (e.g.,
capacity restrictions). A solution to an MILP model is represented by specific values for the
decision variables and the value of the solution is the value of the objective function.

The goal of the optimal CCS infrastructure MILP model is to determine the mirtoam
infrastructure deployment of sufficient capacity. Because the goal is to minimize CCS
infrastructure cost, the scenario data that are fed into the MILP model are cdroptisekey
cost drivers of a CCS project, including the following: source information (location, capture
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costs, and emission rate), storage information (location, injection costs, and storage capacity),
and transport information (pipeline routes and pipelinel caglaciy curves). Information on the
scenario input data is presented below.

Scenario Input Data

Y Set of CQ sources

0 Annual CQ production rate at souré@MtCO-/yr)

O Fixed cost of opening sour&@$)

@ Variable cost of capturing G@rom sourcé($/MtCQ;)

Y Set of storage sites

0 Annual CQ capacity of storage sitMtCOz/yr)

O Fixed cost of opening storage S$)

[ Variable cost of injecting C£nto storage sit&I$/MtCQy)
0 Set of candidate pipelines

0 Set of possible capacities for each pipeline

0 Minimum capacity of pipelinéwith capacity(MtCO2/yr)
0 Maximum capacity of pipelin&@with capacity(MtCO2/yr)
O Fixed cost of opening pipeliri@with capacity®($)

. Variable cost of transporting G@ia pipelineQwith capacityw
@ ($/MtCOy)

0 Set of candidate pipeline junctions

The decision variables of the inftaucture design MILP model indicate which sources to open
and how much Cg&xo capture from each, which storage locations to open and how mudio CO
inject into each, and where to deploy pipelines and what capacity they need to be able to
transport. Details on the decision variables are presented below.
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Model Decision Variables

i N Tip Indicates if sourc&ds opened

QNS Annual amount of C@captured from sourc€fMtCO2/yr)
i~ Tip Indicates if reservoikls opened
QN A Annual amount of C@injected into reservoifMtCO/yr)

n N mfp | Indicates if pipelinéQwith capacitywis opened

Q N g Annual amount of C®put in pipelineQwith capacity(MtCO2/yr)

The goal of the MILP model is to minimize the cost of the project. The objective function that
realizes this goal quantifies the cost of the project as the sum of the cost to capturg the CO
cost to transport the GOand the cost to store the €dhe cost to capture G the cost to

open each opened facility ) plus the cost to capture each metric ton ob@@m it (0 ©).
Similarly, the cost to store G(s the cost to open each opened storage locatbn)(plus the

cost to inject each metric ton of Gdto it (0 ). The cost to transport G@ the cost to

build each opened pipelin& ) plus the cost to use the opened pipelihe ('Q ). Because

the goal is minimuntost infrastructure, this objective function is minimized. The objective
function is presented below.

Objective Function
i ET Oi o & LO N w Q DI 0w w

Constraints are used to enforce realistic operational restrictions including capacity restrictions
and standard network construction requirements. The constraints are presented below.

Constraints

oM Q 0m2 H 'y OF o~ & (A)
W i §NTY
Q Q @ i &§NCYH €
Nogoow Nogooow Tt i &N O (B)
NCYOY D
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w 0 iRQ"Y ©)

® 0 iRAQY (D)

where constraint (A) enforces minimum and maximum pipeline capacities by ensuring that the
amount of CQtransported by a pipelin®( ) is greater than the minimum capacify"( )"and

less than the maximum capacify{? Y of that pipeline. Constraint (B) enforces conservation of
flow at each node in the network to ensure that S@dded to the network only when captured
from souces and leaves the network only when injected into sinks. In other words, constraint (B)
ensures that all COn the network comes from a source and goes to a storage site. Constraint
(C) enforces limitations on source production rates by forcing the amount.afap@red at

each sourced) to be less than the available amount ok@Cthat sourcel{ ). Constraint (D)
enforces limitations on reservoir storage capacities by forcing the amount @fj€ed into

each storage sited) to be less than the capacity of that site (). Because there are no
constraints requiring a minimum amount of Zfocessing, the model will only deploy

simulated infrastructure that is profitable (i.e., cost negative). This is possible given the
availability of tax incenties such as 45Q.

The output from this step is optimal cestectives CCS infrastructure for each scenario under
consideration. An example of infrastructure found by SImCCS using this optimization process is
presented ifrigure7. This information will be used in subsequent steps to identify specific
regions that exhibit greater and lower activity in the individual solutions.

|
'.\_ < N
\ : \

P =

| | o

Figure 7 50 km by 50 km raster grid on deployed infrastructure calculated by SImCCS for a single scenario in a
subregion of CUSP. The red circles represent deployed sources, the blue circles represent deployed storage
locations, and the green lines represent degalgipelines.

Infrastructure Aggregation

Once SIMCCS has determined the optimal CCS infrastructure deployments for each scenario, the
next step is to aggregate these results into a standardized spatial format. To achieve this, we
rasterized the study region into 50 km by 50 km cells, agridudsal on agr eed upon
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participating organizationgigure? provides an example of how this rasterization is applied to
modeled CCS infrastructure within a subregion of CUSP.

This rasterization scheme is particularly important because it aligns with the methodology used
for assessing storage potential across the region, ensuring direct comparability of infrastructure
deployment and storage feasibility. Further details on teipeovided later in this report. For

each scenario, we assign every deployed source and storage site identified by SImCCS to the
corresponding 50 km by 50 km cell in which it is located. This allows us to track the spatial
distribution of infrastructuredivity across different scenarios. Specifically, we record two key
guantities for each grid cell:

1) Amount of CQ processed This includes the total volume of G@aptured at sources within
the cell and the total volume injected into storage reservoirs located in the cell.

2) Cost of processing GO This includes both capture costs and storage costs for all CO
processed in that cell.

Although CQ transport volumes through each cell were not explicitly tracked, future iterations
of this methodology could incorporate pipeline flow tracking to provide a more complete picture
of infrastructure use A potential challenge in cost tracking arises inicasegh it is unclear

which storage site a specific source sends B(because flow networks typically optimize

flows without explicitly defining individual transport paths. However, in the case of the CUSP
data, this scenario did not occatlowing us to accurately track G@rocessing costs per cell
without ambiguity.

This aggregation process transforms the detailed;Heigblution infrastructure optimization

outputs into a standardized, lowesolution dataset that facilitiates regional comparison and
supports decision making. This aggregated dataset provides Hisony#t informative

representation of CCS infrastructure deployment, serving as the foundation for readiness scoring
in the next step.

Readiness Scoring

At this stage of the readiness index generation process, each 50 km by 50 km raster cell contains
two key values: (1) the total amount of §@ocessed in that cell and (2) the total cost of

processing C@in that cell. These values are then converted into two distinct readiness indices,
each highlighting different aspects of CCS deployment potential.

1) Volume-Based Readiness Index

- This index measures the relative amount ob @@cessed across all cells.

- To compute this, cell wvalues aolumebythe mal i z e
highest volume found in any cell. This results in values ranging between 0 and 1, where 1
represents the cell with the highest {fLocessing volume.

2) CostBased Readiness Index

- This index reflects the cosffectiveness of CCS deployment within each cell.

- First, the pemetrict on processing cost is calculated
processing cost by the total amount of@cessed in that cell.

- These pemetricton costs are then normalized using the same approach as above, in
which each value is divided by the highestpeatricton cost observed in the dataset,
resulting in a value between 0 and 1.

157



CUSP West Final RepoitDOE AwardDE-FE0031837

The volumebased index highlights regions with the greatest @@cessing activity, whereas

the costbased index identifies areas with the highest economic feasibility. If the primary
objective is maximizing C&capture and storage, the voluibesed index would be most

relevant. Even though all deployed infrastructure found during the infrastructure modeling phase
is profitable, the codbased index focuses on the most -@f&ctive regions. This is particularly
important for securing industry bag andensuring profitable deployment of CCS projects.

To support visual interpretation as a map, the readiness indices are translated into &n orange
yellowi green color scale in which green represents high readiness andipefiage represents
moderate readiness. Cells with no CCS activity (readiness = [@ftdéank to avoid

unnecessary visual clutter. The lowest nonzero readiness values are colored orange instead of red
to avoid suggesting that any CCS deployment is inherently negative; all infrastructure deployed

in these scenarios is cesffective. The colorcoding approach ensures that hgfority regions

for CCS deployment stand out and also maintains a clear distinction between impactful-and less
impactful areasFigure8 presents an example of the readiness indices map.

e

Figure 8 Readiness indices map overlayed on the corresponding infrastructure in a CUSP subregion. Color ranges
from a high readiness of green (large volume of @@cessing or low cost per metric ton of gfocessing) to a
low readiness of dark orange to red.

Data Collection

The readiness index generation process relies on multiple datasets that describe key components
of CCS deployment potential. These datasets include information ponap@re sources,

storage capacity, transport infrastructure, and induced seismicity risks. Each dataset was
collected, processed, and integrated into the readiness framework to ensure consistency and
comparability across the CUSP region.

This section describes the four primary data categories used in this study:

1) Source data information on CQ@ point sources, including emission rates, capture costs, and
expected operational lifespan

2) Storage data estimated saline storage capacities, injection costs, and performance
assumptions derived from the SgJQool (Middleton et al. 2020)
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3) Transport daté potential pipeline routes, existing infrastructure, and transport cost estimates
4) Induced seismicity datafault data and seismic risk assessments that influence storage site
selection

Each of these datasets was collected from CUSP member organizations, publicly available
databases, and industry reports, ensuring the most comprehensivetestthtgpdata available
for CCS deployment planning.

Source Data

CO, source data were compiled by CUSP member organizations as part of Subtask 3.1.4, which
focused on assessing, verifying, and augmenting existing@i@t source data. This effort
involved

1 verifying emission volumes using facilitgported and governmesburced data;

1 determining the expected lifespan of each source, both with and withdidap@re;

1 identifying feasible C@capture methods based on industpgcific characteristics;

1 estimating capture costs and operational efficiencies using standardized methodologies; and
1 incorporating future C&capture sources where relevant.

Data were cllected by CUSP partners from multiple sources including the EPA Greenhouse Gas
(GHG) Emissions database and local data sources covering bepn@ii@rs across the CUSP
region and smaller point sources strategically positioned near transport and storage
infrastructure, because these may still play a role in CCS deployment. To ensure consistent
classification and cost estimation across the CU§i@medata collection teams used a Leopold
Matrix approach to categorize G@mitters by industry type, emissi rate, and capture cost.
Capture costs were either estimated on a seapeeific basis or set to industspecific values

derived from published tables.

The final dataset includes 257 unique QIint sources with a combined annual emission
capacity of 255.9 MtC@ These emitters represent a diverse set of industries and geographies,
providing a broad foundation for evaluating CCS deployment potential across the region.
Information on the capture data used in this effort is includdclire 3.

Table 3 Emission source information for the CUSP region

Number of Emission rate, | Share of total | Average cost,| Costrange,
Industry facilities Mt/yr emissions $it $it
Gas power 105 105.0 41.1% $75 $25$131
Coal power 24 89.3 34.9% $55 $35 $60
Petroleum refinery 17 15.6 6.1% $61 $56/$73
Cement 22 15.2 5.9% $59 $48 $75
Hydrogen 15 9.3 3.6% $72 $58 $101
Gas processing 12 7.6 3.0% $14 $14
Ammonia 4 3.7 1.4% $20 $16 $30
Pulp and paper 8 3.4 1.3% $56 $56/ $56
Ethanol 14 1.2 0.5% $15 $10/ $23
Other 36 5.6 2.2% $58 $30/ $75
Total 257 255.9 100%
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Storage Data

Storage site identification and characterization was conducted using the same 50 km by 50 km
raster grid as described in the Methodology section. This raster ensured consistency with the
spatial framework used in the readiness indices generation proaebsaster cell centroid was
designated a potential G@jection site, which allowed for a standardized assessment of
regional storage potential. To estimate storage capacities and injection costs, CUSP state partners
collected geologic data necessaryun the SCQI model, a geologic sequestration tool

developed to estimate saline storage potential and associated cos{b.iS&€@achine

learning based tool trained on higfdelity, full-physics reservoir simulations, enabling it to
rapidly generate reliable estimates of 3rage feasibility across large regions. CUSP state
partners compiled key geologic parameters for each raster centroid, including formation depth,
thickness, pressure, porosity, permeability, temperature, and geothermal gradief thase
parameters was estimated under three different performance assumptions:

1) Pessimistid conservative estimates assuming lower storage performance and higher
injection costs

2) Expected standard estimates based on {zestilable geological data

3) Optimistici favorable estimates assuming enhanced storage performance and lower injection
costs

Once compiled, the geologic parameter dataset was provided to Carbon Solutions
(https://www.carbonsolutionslic.corrdccessed 2025 November 20), a CUSP industry partner,
which ran the SC&XI model to estimate the total G6torage capacity for each centroid and the
permetricton injection cost under each pessimistic, expected, and optimistic assumption. These
estimates formed the foundation for subsequent scenario generation and infrastructure modeling,
ensuring that eacsimulated deployment scenario accounted for a range of geologic and
economic conditions. By leveraging S&dQthe CUSP project was able to provide a consistent

and scalable approach to assessing regionak@@age poterdl. Details on the storage

potential used in readiness indices generation is providedhie4.

Table 4 Storage site information for the CUSP region

Number of Total Average Average cost,
Assumption sites capacity, Mt capacity, Mt $it
Pessimistic 104 176,767.2 1,699.7 $23
Expected 194 395,724.6 2,039.8 $7
Optimistic 238 458,623.4 1,927.0 $8

Induced Seismicity Data

The assessment of induced seismicity risk for the CUSP region was conducted by PNNL and
served as a filtering mechanism to determine the feasibility of potentigdtofage sites. The
primary objective was to evaluate the likelihood of fault activation due targj€ztion and

remove highrisk storage locations from consideration in scenario modeling. This assessment
leveraged the State of Stress Analysis Tool (SOSAT; PNNL 2025), a Bayesian framework
designed for geomechanical uncertainty quantificati@hresk assessment.

For each storage location, the risk of fault activation was evaluated under two seismicity data
guality assumptions: a pessimistic scenario, in which the available fault data were assumed to be
incomplete (i.e., critical blind faults may exist but are woanted for), and an optimistic
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scenario, in which the National Seismic Hazard Model (NSHM) database of known faults was
assumed to be complete (USGS 2023). Under the pessimistic assumption, the methodology
presumed that a critically oriented blind fault could exist at the site and ¢edne risk of

activation based on the increase in pore pressure after injection. Under the optimistic assumption,
known faults from the NSHM database were used and the risk of activation was calculated for

each fault within 50 km of the storage site. Each site, the fault with the highest activation risk

within 50 km was used to classify its seismic risk. If no known fault existed within 50 km, the

site was classified as fAlow: no fault found. o

This process resulted in two independent seismic risk rankings for each storage site: one

assuming incomplete fault data (pessimistic) and the other assuming complete fault data
(optimistic). Each ranking was amsogordial é Vv &
based on the estimated probability of fault activation.

To integrate seismic risk into storage feasib
given seismicity data assumption were removed from consideration for that scenario. This means
that the availability of a storage site depended on both stpexf@mance assumptions

(pessimistic, expected, or optimistic) and the assumed quality of seismic data (pessimistic or

optimistic). For example, a storage sitebs fa
assuming expected storage performaarue optimistic fault data quality, making it available for
infrastructure model ing. However, if that sam

pessimistic fault data quality, it would be excluded from the set of available storage sites in that
scenario.

Ultimately, for each scenario combination of storage performance, 45Q tax credit, and seismic
data quality assumption, only storage sites r
for use in SIMCCS infrastructure modeling. This filtering ensuratidhly geologically viable

storage locations were considered for CCS infrastructure deployment, reducing the risk of

induced seismicity and maintaining flexibility across multiple scenario assumptions.

Transport Data

Pipeline routing and cost estimation are critical components of CCS infrastructure planning.
SIimCCS, the infrastructure optimization tool used in this study, relies on a cost surface to
discretize a geospatial region and estimate the cost of deployipglae@ialong different routes.

The cost surface incorporates multiple factors that influence pipeline construction and operation
costs, including land ownership, land cover, population density, terrain considerations, and other
geographic and environmenfattors.

To establish baseline pipeline costs, we used the FECM/NETLT&MDsport Cost Model,

(DOE 2023), which provides expected pipeline costs under idealized conditions. These costs
were then adjusted using scaling factors derived from the cost surface, allowing for a more
realistic representation of regional variabilitypipeline deployment expenses. For cost surface
generation, we used the CostMAP tool (Carbon Solutions 2025a), which produces standardized
cost surfaces based on predefined input parametessne regions, custom cost surfaces were
generated to accommodate unique geographic or regulatory constraints. For example, in
California, we implemented a customized cost surface to avoid fault lines, reflecting specific
regional challenges in pipelinéisg.
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Once the cost surface was established, SImMCCS applied custom routing algorithms to determine
the leastcost paths for Ce&transport infrastructure. These routing algorithms balance cost
considerations with the need to efficiently conneck €@urces to storage sites, ensuring that
infrastructure deployment remains both economical and feaBiglee9 presents a map of the

CUSP region showing sources (red circles), storage sites (blue circles), and candidate pipeline
routes (purple edges). SImCCS uses the data to select which sources, storage sites, and pipelines
to deploy in a simulated scenario tdheve a leastost solution.

Figure 9 Map of the CUSP region with locations of sources (red circles), sinks (blue circles), and candidate pipeline
paths (purple edges) highlighted.

Regional Readiness Indices Maps

This section presents the regional readiness indices maps generated using the methodology
described in the previous sections. The workflow was integrated into SImCCS to provide a
comprehensive readiness indices generation and visualization platformnidqeseisualize the
spatial distribution of CCS deployment potential across the CUSP region, providing insights into
the relative feasibility of infrastructure development in different geographic areas. The readiness
indices are derived from two key factotise total amount of C£processed in each grid cell and

the costeffectiveness of Cg@processing in each cell. These values were normalized to create

two distinct indices:

1) Volume-Based Readiness Indéhighlights regions with the highest total volume of CO
processed, emphasizing largeale capture and storage activity

2) CostBased Readiness Indéxdentifies areas where CCS deployment is mostefsttive,
providing insight into regions that may attract industry investment due to favorable economic
conditions

Each map represents a unique combination of storage performance assumptions, 45Q tax credit
values, and seismic data quality assumptions. They are labeled according to the séhgune in
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10. These variations allow for a more comprehensive understanding of how different factors
influence CCS infrastructure deployment potential. To enhance readability, the maps iise a red
yellowi green color scale to represent relative readiness, withrbaginess areas appearing in

green and lowereadiness areas appearing in orange. Cells with no CCS deployment activity are
left blank to maintain focus on areas with active infrastructure development. The following pages
contain the regional readiness indicesps, organized by scenario type. These maps serve as a
visual decisiorsupport tool, helping stakeholders identify hygbtential CCS deployment

regions and evaluate how various assumptions impact infrastructure feasibility.

Pessimistic $85 o
Sorage: < Expected 45Q: < $100 Data: {gfft’?nr:i‘g'cc R: \C/f)"s‘t‘me
Optimistic $115
Sorage performance 45Q credit Induced Seismicity Readiness Indices
assumption metric. amount metric. data quality metric. version.

Figure 10 Regional Readiness Indices labeling scheme.
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Figure 7 Readiness maps
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Task 5 T Promoting Regional Technology Transfer

Subtask 5.1 7 Development of Regional Readiness Indices
Maps
Carbon Solutions supported Montana State Univessitiproviding the key deliverable for this
subtask.

Subtask 5.2 T Technology Transfer Forums

Data-Centric Approach to Technology Transfer

CUSP6s technology transfer model I's built mai
individual demonstration projects, the partnership invested heavily in:
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1 Building shared regional data sets on geology, emission sources, infrastructure, and
economics

1 Developing analytical and optimization tools to turn these data into actionable project
designs

1 Using focused projects and annual meetings to move that knowledge into industry practice
and regulatory processes

In data workflow description, the partnership emphasizes three pillars: collecting, synthesizing,
and using existing data sets, integrating them into analytical and optimization models to evaluate
carbon management opportunities across the western Umatexs.S

This datafirst orientation underpins almost every aspect of technology transfer: frem pre
feasibility screening, to Class VI and MRV readiness, to infrastructure planning arigtong
storage monitoring.

Data Infrastructure and Digital Tools

Atlas and Shared Databases

The core of CUSP6s data work is an evolving r
describes how the partnership has assembled d
robust geologic models, flow models, and econ

Key elements include the following:

1 Geological data for saline aquifers, residual oil zones, basalts, and geothermal reservoirs

1 Source inventories of power plants, gas processing facilities, refineries, hydrogen projects,
and other industrial emitters

1 Infrastructure layers, such as existing and potential pipeline corridors, processing plants, and
transmission infrastructure

1 Sociceconomic and policy context needed for readiness and risk assessment

These datasets are standardized and made interoperable so they can be used across states,
institutions, and tools.

Analytics, Optimization, and Machine Learning

CUSP explicitly positions itself as a provide
national lab tools to optimize connections between sources and sinks and to supparrideng
development and economic analyses. This includes the fotlowin

1 Sourcesink matching and cluster formation tools (e.g., SIMCCS and related workflows)
used to design economically optimal £@ansport and storage networks under uncertainty

1 Risk- and costhased optimization, where infrastructure layouts are evaluated not only on
cost but also on resilience, capacity, and risk tolerance

1 NRAP-based tools for storage and leakage risk assessment, including passive seismic
monitoring applications showcased in annual meeting presentations

Several research articles using datasets from the partnership illustrate this approach. Such
analyses are directly transferable to real projects and are part of the technology transfer process.
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Enabling Class VI, MRV, and 45Q Readiness

The partnership has built a dedicated team for Class VI permitting and MRV planning across the
region, supported by its databases and modeling capabilities.

Dataenabled tech transfer here includes the following:

1 Templates and workflows for Class VI permit applications based on regional experience

1 MRV templates and workflows for design drawing on plume modeling, risk assessment, and
monitoring technology evaluations

T Guidance for industries seeking to access 45
including case studies and technical support.

In practice, this means that workflows from acid gas injection and enhanced oil recovery fields
projects is repurposed to support a new CCUS projects.

Focused Projects as Technology Transfer Pilots

CUSP organized its technical work into Focused Projects, which act as pilots for methods, tools,
and datasets that can then be replicated elsewhere. The main themes are: CCUS feasibility
studies, Class VI/MRV/45Q readiness, CCUS in geothermal systems, ©&ufport blue

hydrogen, storage in basalts, and-@me detection. (See website)

CCUS Feasibility Studies Examples

Harquahala Basin (Arizona)

The ACharactostioz atgieompodfen€COal i n Harqgquahal a B
project combines basiscale mapping, stratigraphic analysis, and volumetric estimates to

evaluate longerm storage potential. A follown prefeasibility study and related posters show

howthe project uses:

1 Basinwide ranking of sedimentary basins by storage potential below 800 m
1 Integration of well, seismic, and geophysical data to refine storage estimates
1 Screening of risks such as sealing potential and sparse well control.

These methods are transferrable to other sedimentary basins in the region and are explicitly
presented through CUSP materials and annual meeting sessions.
Colorado Front Range Project

The Colorado School of Mines feasibility study evaluates capturingf@@ the Front Range
natural gas power plant and injecting it into nearby saline aquifers, working with Colorado
Springs Utilities and Oxy Low Carbon Ventures.

The project demonstrates the following:

1 Practical sourcsink matching using spatial datasets and industrial input
1 Joint use of geologic, engineering, and economic models to evaluate feasibility
1 A repeatable workflow that can be applied to other power plants and basins
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EPA Class VI - MRV - 45Q Projects

Several focused projects specifically target regulatory readiness and monitoring design,
leveraging CUSP data and tools.

Relevant elements include the following:

1 Regional and projedt evel MRV strategies, informed by C

1 Design of monitoring frameworks (e.g., NRAP tool applications presented at the 2023 annual
meeting)

9 Case studies like Lucid/Targa Red Hills acid gas injection in New Mexico, first introduced at
the 2019 annual meeting and updated as the Targa Red Hills AGI Project, showcasing how
project data feeds into regional learning and vice versa.

These activities are closely tied to 45Q readiness: the 2022 and 2023 meetings feature dedicated
presentations on 45Q tax credits, explaining how-deteen MRV and reservoir modeling
underpin eligibility for storageelated tax incentives.

CCUS in Geothermal Reservoirs and Blue Hydrogen

Focused projects on geothermal reservoirs in Nevada explore the dual role of geothermal
formations for both energy production and 3rage. Data and technology transfer aspects
include:

1 Combining heatlow, permeability, and structural datasets with storage capacity modeling
1 Evaluating the potential for GQ@s a working fluid in geothermal systems at bench scale,
including thermophysical properties and circulation behavior.

Similarly, projects supporting blue hydrogen evaluate integrated capture and storage options,
using the same shared data infrastructure and analytics to design hyglusggtiorage hubs.
CCUS in Basalts and CO 2 Plume Detection

The fnDerdnsikniergalGQ ati on storage in basalt rese
(e.g., fABasalt for Carbon Sequest-teant i on Updat
mineralization hosts.

Parallel work on C@plume detection includes a focused project on downhole source
tomography, and a New Mexico Tech focused project on 3D models and plume simulations.

These projects transfer

1 laboratory and modeling methods for predicting mineralization rates and trapping
mechanisms in basalts and

1 monitoring technologies and plume imaging workflows, feeding directly into MRV design
for Class VI projects.

Annual Meetings as Engines of Technology Transfer

The partnershipds annual meetings were a cent
methods, and regulatory knewow to practitioners, industries, and decision makers.
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Building a Shared Knowledge Base

The annual meeting presentations always provided alstagtate CCUS briefings and
foundational capacity building:

1 State CCUS overviews for Arizona, California, Colorado, Kansas, Nevada, New Mexico,
Oklahoma, Texas, Utah, and Washington synthesize local data on geology, sources, and
early-stage projects.

T Alntroduction to 45Q Tax Credito (Bal ch)
Cady) translate complex federal incentives and regulatory frameworks into practical
guidance.

and

T The ACUSP Analytics Working Groupo presentat

advanced analytics and optimization to design infrastructure under uncertainty, emphasizing
the importance of shared datasets and tools.

1 Projecispeci fic talks such as fALucid Energy Red
in Washingtond embed | ocal project data with
This structure effectively turns the meeting into a short course on CCUS project development,
built on shared regional data.
Deepening the Data and Regulatory Toolset (2023 Annual Meeting)
The 2023 Annual Meeting expanded this with a more comprehensive program that directly
supports technology transfer:
9 Core regulatory and monitoring sessions:
- AUl C Class VI Programo ( Meissner)
- AMonitoring, Reporting, and Verification (
- ANavigating NEPA for Carbon Capture Projec
1 Sessions on financial and infrastructure enablers:
- A45Q Tax Credito (Bal ch)
- AThe | mpact TorfansRpAorotnatGGn I nfrastructureo
91 Data and modeling focused talks:
- AApplication for NRAP Passive Seismic Moni
- AWel |l bore Design for Risk Management and F
- ACore Analysis for CCSo (Wall s)

1 Storage and utilization frontiers:

t o

- AAppl 2Mdn €Oal i zati on Opportunities and Chal
- ABasalt for Carbon Sequestration Update
- AnCOtorage Opportunities in Northern Pl atfo

State update presentations for Utah, Oklahoma, New Mexico, Colorado, Kansas, Nevada,
California, and Arizona further standardize data narratives across the region, showing how each
jurisdiction is using CUSP data and tools.
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Combined, these sessions transform CUSPG6s int
practices for regulators, operators, and consultants.

Poster Sessions and Methodological Transfer
The 2023 poster session reinforced dataused tech transfer. Examples include:

1 n Pdfeasibility studyforCQs equestration in Harquahal a Basi
demonstrating basiscale mapping and screening

T APl anning Amongst Uncertainty: Designing CCS
Transport, and Storage Uncertaintyo, illustr
uncertain capture rates, storage behavior, and policy scenarios

By presenting methodologies and workflows rather than only results, these posters directly
support uptake by other states and projects.

From Data to Deployment: Project Support and Commercialization

Beyond research, the partnership uses its data and tools to support commercial projects in the
region. The 2023 overview notes that it has funded 15 CCUS commercialization projects and has
10 additional projects funded entirely by industry, while offetargeted support services for

new initiatives.

Examples include

1 Farnsworth Unit in Texas, where enhanced oil recovery operations are being repositioned
toward longetterm storage, supported by modeling and MRV planning

1 San Juan CarbonSAFE project in New Mexico, where CUSP assists with storage complex
development to complement hydrogen conversion at the Escalante power station and
supports preparation of Class VI applications

1 Red Hills and Metropolis separation facilities in the Permian Basin, where acid gas injection
experience and data are used to inform storage practices and 45Q strategies

Lessons for Technology Transfert and Future Directions
From a technology transfer perspective, sever

1 Data standardization is foundational
A shared atlas and interoperable databases make it possible to apply common tools and
workflows across very different geological and regulatory environments. This underlies
everything from sourdesink matching to Class VI applications.

1 Analytics and optimization close the gap between data and decisions
Tools for riskaware infrastructure design, NRAfRsed risk assessment, and machine
learning assisted screening help translate complex datasets into practical project choices that
investors, regulators, and operators can actResdarchGaje

1 Focused projects act as laboratories for transferable methods
Harquahala, the Colorado Front Range project, ONEOK Hub 2.0, Nevada geothermal
reservoirs, basalt storage, and plume detection projects are all developing methods that can
be reused elsewhere with minimal adaptatiQy$P West CUSP West
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1 Annual meetings are structured as technology transfer platforms
The combination of foundational talks (45Q, Class VI, MRV, NEPA), analytics sessions,
project case studies, and state updates creates a continuous training and krsivaledge
loop for stakeholders across the western staf#$SP West CUSP West
1 Regulatory and financial enablers depend on strong data
Access to Class VI permits, 45Q, and HAven infrastructure investments is fundamentally
tied to robust datasets, credible models, andwvals i gned MRV pl ans. The
investment in data and modeling is therefore central to its technologjetramssion, not
ancillary.
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Planning amongst Uncertainty: Designing CCS
Infrastructure Resilient to Capture, Transport, and
Storage Uncertainty

This focused project was |l ed by Montana State
develop modeling and optimization techniques that help design carbon capture and storage

(CCYS) infrastructure that performs reliably under uncertainty. Lacgke CGS deployment faces

inherent risks: capture costs can fluctuate, pipeline corridors can be disrupted, and storage
capacities are often not fully known until injection begins. Without accounting for these

uncertainties, infrastructure investments risk beognsiranded or requiring costly redesigns.

This project directly supports the broader goals of the Carbon Utilization and Storage Partnership
(CUSP) project by equipping stakeholders with decisigpport tools that quantify risk and

highlight tradeoffs among cost, capacity, and resilience. By edaling uncertainty directly into

the infrastructure design process, this work helpggkeCCS investment, supports phased

devel opment strategies, and wultimately increa
regional and national COnitigation.

The work was carried out at MSU with collaboration from Carbon Solutions
(https://www.carbonsolutionslic.corrdccessed 2026 Jan 14), which provided advisory input and
data support. Graduate and undergraduate researchers at MSU implemented algorithms,
conducted case studies, and integrated results into thesopsge SimCCS platform (Middleton

et al 2020b; LANL2026), ensuring that the methods developed here are accessible to the broader
CCS research and practitioner community.

Objectives and Outcomes

The primary objective of this focused project was to create a rigorous, scalable process for
designing CCS infrastructure that remains effective under uncertain capture, transport, and
storage conditions. Rather than relying on deterministic assumptionssaurce emissions or
storage capacity, the project sought to develop algorithms and tools that explicitly incorporate
uncertainty into infrastructure planning.

The result is a provably adaptable design process that generates deployment recommendations
resilient to a wide range of possible futures. This process quantifies both the direct cost of
uncertainty and the tradgfs among cost, throughput, and risk talere. By embedding this
capability into the opesource SImCCS platform, the methods developed here can be readily
applied across the CUSP region and beyond.
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Scope of Work

The work carried out in this focused project centered on developing, implementing, and
demonstrating a suite of algorithms for uncertamtyare CCS infrastructure design. The scope
of this focused project included 3 major components:

1) Robust design under uncertainty

- Developed a Monte Carlo scenario generation plus rrindeger linear programming
(MILP) optimization workflow to design infrastructure that remains effective across
many realizations of storage capacity and cost parameters

- Introduced a risk index parameter that allows decisiakers to tune the level of
robustness required, yielding a family of
cost, and risk

- Applied the method to a California CUSP datadetnonstrating how risk tolerance
affects CO throughput, profit, and infras

2) Repairaware design

- Formulated a muHkobjective optimization model that jointly determines an initial CCS
network design and a repaired design if a desaghpipeline segment or other
component fails

- Implemented an algorithm that enumerates the Pareto frontier of solutions, providing
decisionmakers with trad®ffs between lower upfront costs and cheaper future repairs

- Evaluated the approach using a Nevada CUSP dataset, illustrating how targeted
overbuilding of the initial system can significantly reduce the cost of network repair if
failure occurs

3) Scalable solution techniques

- Developed a genetic algorithm (GA) with a novel solution encoding that ensures every
candidate represents a valid infrastructure design, avoiding costly repair functions

- Demonstrated that this approach produces-apimal solutions for statecale datasets
and outperforms exact MILP solvers on natiesedle datasets under fixed runtime
budgets

- Showed that this scalability is critical for running large ensembles of uncertainty
scenarios, enabling tractable naticlealel planning studies

Each component was implemented within or alongside the SImCCS platform, ensuring that the
results are accessible to researchers and practitioners throughout the CUSP network.

CUSP Project Team

This focused project was led by Montana State University under the direction of Sean Yaw, who
oversaw project design, modeling methodology, and SImCCS integration.

1 Graduate researchers Daniel Olson, Caleb Eardley, and Dalton Gomez were primary
contributors to algorithm development, implementation, and case study analysis.

1 Undergraduate researchers Ryan Dupuis and Michael Papadopoulos supported data
preparation, scenario generation, and results validation.
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1 Collaborating organization: Carbon Solutions provided advice, cost data, and modeling
context. Primary contact: Richard Middleton.

This combination of academic leadership, industry collaboration, and student involvement
ensured both technical rigor and practical relevance while advancing workforce development in
CCS modeling and optimization.

CCS Modeling Background

Wide-scale adoption of CCS is needed to limit the increase of global temperatures. Projects that
grow from localscale projects up to natiorsdale collaborations must be initiated. At all scales,
CCS projects will require massive infrastructure investmBme consequences of poor
infrastructure investments include failed projects and lack of-aidée CCS adoption. A large

driver of the success of a CCS project is the management of uncertainties related to capture,
transport, and storage decisions. émtggular, large uncertainty may surround the capacity and
injectivity of potential storage locations. Even with thorough site characterization, the true
performance of a storage location is not well known until injection operations commence.
Infrastructue that was deployed under an assumption of incorrect storage parameters can be very
expensive to provision with more injection locations or even reroute to a better storage
formation. Alternatively, initially designing infrastructure that routed pipelinggovide

opportunities to easily redirect G@ a different storage location if the primary location
underperforms would provide resiliency to storage performance uncertainty. Determining an
initial infrastructure design that is adaptable to uncertainty in storage parameters could greatly
reduce cas if true storage performance differs from estimated performance. The overarching
aim of this project was to develop a CCS infrastructure design model that would endogenously
account for uncertainty throughtoihe CCS supply chain, with a particular focus on storage
uncertainty.

CCS modeling necessitates optimizing infrastructure deployments for hundreds of sources and
reservoirs and thousands of kilometers of pipeline networks. Deploying CCS infrastructure on a
massive scale requires careful and comprehensive planning to en&stenients are made in a
costeffective manner. At its core, designing CCS infrastructure is an optimization problem that
aims to determine the most c@stective locations and quantities of €0 capture, route via
pipeline, and inject for storage. Dgsing CCS infrastructure can naturally be formulated as a
MILP that aims to minimize total cost while capturing and injecting a target amount,of CO

MILP modeling is a mathematical optimization approach widely used for planning and decision
making in complex systems. The goal of MILP models is to minimize or maximize an objective
function, which is the algebraic representation of some parameterrekinfe.g., cost,

productivity, or throughput) in the system being modeled. The objective function is encoded with
data from the problem and decision variables, which are unknown elements of the problem that
one wishes to determine (e.g., the amount aflpebto produce or the location to which a

resource is to be deployed). MILPs combine continuous decision variables, which represent
guantities such as flow rates, with binary decision variables, which indicate binary decisions for
components suchastheast ruction (or not) of pipelines.
software [IBM 2025]) manipulates the decision variables in order to optimize the objective
function. Linear inequality functions called constraints are used to enforce problem properties
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(e.g., capacity restrictions). A solution to a MILP model is represented by specific values for the
decision variables and the value of the solution is the value of the objective function.

The goal of the optimal CCS infrastructure MILP model is to determine the minzoam
infrastructure deployment of sufficient capacity. Because the goal is to minimize CCS
infrastructure cost, the scenario data that are fed into the MILP model are cdroptisekey

cost drivers of a CCS project, including the following: source information (location, capture
costs, and emission rate), storage information (location, injection costs, and storage capacity),
and transport information (pipeline routes and lgecost capacity curves). Information on the

scenario input data is presented below.

Scenario Input Data

v

Set of CQ sources

Annual CQ production rate at souré@MtCOz/yr)

Fixed cost of opening souré@$)

Variable cost of capturing GGrom sourceC$/MtCO,)

Set of storage sites

Annual CQ capacity of storage sif@MtCOy/yr)

Fixed cost of opening storage S$)

Variable cost of injecting C£nto storage sit&I$/MtCQy)

Set of candidate pipelines

Set of possible capacities for each pipeline

Minimum capacity of pipeliné&with capacity(MtCO/yr)

Maximum capacity of pipelin&®with capacityt(MtCO2/yr)

Fixed cost of opening pipelif@with capacity®($)

Variable cost of transporting G@ia pipeline’Qwith capacityc
($/MtCOy)
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0 Set of candidate pipeline junctions

The decision variables of the infrastructure design MILP model indicate which sources to open
and how much Cg&xo capture from each, which storage locations to open and how mudio CO
inject into each, and where to deploy pipelines and what capacity they need to be able to
transport. Details on the decision variables are presented below.

Model Decision Variables

i N Tip Indicates if sourc&ds opened

WN s Annual amount of C&captured from sourc€MtCOz/yr)
i~ Tip Indicates if reservoikds opened
QN A Annual amount of C@injected into reservoif{MtCOz/yr)

n N mfp | Indicates if pipelinéQwith capacitywis opened

Q Ng Annual amount of C@put in pipelineQwith capacityw(MtCOz/yr)

The goal of the MILP model is to minimize the cost of the project. The objective function that
realizes this goal quantifies the cost of the project as the sum of the cost to capturg the CO
cost to transport the GOand the cost to store the €dhe cost to capture C@ the cost to

open each opened facility ) plus the cost to capture each metric ton ob@@Mm it (0 ©).
Similarly, the cost to store G5 the cost to open each opened storage locatbn)(plus the

cost to inject each metric ton of Gdto it (0 ®). The cost to transport G@ the cost to

build each opened pipelin& ) plus the cost to use the opened pipelihe ('Q ). Because
the goal is minimuntost infrastructure, this objective function is minimized. The objective
function is presented below.

Objective Function
IET Oi w ® o n o Q i w

N N N N

Constraints are used to enforce realistic operational restrictions including capacity restrictions
and standard network construction requirements. The constraints are presented below.
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Constraints
o™ Q0™ HQv OH v 6 (A)
W i §NTY
Q Q &) FENYRENTY Y0 | (g
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where constraint (A) enforces minimum and maximum pipeline capacities by ensuring that the
amount of CQtransported by a pipelin®( ) is greater than the minimum capacify"( )"and

less than the maximum capacify{? Y of that pipeline. Constraint (B) enforces conservation of
flow at each node in the network to ensure that S@dded to the network only when captured
from sources and leas¢he network only when injected into sinks. In other words, constraint (B)
ensures that all COn the network comes from a source and goes to a storage site. Constraint
(C) enforces limitations on source production rates by forcing the amount.afap@red at

each sourcedf) to be less than the available amount ob@Cthat sourcel{ ). Constraint (D)
enforces limitations on reservoir storage capacities by forcing the amount @fj€ed into

each storage site)) to be less than the capacity of that site (). Because there are no
constraints requiring a minimum amount of gPocessing, the model will deploy only
infrastructure that is profitable (i.e., cost negative). This is possible given the availability of tax
incentivessuchashose under Section 45Q of the U.S.

The work carried out in this focused project is organized around 3 major contributions:

1) We developed methods for designing infrastructure that resists failure, ensuring that
networks remain robust even when storage performance underperforms.

2) We developed techniques for designing infrastructure that can be efficiently repaired in the
event of disruption, allowing planners to weigh tradis between upfront cost and future
adaptability.

3) We created new scalable optimization approaches that make it possible to apply uncertainty
analysis at regional and national scales, where problem sizes quickly overwhelm
conventional methods.

These 3 components collectively form the foundation of our approach to planning CCS
infrastructure amidst uncertainty.

Robust Infrastructure Design

In this section, we introduce a heatrizgsed method for identifying core CCS infrastructure

that is resistant to storage capacity uncertainty (Olson et al. 2025). If all of the input parameters
for a CCS infrastructure design instance were exactly knoptimal infrastructure solutions

could be determined by solving the MILP model detailed irl8& Modeling Background

section on pagé5. However, we assume that the actual annual capacity of each storage site,
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0 ,isuncertain and can be represented by aspieific probability distribution. Each

probability distribution is based on geologically informed estimates, reflecting the uncertainty in
reservoir performance. Because the capacity of eaelsgibt exactly known, this uncertainty
prevents optimal infrastructure solutions from being determined by solving the MILP model.
Instead, we propose a stochastic process for designing infrastructure that functions even with
uncertain annual storage capees. At a high level, the proposed infrastructure design process is
a Monte Carlo optimization framework that first generates discrete scenarios by randomly
sampling each storage siteds probability dist
MILP model detailed in thECS Modeling Backgrounsection on pag@é5to determine the

optimal infrastructure needed to support that scenario. The optimal infrastructure solutions for
each scenario can then be aggregated into a heatmap to identify infrastructure components
common to multiple solutions. Next, the heatmafiitsred to include only infrastructure that is
common to a specified minimum number of solutions. Finally, a core infrastructure design is
identified by finding the minimurtost, maximurflow solution in the filtered heatmap. An
illustration of the propad infrastructure design process is presenté&dgarell and detailed

below.

°
(N [ ] \
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[ ]
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Figure 11 Proposed process for identifying core infrastructure that is resistant to storage capacity uncertainty. Red circles are
COz sources and blue circles are storage sites. In Step 1, multiple scenarios are generated to reflect a range of possible values
for uncertain storage capacities. In Step 2, each scenario is optimally individually solved using the MILP model. A Beatmap i
constructed in Step 3 by calculating the number of times each infrastructure component is used. In Step 4, the heatathp is filte
toinclude only a subset of all used infrastructure. Finally, the largest feasible infrastructure is calculated in Step 5.

Scenario Generation

The MILP model detailed in theCS Modeling Backgrounsiection on pageéb requires
concrete values for all input parameters, including thesgiéeific annual storage capacities
0 . To construct a concrete scenario from uncertain storage capaditieantbe solved using

the MILP model , each storage sitebs capacity

183



CUSP West Final RepoitDOE AwardDE-FE0031837

sitebdbs probability distribution. This process

scenario represents a unique realization of the annual storage capacities for all storage sites. This
set of scenarios captures a range of potential ospemsuring that, with a sufficiently large

set, the infrastructure design process will likely be exposed to storage conditions similar to what
will be encountered in deployment.

Scenario Optimization

Each scenario is independently optimized using the MILP model detailed@CtBéModeling
Backgroundsection on pageéb. Solving the MILP model for each scenario determines the
infrastructure components needed to support that scenario, including the following:

9 The set of sources to open and their associated capture rates
9 The set of storage sites to open and their associated injection rates
9 The network of pipelines to deploy and their capacities

Solving the MILP model for each scenario yields an optimal infrastructure solution for that
specific realization of storage capacities.

Heatmap Generation

The individual solutions from all scenarios are aggregated to generate a heatmap that represents
the frequency with which each infrastructure component (e.g., pipeline, source, or storage site)
appears across the set of scenario solutions. A commonalityisacalculated for each

component as the number of scenario solutions in which that component appears. The
commonality score is represented as the numerical edge weights in the graph in $tiepii& of

11 The result is higher commonality scores for infrastructure components with higher usage
frequencies, which indicate greater importance and resilience across a range of uncertainty
realizations. Each commonality score can be translated into a valueaamgjee[0,1],

representing the percentage of scenario solutions in which the component appeared, by dividing
it by the number of scenarios.

Heatmap Filtering

An abstract concept of risk mitigation is incorporated into the design process in the foriskof a
index which assumes a value of 0% 100%. This index represents 2 things in the

workflow that manage the risk that the core CCS infrastructure found will require repair due to
storage underperformance during operation with the real storage capacities. First, for a given risk
index®, a network component (e.g., pipeline, source, or storage site) must have a minimum
commonality score ofp( Tt Tt @) to be included in the filtered heatmap. As the risk index
decreases, the filtered heatmap retains only infrastructure that appears in a larger number of
scenario solutions, effectively reducing the available infrastructure to the most common
componentsThis results in a more conservative, lowsk assessment of infrastructure
availability. For example, @ = 0%, only network components that appear in the optimal
solutions of all scenarios (those with a commonality score of 100) are included, offering high
confidence that any of those components would remain functional during actual injection
operations. Ato= 15%, components used in at |e85% of scenarios are included in the filtered
heatmap, allowing more infrastructure possibilities at an increased risk of deploying
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infrastructure that will underperform with the actual storage capacities and require repair. All
network components that appear in fewer th&mof the scenario solutions are excluded from
the final infrastructure design.

Core Infrastructure

Although the filtered heatmap identifies infrastructure that is commafdof all scenarios,

there is no guarantee that this infrastructure forms d flaliv solution. For example, the filtered
heatmap could contain pipeline components that are not connected to any other infrastructure
with the same risk index. In this case, the filtered heatmap infrastructure would not serve as a
standalone solution. @ determine the largest valid solution contained within the filtered
heatmap, the minimuroost maximum flow over that network is computed. Maximum flows
represent solutions in the filtered heatmap that can host the largest amouat ®h€0O
minimum-cost ®lution among the set of maximum flow solutions represents the most cost
effective maximum flow. Minimuntost maximum flows in the filtered heatmap infrastructure
can be found by iteratively solving versions of the MILP model fronCG& Modeling
Backgroundsection on pageéb.

First, the maximum flow is determined by performing a binary search on values of the annual

CO processing targéty looking for the largest threshold value that results in a feasible MILP

instance. Once the maximum flow is found, the minireoat maximum flow is found by

solving the MILP model one more time with the processing taiget to equal the maximum

flow value. However, before the MILP model from tB€S Modeling Backgrounsection on

page75 can be formulated, concrete storage capacities need to be identified from-the site

specific probability distributions. This is done by again leveraging the risk index value. Given a

risk index ofd®, the storage capacity of each site issettathdr per cent i |l e of t he
probability distribution.

For example, if a decisiemaker with a low appetite for risk wanted to explore possible
infrastructure deployments, they might choose a risk indéx=0f0%. In that case, only
infrastructure that was deployed in at least 90% of the scenario solutions would be considered.
The storage capacity for all those storage sites would be set at the very conservative 10th
percentile of their probability disbutions. The resulting core infrastructure found when

calculating the minimurtost maximum flow would reflect a very conservative set of
assumptions, and it is very likely that this core infrastructure would perform well with whatever
storage capacitieme encountered during operation. On the other hand, if the degisicgr had

a large appetite for risk, they might choose a risk index©f75%. In this case, the amount of
available infrastructure would increase greatly, and the storage capacity for all those sites would
be set at the 75th percentile of their probability distributions. This would reflect a far more
optimistic view and wald result in core infrastructure that is larger and capable of processing
significantly more CQ@but is also at a greater risk of requiring repair due to storage site
underperformance. In this way, the risk index serves as a parameter of the model that represents
the appetite for risk during the infrastructure generation process. This proces®dan als

modified to have a different storage capacity selection method (e.g., always select the expected
value) should a specific case study warrant it.

Workflow Discussion
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Although this proposed workflow for designing CCS infrastructure provides a framework for
addressing storage capacity uncertainty, there are numerous practical details that should be
considered. The underlying infrastructure design optimization problarkniswn NPhard
problem. This means that although solving the MILP model will produce globally optimal
solutions, the computational running time will exponentially increase as the size of the dataset
increases (e.g., by increasing the number of souragagstsites, or candidate pipelines). This
can pose significant scalability challenges when applying the proposed process to very large
datasets, such as those representing #regton or nationwide CCS studies. In such cases,
additional computational resrces or heuristic approximations, such as those presented in the
Scalable Infrastructure Desigection of this report on pa@&, may be required to maintain
tractability.

Implementation of the proposed workflow is a straightforward process because existing CCS
infrastructure modeling tools such as SImCCS and CostMsPbpn Solutions 202%aan be
heavily leveraged. These tools handle data organization and visualization andtheeslodif

MILP solvers such as CPLEX or Gurol@robi Optimization 2026to solve the core MILP
model. Modifications to existing software (e.g. SIimCCS) need to be made to support the
stochastic component of the workflow and to aggregate solutitmbeatmaps for display.

Finally, as is true of all models, the accuracy and validity of the output from the proposed
process heavily depend on the quality of the input data. Important data, such as storage capacity
estimates, injectivity rates, capture costs, and pipeline roctistg, must be reliable and

accurate to generate meaningful results. In particular, probability distributions for storage
capacity uncertainty are central to the operation of the workflow. Determining these distributions
relies on geologic characterizatidata that may be sparse, incomplete, or uncertain. Although

the stochastic nature of the process allows some mitigation of these data deficiencies by running
many simulations, highly inaccurate or biased input data could still lead to suboptimal or
misleading recommendations.

Case Study

To validate the efficacy of the robust infrastructure design workflow, scenarios were run on a
CCS dataset collected for the state of California as part of the CUSP project. The dataset
includes 62 sources with a total annual capture potential of 38.00MtGoming from a

variety of industries, as detailedTiable5. Capture capacities and costs were generated as part
of the CUSP project and include Californiads
applicable for the specific source.

Table 5 Capture profiles by industry
Emission
Number of amount,
Industry sources MtCO 2fyr
Natural gas power 13 14.46
Combined heat and power 15 7.17
Hydrogen production 7 5.23
Cement production 5 4.76
Steam generation 16 3.38
Petroleum refineries 4 2.15
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Ethanol production 2 0.87 ‘

The dataset includes 57 independent storage sites with a combined annual storage capacity
expected value of 452.75 MtG@r. Of the 57 sites, 45 are saline storage sites (419.04 MICO
expected) and 12 are enhanced oil recovery sites (33.71 XjtCGQpected). Storage capacities

and costs were generated as part of the CUSP project and include 45Q federal tax credits when
applicable for the specific storage sites. A normal distribution for each storage site was generated
by estimating sitespecificstoragecapacity expected values and standard deviations across a

range of parameter possibilities using the SC@eologic sequestration tool (Middleton et al.

2020a).

The set of possible pipeline routes was gener
tool. SIMCCS generates candidate pipeline routes from a rasterized cost surface, where each grid
cell represents localized routing costs and pipeline routesabn@ated as piecewise linear paths

through the spatial grid. The pixelated appearance of the followingbasgd figures is due to

the underlying map being the rasterized cost surface as well as the piecewise linear pipeline

routes.

The California dataset is presentedrigure12.

Figure 12 CCS infrastructure dataset from the state of California. The study area is bounded by (40.961 2 3 . 6 5 9)
in the top |l eft corner and (33. 636;ssourcds,lbliiechcledre i n t he b
storage sites, and purple edges are candidate pipeline locations.

A total of 57 scenarios were generated by sampling eachdftbersage si t esd st or a
probability function to obtain a random annual storage capacity value for each scenario. Each
scenario is parameterized to process 17 Mt@x@or 30 years. Optimal solutions for each

scenario were found by solving the MILP from tB€S Modeling Backgrounskection on page
75using SimCCS and I BM6és CPLEX optimization so
generated by aggregating the deployed infrastructure from the solutions of the 57 scenarios and
calculating the commonality score for each infrastructure component. The oafitgnecore

was translated into a value in the range [0,1], representing the percentage of scenario solutions in
which the component appears, by dividing by 57. The resulting heatmap is presented graphically
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by mapping the commonality score into a color on théyeltbwi green color gradient, as seen
in Figurel3.
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Figure 13 Aggregated heatmap of solutions from 57 scenarios with different storage capacities. Infrastructure is
colored on a réidyellowi green color gradient, in which red corresponds to less commonly used infrastructure and
green corresponds to more commonly uséastructure.

The core infrastructure is constructed by first identifying the desired risk index in the range of
0% to 100%. As described in the core infrastructure subsection this threshold relates to the
minimum percentage of scenarios in which each network componestappear to be available

in the core infrastructure solution. The selection of a risk index filters out infrastructure from the
full heatmap that is below the threshold to exclude it from possibly being in the core solution.
After the infrastructure avlable to the core solution is identified, the capacity for each sink is

set as described in the methodology to beiithepercentile of the corresponding probability
distribution. Finally, the minimurcost maximum flow is calculated using the standard process
of first finding the maximum flow using the FeFllkerson algorithm and then finding the
minimumcost flow withthat value using integer linear programming. Core infrastructure found
using this process for a subregion of the dataset using risk index values of 100%, 43%, 30%, and
15% is presented iRigurel14.
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() (b)

(d)

Figure 14 Core CCS infrastructure found using the proposed method for a subregion of the dataset using various
risk indices. Infrastructure is colored on airgellowi green color gradient, in which red corresponds to less
commonly used infrastructure and green egponds to more commonly used infrastructure. (a) Risk index = 100%.
(b) Risk index = 43%. (c) Risk index = 30%. (d) Risk index = 15%.

Increasing the risk index corresponds to generating+camservative infrastructure, as the

amount of available infrastructure is restricted and the storage capacity is reduced. To# trade
between the risk index and performance is important for deeisakers to consider, because

this can provide insight into the potential range of performance as well as the natural risk index
breakpoints that should be considered. The performance measures that are of most interest are
the amount of Cethat the idenfied core infrastructure can process and the cost of the
infrastructure. To quantify this traddf, the proposed core infrastructure generation process was
run for risk index values from 0% to 100% in 2.5% increments.

Figurel5 presents the traeaff curve between the selected risk index and the amount f CO
that can be processed by the identified infrastructure. Reducing the risk index from 15% to 0%
reduced the amount of GQrocessed by 83.7%. Likewise, reducing the risk index from 30% to
15% reduced the amount of €frocessed by 31.3%. This demonstrates the-édsetween
infrastructure effectiveness and assumption of risk.
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Figure 15 Annual amount of C@processed versus risk index for a range of risk index values

Of particular interest are the obvious breakpoints that may help denisikers settle on a

specific risk index or small set of risk indices. For example, the difference in the amount of CO
processed when the risk index is decreased from 17.5% to 15% (1.8%/W)G©Onotably more

than the difference between 20% and 17.5% (0.09 M&@Oor 15% and 12.5% (0.21

MtCOz/yr). These breakpoints occur when infrastructure components are added to the available
infrastructure that are important enough to notafitygase the amount of G@at can be

processed by the solution. They serve as logical spots that demonstrate the most impaetful trade
offs between performance and risk index. The annual amount gp@€essed is constant for

risk index values below 50% because, for this specific dataset, that commonality score
encompasses all deployed infrastructure in all scenarios. This means thatfisklowlex

values, the same infrastructure is availablemsosed to higher risk index values, when the
required ommonality score reduces the amount of available infrastructure. The nonincreasing
trend from a large amount of GProcessed for lowisk index values to a small amount of £0
processed for highisk index values would be seen for all datasets, because the amount of
available infrastructure is reduced. The constant regions, breakpoint locations,and CO
processed values are dataset specific; accordingly, other datasets would likely show differences
in this behavior.

Figurel16 presents the traedaff curve between the selected risk index and the cost of the

identified infrastructure. Note that the inclusion of LCFS and 45Q tax credits allows for the cost
of processing C&xo be outweighed by the credits, which enables the infrastructure to have a
negative cost (i.e. to be profitable). Reducing the risk index from 15% to 0% decreased the profit
of the project by 77.1%. Likewise, reducing the risk index from 30% to 15%a$ect¢he profit

of the project by 28.5%. This demonstrates the taitlbetween infrastructure cost and

assumption of risk. The same breakpoints (for the same risk index values) are seen in the cost
tradeoff curve as in the tradeff curve for the amourof CO; processed.
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Figure 16 Annual infrastructure cost versus risk index for a range of risk index values. Note that the infrastructure
cost is negative due to Low Carbon Fuel Standard and 45Q tax credits.

Repairable Infrastructure Design

In this section, we examine how CCS infrastructure should be designed when there is a
possibility that a specific component (e.g., pipeline segment) may fail after deployment. If a
network is initially built and one of its pipelines becomes unavailabtitiadal infrastructure

may need to be constructed or reactivated to ensure that the planned volumeah Gl be
transported and stored. Because it is not known in advance whether the vulnerable pipeline will
actually fail, 2 designs must be const simultaneously: (1) the initial infrastructure design,
which assumes the pipeline remains available, and (2) the repaired design, which represents the
modifications required if that pipeline fails. The costs of these 2 designs are interdependent,
becase the fixed costs of constructing the potentially failing pipélinad any other

infrastructure abandoned when transitioning to the repaired desmmtribute to the overall

repaired cost. This interdependence makes the problem aahbjetitive optimizabn with

competing goals: minimizing the cost of the initial deployment while also minimizing the
potential cost of repair. The set of Parefiiimal solutions defines the tradé frontier between
these objectives, and it is along this frontier thatslenimakers should select a design, guided

by both the perceived likelihood of failure and their tolerance for risk.

Although the MILP described in t@CS Modeling Backgrounslection on pageésidentifies an

optimal infrastructure configuration when all pipelines and storage sites perform as expected, the
problem becomes more complex if a designated component fails after construction. In this
project, we consider scenarios in which a specifielme segment may become unusable after

the network has been built and its fixed construction costs have been incurred. If such a pipeline
fails, the CCS network must be repaired by rerouting @ugh alternate infrastructure to

maintain the planned capture and storage volumes. The cost of this repaired system includes not
only the ongoing variable costs but also the fixed costs of any abandoned infrastructure, because
those investments havaeddy been made. This interdependence makes it difficdéteymine

the best initial design: even if a pipeline fails, its construction cost is sunk, and any additional
abandoned pipelines also add to the effective repair cost. The problem is therefore formulated as

191



CUSP West Final RepoitDOE AwardDE-FE0031837

a multiobjective optimization, seeking to minimize both the cost of the initial design and the
potential cost of repair. Because these objectives are in conflict, there is not a single optimal
solution but instead a spectrum of traufés between inexpeng initial designs and inexpensive
repairs.

To illustrate, consider the simplified CCS networkEigurel7 (top), in which edge weights
represent pipeline construction costs, capacities are uniform, and the target throughput is 1 unit
of CQp. In this example, the vulnerable pipeline is the segment (b,t). The minrgusindesign
(Figurel7(a), top) routes Cg&along the direct patfs,b,t)at a cost of 9. If that pipeline does not

fail, this is the uncontested best solution. However, if the pipeline does fail after construction,
repairing the system requires rerouting along a longer path, yielding a total cosFajize (

17(a), bottom). The 3 additional solutions (panels b through d) require higher initial construction
costs but offer lower repair costs if the vulnerable pipeline fails. Depending on the perceived
likelihood of failure, the best choice lies among these altees.
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Figure 17 Sample simplified CCS network (top) with source s, storage site t, displayed fixed costs, no variable
costs, unit edge capacities, and a target flow amount of 1. Panels (a) through(d) show a sequence of initial flow
solutions (top) and optimal repaired solutions (bottom) when edge (b,t) fails.

The relevant set of designs for decisioakers is defined by the Pareto frontier between initial
cost and repaired cost. At one extreme, the frontier begins with the mirtegtrdesign that
assumes no failuré-igurel7(a), top). At the other extreme, it ends with the minirreost

design that excludes the vulnerable pipeline entifélyure17(d)), which is optimal if failure is
certain. The intermediate points correspond to overbuilding the initial system: spending more up
front to reduce the cost of repairing the network if the vulnerable pipeline fails. If failure is
unlikely, a lowercost nitial design is appropriate, even though it carries a more expensive
repair. If failure is likely, the opposite holds: investing in a more robust initial design reduces the
overall cost of recovery. The contribution of this work is an algorithmic prdoegenerating

the Pareto front, thereby giving planners a structured set ofafadelutions for resilient CCS
network design.
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Algorithm

In this section, we present the algorithm that finds the Pareto front between the initial flow cost
and the repaired flow cost. This sequence of solutions has progressively decreasing repaired flow
costs, starting with the minimugost flow and proceeding the minimuracost flow on the

network with the designated edge excluded. The scenario input data input we consider is
identical to the input to the MILP describeddG&S Modeling Backgrounsectionon pagers,

with the addition of the designated edge that may or may not fail and a capture target:

0 Pipeline segment from subject to failure

Y Target CQ capture amount for project (tGQr)

The algorithm presented teeworks by solving a series of 2 MILPs that identify the sequence of
solutions that form the Pareto front. The first solution in the sequence is the mheinstiffow

and the minimunrtost repair of that flow when the designated edge fails. This solution
corresponds to the initial and repaired flows showhigurel7(a). The 2 MILPs are run

sequentially and each concurrently finds an initial flow with the designated edge not failing and a
repaired flow with the deghated edge failing using the following decision variables:

i N TP Indicates if sourc&ds opened in initial solution

Annual amount of C&captured from sourc@MtCOx/yr) in initial
solution

i N Tip Indicates if sourcé&ds opened in repaired solution

Annual amount of C&captured from sourc@MtCO>/yr) in repaired

solution
i~ oqip Indicates if reservoiils opened in initial solution
O N5 Annual amount of C@injected into reservoltIMtCO2/yr) in initial

solution

i N TP Indicates if reservoids opened in repaired solution

Annual amount of C@injected into reservoitMtCO2/yr) in
repaired solution

€
z
n

n N rip Indicates if pipelinéQwith capacity®is opened in initial solution
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Annual amount of C®put in pipelineQwith capacityd(MtCO2/yr)
in initial solution

n ~ Tmp Indicates if pipelinéQwith capacityhis opened in repaired solution

Annual amount of C®put in pipelineQwith capacityd(MtCO2/yr)
in repaired solution

There is significant commonality in the constraints between the 2 MILPs. These common
constraints enforce the validity of the initial and repaired flows, and encode the failure of the
designated edge for the repaired flow:

Initial solution

0™y Q0™ A Qv OH o 6 (E)
@ h vy
Q Q G hi gnYRENTY YO (F)
Nodow Nod m h &§v 0
w 0 { Aoty (G)
o 0 i Aoy (H)
® Y (1)

Repaired solution

oMy Q 0™ HQv OH o 6 J)
G h &nvy
Q Q G RognvyYRENTY YOO (K)
Nodoow Nodoow m h &§nv0
&) 0O i A"y (L)
@ 0 i HQY (M)
® 7Y (N)
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Edge failure
Q i N & (0)]
N n HQvOoH o~ 6 (P)

where constraints (E) and (J) enforces minimum and maximum pipeline capacities. Constraint
(F) and (K) enforce conservation of flow at each niodée network. Constraints (G) and (L)
enforce limitations on source capture rates. Constraints (H) and (M) enforce limitations on
reservoir injection rates. Constraints (I) and (N) require a minimum amountgfré€essing.
Constraint (O) ensures that no £4ll be transported on the failed pipeline segment in the
repaired solution. Constraint (P) ensures that if a pipeline segment is used in the initial solution,
its fixed opening costs must still be paid in the repaired solution. This constrasetisouforce

the repaired solution to pay the fixed costs of any pipeline components purchased for the initial
solution, even if they are not used by the repaired solution, including the failed pipeline
component.

The algorithm functions in an iterative fashion, at each iteration finding an initial and repaired
solution in which the cost of the repaired solution is smaller than the cost of the repaired solution
from the previous iteration. It is important to actiwdecrease the cost of the repaired solution
instead of actively increasing the cost of the initial solution. Finding an initial solution with the
same cost as the preceding iteration but with a lower cost repaired solution is a useful solution
for the detsion-maker to consider. Conversely, an initial solution with an increased cost
compared with that of the preceding iteration and the same repaired solution cost is of little
utility. At each iteration of the algorithm, 2 MILPs are used to identify thé ingial and

repaired solutions in the sequence. An overview of the algorithm is presefigdrel8, and

the 2 MILPS are detailed is the following subsections.
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Figure 18 Overview of the objectives that the 2 MILPs optimize for when finding an initial and repaired solution
during a single iteration of the algorithm. The initial and repaired solutions found by MILP 2 form the next solution
on the Pareto front.

MILP 1
First, the cheapest initial solution is found such that the cost of its accompanying repaired
solution is |l ess than the cost of the previou

found by formulating a MILP with the input parameters andsil@t variables defined above,
and the following objective function that minimizes the cost of the initial solution:

FET Oi o & o n o Q i o ®
The constraints for the MILP are Constraints (E) through (P) with the addition of a constraint
that requires the cost of the repaired solution to be less than the cost of the repaired solution from
the last iteration. LeélY  be the cost of the repaired solution from the last iteration ded
some small value that represents the minimum step size for each sequential solution. This
constraint limiting the cost of the repaired solution is then

ol o @ o R 6 Q "0 | o O

v :
Note that to find each Paretptimal point on the Pareto front, the valué ahust be small

enough so that the repaired solution cost of the next Papétoal point does not exceed

Y T.If7 istoo large, the algorithm will skip the Par&tptimal points whose repaired

solution costs are betweén 7T andY . Because the cost differences between consecutive
Pareteoptimal points are not known in advance, it is difficult to determine an appropriate

minimumf as a property of the graph instance. In practice, we address this by defimiag a

smal | fraction (e.g., 0.1%) of the previous i
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ensures meaningful cost differences between Papdtmal points and enables effective
explorationof the Pareto front.

The result of this step is the cheapest initial solution whose corresponding repaired solution is
cheaper than the previous iterationds repaire

MILP 2

Second, an initial and repaired solution are found so that the cost of the repaired solution is
minimized and the cost of the initial solution is, at most, the cost of the initial solution found by
MILP 1. These solutions are found by a MILP with the inparameters and decision variables
defined above and the following objee function that minimizes the cost of the repaired
solution:

i ET "O i w0 O 0 ® Q O i » o

The constraints for the MILP are Constraints (E) through (P) along with an additional constraint
that is needed to force the cost of the initial solution to be, at most, the cost of the initial solution
found by MILP 1 (O ). Because the initial solution found by MILP 1 is the cheapest such
solution, this constraint ensures that the initial solution will also have this minimum cost:

O i ® O "0 ® Q O i ® O 0

N N N N

The resit of this step is the next initial and repaired solution in the solution sequence.

This algorithm generates a sequence of initial and repaired solutions. The algorithm is initialized
so that the initial solution for iteration 1 is the minimaost flow and the repaired solution is

the minimumcost repair of the initial solution when ttesignated edge fails. It is initialized to

this because it is the cheapest initial solution, in which no restrictions are put on the cost of the
repaired solution. The final iteration of the algorithm finds a solution in which the initial solution
and repired solution are both the minimueost flow on the flow network with the designated

edge excluded. It finds this solution because it is the cheapest possible repaired solution. The
intermediate solutions all represent tradts between initial solutionost and repaired solution

cost. It can now be argued that the sequence of solutions found by the algorithm lie on the Pareto
front between initial solution cost and repalrsolution cost.

Theorem: Each initi&repaired pair solution found by the algorithm is Pamgibmal.

Proof: Suppose thatd RY is the cost of an initiakepaired solution pair found by the
algorithm. This pair is Paretoptimal if there does not exist any other solution pair with cost
‘@y such that

‘O 0 AT 'Y 1 00 0 ATX% Y
Consider any other valid solution pair with co@Y . Suppose tha¥ Y .MILP 1
identified’O as the cheapest initial solution compatible with any repaired solution whose cost

is, at most)Y T.Becausey Y Y 7, O O .SupposethddD O .MILP 2
identified’Y  as the cheapest repaired solution compatible with any initial solution whose cost
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is, at mostO . BecauséO O Y 'Y . Therefore, neither condition of the Pareto
optimality condition holds andO hY is Pareteoptimal.

This theorem establishes that every solution produced by the algorithm is &aetal.
However, it does not guarantee that every Pawptomal solution is found. Generating the full
set of Paret@mptimal solutions depends on choosing a sufficientlylismaalue to avoid
skipping Paretaptimal solutions, because an overly lgrgealue will cause the algorithm to
bypass intermediate Paretptimal solutions.

Case Study

In this section, we present results from running the repairable infrastructure desighralgor

CCS infrastructure data collected by the CUSP project in the state of Nevada. The dataset
consisted of 21 sources, 3 sinks, and 5,230 km of possible pipeline routes. The total annual
emission amount in this dataset is 15.92 M#@0O The total storage capacity in this dataset is
392.3 MtCQ. Figure1l9(a) shows the location of the sources (red vertices), sinks (blue vertices),
and possible pipeline routes (purple edges). In this study, we selected the southernmost sink
(indicated with the arrow) to be the sink that may fail. The repairable infrastudzaign

algorithm was implemented into the CCS infrastructure modeling tool SImCCS, which uses a
MILP to concurrently determine cestinimal capture, transport, and storage infrastructure.
SImCCS also provides a standardized way to load, manipulateisaradize CCS data. We

replaced the SImCCS MILP core with the repairable infrastructure design algorithm but retained
the data loading, manipulation, and visualization capabilities. An example of a solved CCS
Infrastructure Design instance as viewed in SE8ds shown irFigure19(b).

(a) (b)
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Figure 19 CCS data consisting of sources (circles), sinks (squares), and possible pipeline routes (edges). The arrow
indicates the sink that fails in the evaluated scenario.

A scenario was run consisting of capturing 8 Mpy©for 20 years and identified sink number 2
(arrow inFigure19) as the sink that may fail. This scenario was run on a machine witic@ne 8

Intel Core i9 processor running at 3.6 GHz, and 64 GB of RAM. SImCCS on this machine used

| BM6s CPLEX optimization tool, version 22.1.
computational efficiency of the proposed algorithm, 5 identical runs of the scenario were
conducted and the running times were recorded for each iteration. The minimum, maximum, and
average running times for each iteration is presentédjure20. Note that iteration 1 of the

algorithm has a substantially lower running time because it is much less computationally
expensive to solve the MILP from tCS Modeling Backgrounsection on pagé5sto find a

single solution than it is to solve the MILPs from this section that each find 2 codependent
solutions.

55
50
45
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25
20
15
10

o

o |
»i

Running Time (Seconds)

1 2 3 4
Algorithm Iteration Number

Figure 20 Minimum, maximum, and average running times for each iteration of the algorithm over 5 identical runs
of the scenario

Figure21 presents the transport cost of the initial and repaired solutions over the course of 4
iterations of the algorithm. Only the transport cost is shown because the capture cost is the same
between initial and repaired solutions (due to the additional cort¥tad the storage cost is the
same because the dataset has identical storage costs for all storage locations. As designed, the
initial solution for the first iteration is the minimuowost flow on the network and its repaired

solution is the repaired mimum-cost flow. The initial and repaired solutions of the final

iteration are both the minimweost flow on the flow network with sink number 2 excluded. The
initial and repaired solutions found in the intermediate iterations demonstrate-affradavea
increasing initial solution cost and decreasing repaired solution cost.
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Figure 21 Progression of the initial and repaired solutions, over the course of the execution of the algorithm, from
the minimumcost flow (and its associated repaired solution) to minircost flow on the network with sink
number 2 excluded

Figure22 presents the sequence of Pargbtimal points, forming the Pareto front, between the
initial solution transport cost and the repaired solution transport cost found by the algorithm for
the scenario capturing 8 MtGEr for 20 years. These solutions represent the options for optimal
tradeoffs between initial solution cost and repaired solution cost. These are the solutions that a
decisionmaker would take into account when determining the likelihood of the desigrdged
failing, the cost of such a failure, and their willingness to accept risk. This evaluation
demonstrates the ability of our algorithm to identify the Pareto front in a relevant application
with reatworld data.

58 @
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55

Repaired Transport Cost ($M)
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Figure 22 Pareto front between initial transport cost and repaired transport cost
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Scalable Infrastructure Design

Solving CCS infrastructure design problems is fundamentally a computationally intractable
problem. (Formally, it is an NBRard optimization problem). CCS infrastructure design
optimization is actually even NRard to approximate within the natural logamitiof the number

of vertices in the graph. As such, finding optimal solutions to large instances is often
computationally infeasible. The MILPs presented throughout this report are solvable with
specialized software but do not scale to natibenaél CCS cae studies. In this section, we
introduce a novel GA to solve CCS infrastructure design problems (Eardley et al. 2025). The
novel contribution of our GA is the representation of a flow solution by an array of parameters
that scale the fixed costs for eaalge in the network. This representation ensures that each
array corresponds to a valid flow, thereby eliminating the need for computationally expensive
repair functions that are required by other GAs for similar fisiearge flow network problems.

By avoding costly repair functions, the proposed algorithm is able to efficiently find high
quality solutions to very large CCS infrastructure design problem instances. The proposed GA is
inspired by slope scaling techniques previously used for the flow neproblems. It is a
matheuristi¢ in that it uses mathematical programming to calculate a flow solution from a linear
program parameterized with the fixedst scaling arrays.

Non-Integer Linear Program

In this section, we introduce a linear program (LP) that is a modification of the MILP presented
in theCCS Modeling Backgrounsection on pag@b. Because it is an LP, this new formulation

can be optimally solved in polynomial time. This LP forms the foundation of the GA discussed
in later in this report. Two components of the integer linear program (ILP) are changed to turn it
into an appropriateP:

1) The binay decision variableg , i , andr} are removed, thereby turning the model into an

LP. Because the binary variables are removed, the fixed costs are then scaled and combined
with the variable costs.
2) New scaling parametets,i , andn are introduced for component that will scale the fixed

cost of each entity. These parameters form the representation of a flow solution in the GA.

Let| ,7 ,and be the decision variable representing the amount efptazessed by
sources, sinks, and pipeline components, respectively, analogousitpdhandQ
continuous decision variable in the MILP.

Then, the objective function of the LP is

|E|i—(1)| rl—(x)(] I_(UT

N N N N

The constraints in the LP mirror the constraints in the MILP:

) 0MaK Qv O o~ 6 Q)
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The output of this LP is a value for eachf , and . Of course, the optimal flow found by
the LP is |Iikely not an optimal sol uti on
determined by calculating its value when
done by defining resoae-use indicator functions ,1 , andry and assigning them values as
follows:
phQIQ m pHQIQ m phQIQ =
mhQQ 1 mhQQ n Q1
This makes the true cost of the LPO6s sol
O i W | O N @ O i w T

N N N

N

The GA described below works by varying thei , andr)y scaling parameters and scoring

the resulting optimal ,f ,and values found by this true cost equation.

Genetic Algorithm

GAs are a common evolutionary heuristic method used for segrahd optimization. GAs
manage a population ofganismghat each correspond to a solution to the problem. The
population evolves over iterations of the algorithm using evolutionary processes observed in

nature including selection, crossover, and mutation operations. Selection is the process of

deciding whichorganisms of the population continue into the next iteration (i.e., next

generation). This is the mechanism that allows the algorithm to prioritize organisms that
correspond to better solutions teetproblem and control the size of the population. Crossover is
the generation of a new organism from 2 existing organisms, analogous to biological

reproduction. Similarly, mutation is the slight modification of an organism into a new one
corresponding ta different solution. Crossover and mutation operations are the mechanisms that
allow the algorithm to search for new, and possibly better, solutions.

A number of GAs have been developed to solve various versions of thefiaege flow
network problem. In these algorithms, organisms are broadly represented as either individual
edges or predefined routes through the network. Representing organisolisidesahedges
typically involves a binary variable for each edge indicating its availability for use. Alternatively,

representing organisms as predefined routes involves a binary variable for each route in a set of
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predefined routes through the network. In the case of the individual edge representation,
generating the initial population, crossover operations, and mutation operations often requires
repairing the organism, because random sets of edges are unlilesyltanr valid flows. Using
predefined routes simplifies repairing operations but may still require repair in the event of
capacity constraint violations and is likely to result in suboptimal solutions due to the limited set
of routing options. The GAs thase these representations address the issue by using
computationally expensive repair functions to make organisms correspond to valid fltead In

of representing an organism in this fashion, we represent it as an array of theofkedaling
parameters ,i , andn . Then, the solution corresponding to this organism is the set of
solution values ,1 ,and found by the LP described earlier. The result of this representation
is that we can guarantee the solution corresponding to any organism is a valid flow, because the
LP enforces that. This avoids costly repair functions and is the key édfitiency of our

approach.

The motivation for using the fixedost scaling parameters as the organism representation is that
it allows control over the amount of fixed costs incurred and also removes the integer variables
from the optimal MILP. As the scaling parameter decreasesthe scaled fixed cost increases

to infinity, thereby dissuading selection of that edge by the LP. Conversely, as the scaling
parameter increases to infinity, the scaled fixed cost approaches 0, thereby encouraging selection
of that edge by the LP. TheAGQs tasked with searching for an organism of scaling parameters
whose corresponding flow solution is as close to optimal for the MILP as possible. Given that
the GA uses the fixedost scaling parameters as a proxy for a solution instead of directlyausing
solution, an important question is whether or not there exists a set of scaling parameters that
yields an optimal flow solution. A proof that such a set of scaling parameters is guaranteed to
exist is presented later in this report. The key componedtsvarkflow of the GA are described
below.

Fitness Function

GAs use fitness functions to rank and compare the population of organisms to aid the selection
process. Our fitness function first determines the solution for a given organism by solving the LP
togetthe , ,and solution values. After the ,] ,and values are determined, the
solutionbés true cost in the context of the op
solution equation. This value is used asfitmess of the organism, where lower values

correspond to higher fitness.

Selection Function

To keep the size of the population computationally manageable, a selection function is used to
prune the population at each iteration. A selection function is also used to identify the organisms
for crossover operations. Our GA implements a binary tournasstection function in an effort

to prioritize highfitness organisms while not ignoring all Iithess organisms. In binary

tournament selection, 2 random organisms are selected and the one with the higher fitness is kept
while the other is discardedihis ensures that higfitness organisms are likely to remain in the
population while maintaining the possibility for lefitness ones to survive as well. Binary

tournament selection is repeated until the number of organisms in the population is atede des
size.
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Crossover Function

A crossover function is used to generate a new child organism from 2 parent organisms already
in the population. Our crossover function first randomly selects 2 parent organisms from the
existing population. A child organism is constructed by taking aorandterval of the scaling
parameter array from the first parent, combined with the remaining values from the second
parent.

Mutation Function

In order to mimic evolution and introduce another element of randomness into the search, a
mutation function is used to further alter child organisms. After a child organism is generated
with the crossover function, it may be randomly selected for mutddonng a mutation

operation, a number of scaling parameter values in the organism are selected and, with equal
probability, incremented either up or down a random amount between 0 and 1. Mutated scaling
parameter values are not allowed to go below addwand to avoid negative values and divide
by-zero issues.

Genetic Algorithm

Using the functions described above, our algorithm operates as follows: First, an initial
population of organisms is randomly generated. Each organism in the ingidapon is

initialized as a scaling parameter array filled with a random value betweemand the average
value of the fixed costs in the input instance. After the initial population of organisms are
created, the algorithm proceeds in an iterative tashAt each iteration, the fitness of each
organism is first calculated as described above. While the population size is less than some
threshold, the crossover function is executed to generate child organisms. The child organisms
are also subject to ranchized mutations from the mutation function. Once the population has
increased in size to the designated threshold, the selection function is run to reduce its size while
statistically discarding the lowditness organisms. The algorithm keeps executemgiions

until the running time reaches a designated time limit.

CPLEX Polishing

Once the time | imit has bleé&nand e soutioevdhlues@rdre mo s
used as a warm start for | BUERmolisidngls iXforomet i mi z a
fifth of the total time limit, resulting in the final flow values returned by the algorithm.

Optimal Search Viability

The purpose of this section is to show that the GA is capable of finding the optimal solution of

the ILP. This claim is not trivial, because the search space of the GA is the set of possible scaling
parameter arrays, which are merely a proxy for solutadues, the property we are actually
optimizing for. The original motivation for formulating the LP and representing the organisms in
the GA as scaling parameter arrays follows from the following false claim.

Claim: If each scaling parameter equals the optimal MILP solution value for that resource, then
the optimal flow found by the resulting LP is also an optimal flow for the ILP.
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The rationale for this claim is that if each scaling parameter afd, and  solution value

both equal the opti mal MILP flow values, then
the optimal cost of the | LP&s objective funct
example inFigure23 with only pipeline costs and capacities as fixed casty yariable costs

(®), and capacities{) and a capture target of 3. In this instance, the optimal ILP solution is to

set the amount of flow 0f andQ to 2 and the amount of flow d2 andQ to 1 for a total cost

of 20. Setting flow values fd2 andQ to 2 andQ and'Q to 1 yields the LP objective of

minimizing X @ . The optimal solution to this is to set the amount of floviQoandQ to

1 and the amount of flow a2 and'Q to 2 for a total cost of 21, thereby contradicting the claim.

a, | b, | c.

€1 €3 e; |10 2 | 2
e; | 33| 2

e, €4 ez 0] 0] 2
e; | 0] 0 2

Figure 23 Counterexample to claim with only transportation costs and capacities having the displayed fixed costs
(&y), variable costsﬁ@, and capacitiesf{)) and a capture target of 3. In this instance, the optimal integer linear
program solution is 20 with a flow of 2 units G@handQ and 1 unit orQ andQ. The corresponding optimal linear
program solution is 21 with a flow of 1 unit €y andQ, and 2 units ofQ andQ.

Because the motivation claim is false, along with the fact that the scaling parameter arrays are
only proxies for the flow value solutions we seek, it remains to be shown that there actually
exists a set of scaling parameter values that will result iG#&é&nding optimal flow values for

the ILP.

i v mip Indicates if sourcé&ds opened

QNS Annual amount of C&captured from sourc@MtCO2/yr)
i N oTip Indicates if reservoils opened
N A Annual amount of C@injected into reservoif{MtCOx/yr)

n N 7ip | Indicates if pipelinéQwith capacityis opened

Q N g Annual amount of C®put in pipelineQwith capacity®(MtCOz/yr)

Theorem: For every problem instance, there exists a set of scaling parameter values such that the
optimal flow found by the resulting LB also an optimal flow for the ILP.

Proof: Without loss of generality, consider only a flow network with edge costs and capacities.
This does not influence the conclusion in general since any CCS infrastructure modeling instance
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can be represented as a network with only edge costs and capacities. lbet the optimal

flow values found by the MILP and define the sef)of scaling parameter values as follows:
. i QY Tt
f Hh Q0 Tl

Whenr) is set to ah -value near 0, the scaled fixed c@3t 1) makes those edges
prohibitively expensive to include in LP solutions, so long as valid solutions exist that do not use
those edges (such as the valid solufibn ). Likewise, iff) is set to a very large value, the

scaled fixed cost is near 0. Thepe values effectively restrict the LP to selecting only the edges
and capacities with nonzéro values.

Suppose thdOP 0§ is the set of edgeapacity pairs whend  equals 1. Then, given the
 values resulting from above, the objective for the LP becomes

m | |

N N N

Let] be optimal flow values to the LP. We aim to showthat is also an optimal flow for
the MILP. First] is a valid solution to the MILP, becayse i s a valid flow of
target value on an identical graph with the same capacities. Showing that optimal for the
ILP can be accomplished by using to feed the definitions faj and showing that
O N @ O 1 w Q

n must equal 1 for all edges@ If i) equals 0 for some edge then the fixed

costs incurred By  are lower than the fixed costs incurred®y . Also, because is
optimal for the LP,

W w Q

Therefore, iff) equals O for some edge @ is a lower cost flow for the ILP than the
optimal’Q , which is a contradiction. Therefoi@, and must incur identical fixed costs
andn must equal 1 for all edges’i@

Suppose that,

This implies that,
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which is a contradiction, becau€e is an optimal flow value for the ILP and therefore cannot
be more expensive than the valid flow . Therefore,

@ w Q
which implies that,

O 1 ® O 1 w Q

Therefore, defining thg values as above yields an LP whose optimal flow values correspond
to optimal flow values of the ILP.

Case Study

To demonstrate the efficiencyé effectiveness of the GA, an evaluation was conducted using
CCS data collected as part of the CUSP effort. The GA was implemented and integrated into
SIimCCS. Initial performance simulations guided the parameterization of the GA to have a
population sizedf 10 and mutation and crossover probability of both 50%. A mutation

probability of 50% means that each organism has a 50% chance of mutation, and a crossover
probability of 50% means that 50% of the population (without organism repetition) is crossed
overwith a random other organism in each iteration of the GA. All reported GA values are the
average of 3 runs. The optimal MILP from €S Modeling Backgrounsection on pagés

was implemented in SIMCCS using CPLEX as well. SimCCS was used as a standardized way to
represent CCS data and for problem and solution visualization. Timing was coded directly into
SIimCCS to ensure only the algorithm of interest was being timed dumudgsion. Simulations

were run on a machine with Ubuntu 20.04.5, an Intel Xee2285 processor running at 3.7

GHz, and 64 GB of RAM. SimCCS on this machine
version 22.1.1.0.

The GA was tested on 2 CCS infrastructure design datasets. The first dataset covers the state of
California and consists of 190 sources with a total annual emission rate of 88.3/\it@QR

sinks with a total lifetime storage capacity of 37.18 GtG{dd 1,188 possible pipeline

components (i.e., edges in the graph) with a total length of 17,940.88 km and 11 possible
capacities on each edge. A map of this dataset is preserigniie24.
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Figure 24 CCS dataset for the state of California consisting of sources (red), sinks (blue), and possible pipeline
routes

The second dataset covers the contiguous United States and consists of 2,746 sources with a total
annual emission rate of 532.61 Mtel@, 1,202 sinks with a total lifetime storage capacity of

2,691.86 GtCQ and 22,597 possible pipeline components with a total length of 424,674.41 km

and 11 possible capacities on each edge. This data was collected by Carbon Solutions apart from
the CUSP project as part of a study conducted by the Clean Air Task Force (B&&jon

Storage data was generated using the S@f@ologic sequestration tool (Carbon Solutions

2025b). A map of this dataset is presentelligure25.

Figure 25 CCS dataset for the contiguous United States consisting of sources (red), sinks (blue), and possible
pipeline routes
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Candidate pipeline routes were generated in SIMCCS using its candidate network generation

al gorithms. The National E TranspgrtyCost Moddi (NBTL o gy L a
2023) was used by SImCCS to determine fixed construction and variable utilization costs for the

11 discrete pipeline capacity options.

To assess the efficiency of the GA, its solution cost was compared with the sohgidound

by CPLEX solving the optimal ILP, with both methods being allowed to run for set running time
periods. For the California dataset, those running time periods were 0.5, 1, 2, 4, and 8 hours. The
target flow amount’{y was set to 80 MtCg&yr for all of the California scenarios. For the

contiguous United States dataset, the running time periods were 0.5, 1, 2, 4, 8, and 16 hours. The
target flow amount was set to 500 Mt&D for the contiguous United States scenarfagure

260 a) presents each algorithmés solution cost
dataset, an&igure26(b) presents the same results for the contiguous United States dataset. The
cost of the best solution found by the GA in
solution across all running times. Conversely, the cost of the best solutionbfptime GA in

the contiguous United States dataset was 17%
lower after 4 hours, and 2% lower after 16 hours. This suggests that the GA may have utility for
very large problem instances. The utility for smaditéamces is likely limited, due to the speed of
CPLEX.
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Figure 26 Solution cost versus running time for the genetic algorithm and optimal integer linear program (ILP) on
(a) the California dataset and (b) the contiguous United States dataset

Problem solvability is related to not only instance size but also the amount of target flow being

found. To identify the impact that target flow amount has on solution quality, scenarios were run

on the contiguous United States dataset in which the fogeamount was varied from 1 to

532 MtCQ/yr. The maximum annual capturable amount ot @D this dataset is 532.61

MtCOz/yr. Each algorithm was given 2 hours to solve each scefégiare27 presents each

al gorithmés solution costTablebpresentsehe specifid ous t ar
solution cost values and the percent i mprovem
Other than in very low and high target flow amount scenarios, the GA was fairly consistent in its
improvement over the ILP. Interestingig,the low target flow amount scenario, the GA

performed the best relative to the ILP. This suggests that the GA could have utility in a very
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large problem instance, even if the target flow amount is quite small. This is likely a realistic
scenario, where a relatively small target is sought amongst a very large space of options that
provides a compelling argument for the utility of the GA.

Figure 27 Solution cost versus target flow amount for the genetic algorithm and optimal integer linear program
(ILP). Specific solution cost values are presentetable6.

Table 6 Solution values with varying flow targets

Genetic Precent
Target flow amount MILP* algorithm improvement
1.00 0.04 0.03 25.00
66.50 3.35 3.22 3.88
133.00 7.84 7.41 5.48
199.50 13.00 12.25 5.77
266.00 18.78 17.94 4.47
332.50 24.84 23.77 4.31
399.00 31.06 29.86 3.86
465.50 38.05 35.98 5.44
532.00 49.44 43.58 11.65
*MILP = mixed-integer linear program

Project Findings and Conclusions

This focused project demonstrated that accounting for uncertainty in CCS infrastructure planning
fundamentally changes both the design process and the resulting networks. Rather than
producing a single deterministic solution, our methods generate a faimigk-informed

solutions that allow decisiemakers to weigh cost, throughput, and resilience in a transparent,
guantitative way.
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