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Part I  ð SOPO Tasks  
 

Task 1 ï 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, industry, and state 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 participants; oversight 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 the Statement 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 

framework and 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, in-person meetings, quarterly reporting, and other logistical tasks since 

formally being brought onto the project in September 2021. 

Subtask 1.1  ï 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 Reports, coordination 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 alignment, ensuring 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 performance period. 

Task 2 ï Addressing Key Technical Challenges  
 

Subtask 2.1 ï Expand Characterization of Stacked and 
Unconventional Storage  

All efforts for Subtask 2.1 focused on expanding regional understanding of stacked and 

unconventional CO2 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 partner-provided subsurface datasetsð

including stratigraphy, reservoir properties, well control, and regulatory constraintsðto 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 informed selection and prioritization of 

focused projects, supported subsequent reservoir modeling and risk assessment activities, and 

contributed foundational data to the CUSP regional database. Detailed site-specific analyses and 

modeling results associated with selected focus areas are described in later sections of this report. 

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

The CUSP teamôs efforts associated with Subtask 2.2 focused on establishing and sustaining 

collaborations to integrate and apply existing analytical, modeling, and risk-assessment 

technologies in support of geologic CO2 storage 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 development of 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 risk-assessment frameworksðsuch as NRAP toolsðfor screening, uncertainty 

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 activities with 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 Permian Basin. These 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 multi-state 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 shared analytical frameworks. 

Collaborative mechanismsðincluding biweekly coordination calls, topical working groups, 

focused-project meetings, and annual in-person meetingsðsupported ongoing integration of 

technical approaches across Tasks 2 through 4. Outcomes from 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  ï Collaborate with Industrial Partners to Identify 
and Assist with Monitoring, Verification, and Accounting 
(MVA) Strategies as Applicable  

The CUSP teamôs efforts associated with Subtask 2.3 focused on collaboration with industry 

partners to identify and support monitoring, verification, and accounting (MVA/MRV) strategies 

appropriate for candidate geologic CO2 storage projects. These efforts emphasized practical 

application of characterization, modeling, and risk-assessment 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 storage sites. These 

activities included interpretation of subsurface data, assessment of potential leakage pathways, 

and application of established risk-assessment 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 with site-specific geologic 

conditions, regulatory expectations, and best practices emerging from DOE-supported 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 ï Evaluation and implementation of Storage in the 
Permian Basin  

The CUSP teamôs efforts associated with Subtask 2.3.1 focused on supporting evaluation and 

implementation of geologic CO2 storage in collaboration with Lucid Energy and Targa 

Resources in the Permian Basin. Activities under this focused project emphasized application of 

integrated characterization, modeling, and risk-assessment workflows to active industrial 

projects, with the 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 risk-assessment tools to evaluate 

storage performance and potential leakage pathways. These analyses informed development of 

MRV plans tailored to site-specific geologic conditions and regulatory requirements. 

As part of this effort, the CUSP team contributed technical analyses and documentation 

supporting Class VIïrelevant permitting activities, including preparation of MRV plans that were 

reviewed and approved by regulatory agencies for multiple AGI wells in New Mexico and 

Texas. This work provided a practical demonstration of how integrated characterization, 

modeling, and risk-assessment approaches can be applied to commercial-scale storage projects 

and informed broader CUSP guidance on MRV strategy development. Detailed technical results 

and site-specific analyses are described in later sections of this report. 

Subtask 2.3.2 ï CCUS Hub 2.0 Concept for ONEOK  

The CUSP teamôs efforts associated with Subtask 2.3.2 supported development of the BaseCCS 

Hub 2.0 concept in collaboration with ONEOK, focusing on evaluation of hub-scale CO2 
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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 infrastructure and integration considerations, and 

evaluation of monitoring, regulatory, and economic constraints relevant to large-scale 

deployment. 

Under this subtask, the CUSP team applied integrated geologic characterization, reservoir 

modeling, techno-economic analysis, and risk-assessment approaches to inform storage 

feasibility and project viability at a conceptual level. These efforts supported assessment 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 Hub 2.0 effort are presented in later sections 

of this report. 

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

The CUSP teamôs efforts associated with Subtask 2.3.3 supported integrated evaluation of a 

potential CCS project in Osage County, Oklahoma, focusing on site-scale planning under 

geologic and infrastructure uncertainty. Activities under this subtask emphasized application of 

geologic characterization, reservoir modeling, and risk-assessment 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. This work provided a site-

specific demonstration of how integrated characterization and risk-based approaches can support 

CCS planning in challenging geologic environments. Detailed technical analyses, modeling 

results, and scenario evaluations associated with the Osage County effort are presented in later 

sections of this report. 

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

The CUSP teamôs efforts associated with Subtask 2.3.4 supported evaluation and planning of a 

regional CO2 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 environments and 

evaluating how subsurface suitability, transport infrastructure, and permitting frameworks 

interact to influence project feasibility. 

The CUSP team applied integrated characterization, modeling, economic, and risk-assessment 

approaches to screen potential storage options, assess uncertainty and constraints, and inform 

hub-scale planning considerations. This work contributed to development of a 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 California regional 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 with this subtask. 

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

The CUSP teamôs efforts associated with Subtask 2.3.6 supported preliminary evaluation of the 

feasibility of carbon capture and storage (CCS) for the Iron Mountain iron mine and associated 

direct reduced iron (DRI) processing facility in southern Utah. Activities under this subtask 

focused on early-stage 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 screening-level analyses to examine potential pathways for 

integrating CO2 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 decision-making. 

Consistent with the exploratory nature of this subtask, the work did not advance to detailed 

reservoir modeling, MRV planning, or permitting. Instead, the Iron 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  ï Development and Validation of Risk 
Assessment, Management, and Mitigation  Strategies for 
Commercial -Scale Sites  

The CUSP teamôs efforts associated with Subtask 2.4 focused on application and evaluation of 

risk assessment, management, and mitigation approaches to support planning and decision-

making for commercial-scale CO2 storage projects. Activities under this subtask emphasized use 

of established DOE-supported 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 risk-assessment approachesðincluding NRAP-based toolsðin support 

of candidate storage sites and focused projects across the region. These analyses integrated 

geologic characterization, reservoir modeling, and site-specific data to assess 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 MRV planning 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 compliance. These efforts provided a 

consistent framework for incorporating risk considerations into CCS project planning and 

contributed to demonstration of how integrated risk-based approaches can support commercial-
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scale storage decision-making. Detailed applications and results are presented in later sections of 

this report. 

Task 3 ï Facilitating Data Collection, Sharing, and 
Analysis  
The CUSP teamôs efforts under Task 3 focused on developing and sustaining the data 

infrastructure required to support regional CO2 storage assessment, modeling, and risk evaluation 

across the CUSP region. Activities 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 

assessment. Rather than generating new proprietary datasets, Task 3 prioritized integration of 

existing public, partner-provided, and DOE-supported 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, hub-scale planning efforts, and risk assessments described throughout 

this report. Task 3 outcomesðincluding curated datasets, analytical workflows, and an 

accessible regional databaseðsupported application of NRAP tools, contributed to DOE 

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

life of the project. 

Subtask 3.1  ï Engaging with National Laboratories  

The CUSP team engaged DOE national laboratories to support identification, integration, and 

application of data needed for geologic CO2 storage 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 risk-related datasets across the CUSP region. Our collaborative effort facilitated 

integration of regional and site-specific data for modeling and risk-assessment 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 CUSP-developed datasets and DOE-

supported tools and initiatives. While early project periods emphasized identification of data 

requirements and establishment of data-sharing workflows, later phases of the project reflected 

steady-state application of these collaborations as data infrastructure matured. Outcomes from 

Subtask 3.1 are reflected throughout this report in integrated modeling analyses, risk evaluations, 

and data products that support focused projects, hub-scale planning efforts, and DOE machine 

learning initiatives. 
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Subtask 3.1.1 ï 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, the concept 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 be expanded 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 database, a database 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 conventional databases homogenous databases. 

Such tools are excellent but they can be over-specialized. 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 positive or negative 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 multi-topic database a heterogeneous 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 a carbon dioxide 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 the local population 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 3.1.1 A 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/remove/edit fields and tables as 

stakeholdersô needs changed. So, the emphasis was not on the creation of a database, but on a 

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 3.1.2 Carbon 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. 

 

Figure 3.1.3 The 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 well called ñTable Butte U 1ò that may be a good candidate. Thus, we have 
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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. 

   

   

Figure 3.1.4 Wells, 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. 

    

Figure 3.1.5 On the left is a formation in the database. Notice the Metadata button conveniently placed above the 

image. After clicking óMetadataô, the full information about the source of the data appears on the right, along with a 

download button to retrieve the original data. 

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 Carbon Portal has 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. 

 

Fig 3.1.6 The EGI Carbon Portal can be reimagined as the EGI Resource Portal. This heterogenous database can 

allow non-specialist and non-technical stakeholders to explore commercial viability of the projects they envision. 

Subtask 3.1.2 ï 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 

Projections) 

123 records Well Porosity 14,888 

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 viewer in Figure 3.1.4. 
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Fig 3.1.7 Left 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. 

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 along a fault 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 such a location. 

Subtask 3.1.3 ï 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 to recent water measurement, the 

current values of water sources can be obtained. 

Subtask 3.1.4 ï Gather and Catalogue CO 2 Emissions (Point) 
Source Database  

One of the topics inside of the EGI Carbon Portal heterogeneous database is Facility Emissions. 
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Figure 3.1.8 This database interface provides access to records for hundreds of thousands of Facility Emissions 

between 2010 and 2021. 

In a few seconds, we can do a complex query such as ñfacilities emitting non-biogenic carbon 

dioxide in the Los Angeles area in 2021ò. Once again, this can then be easily mapped, and 

colored by emission quantity, without leaving the website. 

 

Figure 3.1.9 Facilities emitting non-biogenic 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 2010-2021 Nitrous Oxide Emissions 363,595 

records 

Summary of data contained in the EGI Carbon Portal óFacilityô and óFacility Emissionsô topics. 

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

Subtask 3.2  ï Apply NRAP Tools to Assess Geologic Risks  

The CUSP team applied National Risk Assessment Partnership (NRAP) tools to assess geologic 

risks associated with CO2 storage across the CUSP region. Building on the integrated datasets 

developed under Subtask 3.1, we employed NRAP-supported risk-assessment frameworks to 

evaluate potential leakage pathways, characterize key sources of uncertainty, and inform 

monitoring and verification (MRV) planning for candidate storage sites. The NRAP tool suite 

includes integrated assessment, induced seismicity, and monitoring-design tools intended to 

support quantitative risk assessment and uncertainty evaluation; the quarterly reports document 

application of NRAP tools broadly without attribution to specific sub-components. 

NRAP tools were applied in support of both regional screening efforts and site-specific analyses 

conducted under Tasks 2 and 4, including multiple Focus Projects. These applications integrated 

geologic characterization, reservoir simulation results, USDW information, legacy well data, and 

site-specific operational assumptions to assess risks related to containment, injectivity, induced 

seismicity, and monitoring design. Across the project, NRAP-based analyses were used to 

identify dominant uncertainty drivers, 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 supported risk-informed planning and decision-making for 

Focus Projects and hub-scale CCUS concepts described throughout this report. Detailed 

outcomes of specific NRAP analysesðincluding assessments of leakage risk, induced 

seismicity, well integrity, and monitoring performanceðare documented in the Focus Project 

summaries (Part II), Task 5 Risk Assessment sections, National Laboratory contributions, and 

Regional Readiness Indices analyses presented elsewhere in this final report. Collectively, these 

sections reflect extensive application of NRAP tools over the life of the project and demonstrate 

how NRAP-informed risk assessment was integrated into storage screening, MRV planning, 

regulatory considerations, and regional CCS decision-support workflows. 

Subtask 3.3  ï Provide Synthesized Data to DOEôs Machine 
Learning Initiative  

The CUSP team synthesized and delivered curated datasets and analytical outputs to support 

DOE machine learning (ML) initiatives focused on geologic CO2 storage assessment. Building 

on the regional data infrastructure developed under Subtask 3.1 and the risk-assessment 
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applications conducted under Subtask 3.2, we organized geologic, reservoir, risk, and Focus 

Projectïspecific data in formats suitable for use in ML workflows and decision-support tools. 

In coordination with DOE national laboratories and NETL-led ML efforts (SMART and 

otherwise), the CUSP team provided synthesized datasets, model inputs, and metadata describing 

storage properties, uncertainty drivers, and risk-related attributes across multiple basins and 

storage settings. These contributions emphasized reuse of existing analyses and outputsðrather 

than development of new modelsðto ensure consistency with DOE-supported analytical 

frameworks and to facilitate integration with broader ML research activities. 

Outcomes of the Subtask 3.3 effort supported DOE efforts to apply machine learning to CCUS 

planning and risk evaluation. CUSP-provided datasets and analytical products informed ML-

based investigations of storage suitability, uncertainty characterization, and regional 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  ï SMART-CS Initiative Support  

The CUSP team supported DOEôs SMART-CS initiative through coordination and data 

contributions that aligned regional CCUS analyses with broader machine learningïbased 

research efforts. Much of the technical work supporting SMART-CS was 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 SMART-CS objectives related to machine learningï

enabled assessment of CO2 storage suitability and uncertainty. These efforts emphasized 

consistency between CUSP-developed datasets and DOE-supported ML frameworks and ensured 

that regional storage assessments and risk insights generated through CUSP could be 

incorporated into broader, scalable analytical tools developed under SMART-CS. 

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 objectives to advance data-

driven approaches for CCS planning while maintaining clear delineation between CUSP 

deliverables and the independently funded SMART-CS research activities. 

Task 4 ï Evaluating Regional Infrastructure  
Carbon Solutions provided support on Task 4 ï Evaluating Regional Infrastructure in several 

states across the CUSP region by applying its SimCCSPRO toolset (Carbon Solutions 2025d; 

including CostMAPPRO [Carbon Solutions 2025b], SCO2T
PRO [Carbon Solutions 2025c], and 

CO2NCORD [Carbon Solutions 2025a]) to case studies for each Focused Project. Specifically, 

Carbon Solutions supported the following Focused Projects: 

¶ California 

¶ Kansas 

¶ Montana 

¶ Nevada 
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¶ 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: Outreach, Data Organization, Data 

Analytics, and Economic Analysis. Support was provided by co-leading 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 ï Catalog, Map, and Evaluate Extant and Near -
Term CO2 Distribution Network  

Carbon Solutions worked to expand and update its existing data on CO2 transport systems using 

MAPSearch pipeline data (https://www.mapsearch.com/, accessed January 14, 2026). Integrating 

this data into CostMAPPRO allowed Carbon Solutions to better incorporate existing real-world 

pipelines as rights-of-way (ROWs) that might act as corridors, encouraging CCS projects in the 

future (Figure 1). These data were added as a new input layer when generating routing and cost 

surfaces used in SimCCSPRO scenario runs. 

https://www.mapsearch.com/
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Figure 1 Pipeline data 

Carbon Solutions is not affiliated with SimCCS Gateway. The Indiana University team 

supporting SimCCS Gateway has disbanded since project inception. The website is still live 

(https://SimCCS.org, accessed January 10, 2026) but is not actively supported by Indiana 

University. 

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

CostMAPPRO integrates 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.g., 

building on sloped land is more expensive than flat), and geospatial data weighted to 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 cost surfaces 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 pipeline development. 

Differences in the outcomes of weighting for routing versus construction costs can be seen in 

Figure 2. 

https://simccs.org/
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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 as rights-of-way, potentially supporting and 

encouraging pipeline deployment. For example, existing pipelines or transmission lines could 

encourage pipeline deployment since rights-of-ways have already been secured, potentially 

reducing the cost of routing a pipeline that follows them. More specifically, CostMAPPRO 

incorporates the following geospatial data that relate more directly to rights-of-way (see Table 

1). 

Table 1 Specific CostMAPPRO data layers that impact rights-of-way decision making 

Geospatial layer Explanation and data source 

Pipelines Pipeline ROW data from state and federal sources* 

Transmission lines 

Data from Homeland Infrastructure Foundation-Level 

Data Working Group**  

Railroads 

Railway data from the U.S. Department of 

Transportation Rail Network data***  

Roads 

All roads from the U.S. Census Bureau TIGER/Line 

shapefiles****  and from the National Transportation 

Atlas Database for large scales*****  

*https://www.mapsearch.com/, accessed January 14, 2026 

**At the time of data collection, these data were publicly available at https://www.dhs.gov/gmo/hifld; the 

site has since been removed.  

*** https://railroads.dot.gov/rail -network-development/maps-and-data/maps-geographic-information -

system/maps-geographic, accessed January 14, 2026 

**** https://www.census.gov/geographies/mapping-files/time-series/geo/tiger-line-file.html , accessed 

January 14, 2026 

***** https://geodata.bts.gov/, 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 MAPSearch (https://www.mapsearch.com/, accessed January 14, 2026). These data 

https://www.mapsearch.com/
https://www.dhs.gov/gmo/hifld
https://railroads.dot.gov/rail-network-development/maps-and-data/maps-geographic-information-system/maps-geographic
https://railroads.dot.gov/rail-network-development/maps-and-data/maps-geographic-information-system/maps-geographic
https://www.census.gov/geographies/mapping-files/time-series/geo/tiger-line-file.html
https://geodata.bts.gov/
https://www.mapsearch.com/
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layers were incorporated into each routing and cost surface across all SimCCSPRO scenarios in 

each individual Focused Project case study. 

Subtask 4.3 ï 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, SimCCSPRO 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 future project partners 

that could join in CCUS efforts. For example, in the 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 emitters of CO2 engaged 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 SimCCSPRO result networks can be viewed in Figure 3. 

 

A 

 

B 

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 CO2 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 SimCCSPRO the cost of CCUS networks at the proposed field site range from $74 to 

$80/tCO2, falling below the current 45Q tax credit of $85/tCO2. On the other hand, the total 

CCUS network costs for the Kansas Focused Project range from $86/tCO2 to $110/tCO2, 

indicating that the current 45Q tax credit threshold might 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 CO2 would engage in CCUS efforts. 

Alternatively, in the Oklahoma Focused Project, total CCUS network costs range from $37/tCO2 

to $96/tCO2. Approximately 75% of the Oklahoma Focused Project scenarios have total unit 

costs that fall below the current 45Q tax credit of $85/tCO2 suggesting that the current 45Q tax 

credit is sufficient to incentivize early CCUS efforts in Oklahoma. 
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Subtask 4.4 ï Economic Assessment  

Carbon Solutions provided support on Subtask 4.4 across all Focused Projects with targeted 

scenarios on the following projects: 

¶ California Focused Project ï Statewide CCUS scenarios comparing hub vs distributed 

storage. 

¶ Kansas Focused Project ï Inclusion of other nearby facilities in support of potential 

CarbonSAFE applications. 

¶ Oklahoma Focused Project ï Evaluation of stacked storage in support of developing a CCUS 

roadmap. 

For example, in the California Focused Project, Carbon Solutions ran four ñfutureò scenarios 

looking at statewide CCUS network deployment using either hub storage locations or the 50 km 

SCO2T
PRO storage locations. The three hub storage locations were: 

1. Northern California ñTehama Countyò Hub was selected because of its higher probability of 
being a viable geologic CO2 storage reservoir than other options in the surrounding area.  

2. Central California ñSan Joaquin Countyò Hub is located just west of San Fransico.  

3. Southern California ñKern Countyò Hub that aggregates all 10-by-10-km cells in Kern 

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 deployed fewer pipelines for the same 

capture target and generally had lower total CCUS network costs when compared with hub 

storage options (Table 2). For example, when capturing all available CO2 emissions in 

California, distributed storage deployed approximately 3,359 km of pipeline with a total CCUS 

network cost of $102/tCO2. The corresponding hub scenario saw the deployment of 5,133 km of 

pipeline with a total CCUS network cost of $109/tCO2. It 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 hub storage. Further, 80 unique storage locations are deployed in the 

distributed storage scenario when capturing all available CO2 emissions in California from 246 

unique facilities. This indicates that captured CO2 emissions 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 forward-looking California runs conducted using 

SimCCSPRO. DS-AS refers to distributed storage and all sources, DS-SG refers to distributed 

storage and steam generators, HS-AS refers to hub storage and all sources, HS-SG refers to 

hub storage and steam generators. 

Run Annual 

capture 

target, 

MtCO 2/yr  

Number 

of 

sources 

Number 

of sinks 

Network 

length, 

km 

Capture 

cost, 

$/tCO2 

Transport 

cost, 

$/tCO2 

Storage 

cost, $/tCO2 

Total 

cost, 

$/tCO2 

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, captured CO2 could be deployed in any 

county that had geologic CO2 storage, including but not limited to counties with existing CO2-

EOR operations. The second set of scenarios limited storage options to only those counties with 

geologic CO2 storage and counties with existing CO2-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 CO2 typically deploying first. Additionally, Carbon Solutions examined how often a 

county was deployed across SimCCSPRO scenarios, indicating those counties that would be 

suitable targets for future analysis and exploration (Figure 4). Several counties with existing 

CO2-EOR operations and geologic CO2 storage 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 future appetite for stacked storage in Oklahoma, it could serve as an important 

starting point for CCUS in Oklahoma. 

 

Figure 4 Percentage deployment of each county across A) scenarios where geologic CO2 storage 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  ï Characterization of CO 2 Storage Potential in 
Harquahala Basin  

See Both state- and basin-scale assessments of the geothermal favorability in Nevada have 

previously been made (e.g., Coolbaugh et al. 2005; Penfield et al. 2010; Iovenitti 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 regional-scale assessments of CO2 

geological storage in sedimentary basin geothermal reservoirs of Nevada; and previous 

preliminary assessments of the potential for CO2 geological storage in the state did not consider 

using geologically stored CO2 as a subsurface heat extraction fluid for geothermal electricity 

generation (e.g., Price et al. 2005). 

 

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 systems 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 (Iovenitti et al. 2016). Assessments of EGS are currently being 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 CO2 as the heat-extraction fluid can more than halve the 

cost of sedimentary basin geothermal power generation compared to using in-situ water because 

CO2 is a more efficient heat extraction fluid (e.g., Adams et al. 2021; Zhang et al. 2014). As a 

result, geologically stored CO2 may ñunlockò using sedimentary basin geothermal resources for 

electricity generation by using CO2 plume geothermal power plants (Ogland-Hand et al. 2022). 

Nevada is a good test bed to assess the feasibility of using CO2 plume geothermal power plants 

in the United States due to the stateôs high geothermal potential from its location in the 
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tectonically active Basin and Range physiographic province (Figure 67) and having existing 

geothermal energy infrastructure (Figure 68). 

 

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 Nevada are also shown. 

Objectives and Outcomes  

The general objectives of the focused project are to (1) perform a regional-scale assessment to 

fill a data gap of critical information related to carbon capture, utilization, and storage (CCUS) 

technologies to mitigate CO2 emissions in Nevada and (2) to develop an approach to regionally 

assess the potential that using CO2 geological 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 stored CO2 as a 

subsurface heat extraction fluid can store between approximately 2 and 7 MtCO2 per MW of 

electric power capacity and as such, they are one of the only CO2-utilization processes that may 

demand megatonne, if not gigatonne, volumes of CO2 geological storage (Adams et al. 2021). 

Nevada may be an especially favorable state for low-cost CO2 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 geothermal temperature gradients (e.g., Coolbaugh et al. 2005; 

USGS 2008; Figure 68). 

The CUSP West-specific objectives are to (1) provide an approach that could be used to 

regionally assess the favorability of CO2 geological 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 efforts of the 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 resources of Nevada. 

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 Jonathan Ogland-Hand (Co-

PI), Jeff Bennett, and Richard Middleton of Carbon Solutions, LLC. The overall scope of work 

included the DRI team creating a 2-km grid resolution geospatial dataset of pertinent geologic 

and geothermal information to identify areas that are favorable for CO2 geological 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 CUSP project were integrated for a basin-scale 

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 cost of CO2 storage, as 

well as the power capacity and cost of CO2 plume geothermal power plants across Nevada (e.g., 

Ogland-Hand 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) regional- and basin-

scale geologic and geothermal characterization and identification of potential sedimentary basin 

geothermal reservoirs and (2) estimating the storage capacity and cost of CO2 storage at basin-

scales using site-specific well log information. The geospatial datasets, approaches, and tools 

used in the overall assessment include:  

Geologic and Geothermal Characterization  

A regional-scale assessment of CO2 geological storage in sedimentary basin geothermal 

reservoirs was performed using a range of geologic, geophysical, and geothermal information 

appropriate for making a regional-scale assessment. The geothermal potential assessment of 

Coolbaugh et al. (2005) 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 existing deep 

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 pre-Cenozoic basement in northern Nevada 

(Ponce 2004; Figure 69A). This dataset was double-checked 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 a 1-km 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 scale of 1:500,000 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 pre-Cenozoic rocks (Stewart and Carlson 

1978; Figure 69B). 

 

Figure 69 Maps of northern Nevada used in the regional-scale assessment of CO2 geological storage in geothermal 

reservoirs: (A) depth to pre-Cenozoic 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 map of geothermal temperature 

gradient at less than 2 km depth (Coolbaugh et al. 2005) provided the information required for 

the SCO2T and genGEO computational tools (Figure 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 fluids to rise to 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 rates will likely have higher geothermal favorability compared to 

fault zones with slower slip rates that may have lower geothermal favorability. A 2-km buffer 

bounding mapped fault traces was applied to best represent the extent of high density fracturing 

along discrete shear zones. 

Sedimentary Basin Geothermal Reservoir Assessment  

The approach used to identify sedimentary basin geothermal reservoirs is principally based on an 

evaluation-parameter rating scheme. The rating scheme approach is commonly used in geologic 

hazard assessments and developed by considering intrinsic trigger parameters 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 al. (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/km, and (3) location of faults 

and associated slip rate information (i.e., fault activity; Figure 69). A non-weighted, 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., Pachauri and Pant 1992). A 10-fold rating class (0ï9) was used 

for sedimentary valley fill greater than 800 m depth (i.e., depth to bedrock) and geothermal 

temperature gradient data layers, whereas a 4-fold rating class (0ï3) was applied for the fault 

activity (i.e., slip rate) data layer (Table 11). Geospatial analyses were initially performed in 

ArcGIS to resample original datasets to have 2-km grid resolution followed by classifying the 

resampled data in MATLAB® programming language using the factor ratings for each data 

layer. 

 

Table 11 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 gradient (°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 <35o 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 

CO2 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 for CO2 plume 

geothermal power plant generation. The amount of CO2 that 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%; annual operation and management costs of 5.5% of specific capitol 

cost; and capitol recovery factor of 5.2%. 

As the deployment of sedimentary basin CO2 plume geothermal power plants will ultimately be 

driven by a currently undetermined CO2 policy (e.g., Section 45Q of the U.S. Tax Code [Credit 

for Carboné2021], CO2 prices), the modeling performed for the focused project is principally 

based on the lowest cost of CO2 plume geothermal levelized cost of electricity. The rapid tool for 

carbon storage science, engineering, and economics (SCO2T: Middleton et al. 2020a, 2020b) and 

the generalizable GEOthermal techno-economic simulator (genGEO; Ezekiel et al. 2024) with 

recent tool enhancements (Ogland-Hand et al. 2022) were used to calculate: a) the cost and 

storage capacity of CO2 geological storage; and b) the cost, power generation capacity, and CO2 

requirements of CO2 plume geothermal power plants. 

Project Findings  

Regional -Scale Sedimentary Basin Geothermal Reservoirs of 
Northern Nevada  

A sixteen-fold rating classification ranging from None to Very High was generated from the 

three intrinsic parameter data layers to estimate the regional-scale 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 sixteen-fold rating classification can be generalized into four rating 

classes. The four-fold rating classes provides a simplification to assess the relative sedimentary 

basin geothermal potential including: None (<7); Moderate (7ï10); High (10ï13); and Very High 

(13ï16; Figure 70). 

 

Figure 70 Map of sedimentary geothermal potential of northern Nevada. Rating classes are: None (<7); Moderate 

(7ï10); High (10ï13); and Very High (13ï16). 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 regional-scale assessment based on the basins having existing 

deep well log information (Figure 71). A basin-scale assessment of these areas was performed to 

(1) validate the regional-scale approach and (2) provide a site-specific feasibility assessment of 

using CO2 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 (see Figure 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 sedimentary basins having 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 east: Black Rock, Fallon, Tuscarora, Humboldt, and 

Pine Valley (Figure 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 (see 50-km SCO2T 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 regional-scale assessment, as well as assess the feasibility of using deep 

sedimentary basin CO2 plume geothermal geological storage in northern Nevada.  
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Black Rock Sedimentary Basin Analysis  

Of the five sedimentary basins identified in the regional-scale 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 site-specific reservoir property data. The basin was selected because of its 

relatively large size, has the highest sedimentary geothermal potential of the five basins 

evaluated (Figure 72), and has the highest temperature gradients in the region, ranging mostly 

from 60°C/km to 75°C/km (Figure 73). 

 

 

Figure 72 Map of sedimentary geothermal potential within the Black Rock basin based on the regional-scale 

assessment. The extent of the 2-km grid coincides with depths greater than 1,950 m in the valley, which is the top of 

the first saline reservoir identified in the King Lear Federal No. 1-17 well log. 

 

Figure 73 Map of geothermal temperature gradient within the Black Rock basin (Coolbaugh et al. 2005). The extent 

of the 2-km 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 Federal No. 1-17 well log. 

The Black Rock sedimentary basin is within a half graben formed between the west-dipping 

Jackson Mountains and Black Rock fault zones (Figure 71 and Figure 72). The Black Rock 

sedimentary basin is the largest of the five basins evaluated. The basin has an area of 912 km2 

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 approximately 60-m thick saline 

formation (reservoir 1) composed of Miocene interbedded lacustrine siltstone and claystone and 

a lower approximately 120-m thick saline formation (reservoir 2) consisting of Miocene 

lacustrine siltstone with lesser interbeds of limestone and tuffaceous siltstone that were identified 

in a geophysical well log from the east-central sector of the basin (King Lear Federal No. 1-17 

[API# 27-013-05002]; Table 12; Figure 73). 

Table 12 Reservoir property data from analysis of geophysical log of the King Lear Federal No. 1-17 well (API# 27-013-05002) in Black Rock Desert. 

Reservoir 
no. 

Depth 
top 

Depth 
bottom 

Net 
thickness 

Mean 
porosity 

Minimum 
porosity 

Maximum 
porosity 

Mean 
permeability 

Minimum 
permeability 

Maximum 
permeability 

Mean 
salinity 

(m) (m) (m) (fraction) (fraction) (fraction) (mD) (mD) (mD) (mg/L) 

1 1,951 1,981 30 0.288 0.265 0.299 1,630.1 1,043.3 1,969.5 9,048.8 

1 1,981 2,012 30 0.288 0.263 0.300 1,622.1 1,003.1 2,004.9 11,033.7 

2 2,012 2,042 30 0.276 0.242 0.299 1,308.0 653.9 1,969.5 11,290.7 

2 2,042 2,073 30 0.260 0.241 0.294 953.8 640.2 1,800.3 11,123.0 

2 2,073 2,103 30 0.257 0.223 0.300 934.3 432.1 2,004.9 10,276.0 

2 2,103 2,133 30 0.272 0.242 0.300 1,235.1 653.9 2,004.9 11,697.5 

           

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 account for a grid cellôs distance from 

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 insights on potential changes in hydraulic conductivity and 

permeability relative to fault distance (e.g., Jiang et al. 2025). Furthermore, a major assumption 

in the basin-scale analysis is the saline formations and associated aquifer properties identified in 

the well 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 CO2 plume 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 and siltstone (depth: 1,950ï2,012 m) and siltstone and 

limestone with tuffaceous siltstone (depth: 2,010ï2,130), along with geothermal temperature 

gradient (Figure 73) were used with the SCO2T and genGEO computational tools (Ogland-Hand 

et al. 2022) to identify sectors of the Black Rock basin with the lowest-cost power 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 reservoir 2 (Figure 74). The range of depths analyzed is 
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reflective of each reservoirôs different aquifer properties and geothermal temperature gradients 

(Table 12 and Figure 73). In general, a deep and thick saline formation with high permeability and 

a high temperature gradient result in low-cost CO2 plume geothermal power and in turn, low-cost 

geologic CO2 storage. The results of the assessment are promising and show that most of the 

basin has the potential for low-cost CO2 plume geothermal power generation ranging from 

$70/MWh to $80/MWh to less than $70/MWh (Figure 74). 

 

Figure 74 Maps showing greenfield levelized cost of electricity of CO2 plume 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 1,980 m; and a lower 

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 of the CO2-

geological storage in sedimentary basin geothermal reservoirs of northern Nevada. Both 

regional- and basin-scale assessments of the geothermal favorability in the state have previously 

been made. However, there are currently no published regional-scale assessments of CO2 

geological storage in sedimentary basin geothermal reservoirs of Nevada; and previous 

preliminary assessments of the potential for CO2 geological storage in the state did not consider 
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using geologically stored CO2 as a subsurface heat extraction fluid for geothermal electricity 

generation. 

The goal of the CUSP focused project is to provide an initial ñfirst cutò regional-scale 

assessment of the potential for CO2 geological storage in sedimentary basin geothermal 

reservoirs to fill a data gap of critical information related to CCUS technologies to mitigate CO2 

emissions in Nevada. The regional assessment was based on the integration of 2-km grid 

resolution geospatial datasets of geologic and geothermal information to identify areas that are 

favorable for deep sedimentary basin CO2 plume geothermal geological storage. From the 

regional assessment, five sedimentary basins were identified for basin-scale assessments based 

on the presence of deep well log geophysical data that were previously analyzed for the Nevada 

CUSP project to characterize reservoir properties. The reservoir property data was then used as 

model input parameters for the SCO2T and genGEO computational tools to characterize (1) the 

cost and storage capacity of CO2 geologic storage and (2) the power capacity and cost of 

greenfield CO2 plume geothermal power generation.  

Analysis of the Black Rock basin was performed as a proof-of-concept of a basin-scale 

assessment. The analysis shows that sedimentary basins with Moderate to Very High 

sedimentary geothermal potential, geothermal gradients of less than 55°C/km, and interbedded 

claystone and siltstone saline formations with salinities ranging from approximately 6,000 to 

25,600 mg/L have the lowest cost of CO2 plume geothermal levelized cost of electricity, ranging 

from $80/MWh to $70/MWh to less than $70/MWh. 

The regional-scale assessment of sedimentary geothermal potential provided a useful dataset to 

identify areas for more detailed basin-scale assessments of low-cost CO2 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 CO2 geological storage at both regional- and basin-scales in other 

CUSP states with sedimentary basin geothermal resources. 
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Subtask 4.5.2  ï Regional -Scale Assessment of CO 2 Geological 
Storage in Sedimentary Basin Geothermal Reservoirs of Nevada  

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

salt water disposal target, and a potential CO2 injection target. Since the oil reservoirs have been 

mostly played out, new life for the reservoir is a target for CO2 sequestration. A potential source 

of the CO2 is from the potential retrofitting ñBlue Hydrogenò Escalante Power Plant (Figure 33). 

The plant will create hydrogen from natural gas while sequestering 97% of its CO2 emissions. 

 

Figure 33. 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 Sandstone (Figure 34). The Entrada 
Sandstone is a large eolian sand erg that covers the northwestern part of New Mexico. It consists of very 
fine- to medium-grained sandstones that are composed of quartz and subordinate feldspars and lithic 
rock fragments. Potential secondary reservoirs 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 deposits consist 
of alluvial fan and plain sediments associated with widespread, braided stream complexes. 

 

Figure 34. 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 coastal salina where marine 

and freshwater interacted. Todilto deposits consists of algally-laminated limestones with 

anhydrite nodules, high-energy coastal carbonates to massive anhydrite deposits. The 

Summerville deposits represent a change from the tidal flats to fluvial and lacustrine depositional 

environments. Sediments include very fine-grained sandstones, siltstones, mudstones and 

limestones. The Carmel Formation represents widespread sabkha deposits in the San Juan Basin 

and are composed of siltstones and mudstones. 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 encased by 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 units (Figure 36 to Figure 38). These surfaces, and the others 

created in the geologic model, were then utilized for the simulation model. 

 

Figure 35. Base map showing the distribution of wells used for this study. The blue line is Cortez CO2 pipeline. 
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Figure 36. Entrada Sandstone subsea structure and isopach maps. The contour interval (CI) = 200 feet for the 

structure map and CI = 50 feet for the isopach map. The blue line is the Cortez Pipeline on this and subsequent 

figures. The subsea maps show the numerous faults that bound the eastern margin of the San Juan Basin and make 

up the Nacimiento uplift and Archuleta Anticlinorium. 

 

Figure 37. Todilto Formation subsea structure and isopach maps. The CI = 200 feet for the structure map and CI = 

20 feet for the isopach map. 
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Figure 38. Summerville Formation subsea structure and isopach maps. The CI = 200 feet for the structure map and 

CI = 15 feet for the isopach map. 

Due to several small oil fields occurring with the study area, core is available (Figure 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 that internally, porosity and permeability 

vary in the Entrada Sandstone (Figure 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 depth. This is easily seen in thin sections from the San Luis Federal #001 core 

(Figure 41 and Figure 42). 



CUSP West Final Report ï DOE Award DE-FE0031837 

 62  

 

Figure 39. Map showing available cores in the area. The blue star is the approximate location of the recommended 

injection well. 

 

Figure 40. Log from the San Luis Federal #001 (30-043-20099) showing the 87 feet of tight Todilto Formation, 

followed by a zone of variable porosity in Entrada Sandstone. 
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Figure 41. A plane-light 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 rock fragments (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 porosity, but 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. 

 

Figure 42. A plane-light 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 deposited in an interdunal setting. Note the abundance of finer-grained 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 models (Figure 43). 

 

Figure 43. 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 injection zones and associated sealôs geology is less understood due to the 

lack of coring and porosity and permeability analyses. 

Reservoir Model  

Compositional reservoir simulator CMG-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 geo-structural trapping, hysteresis trapping, and solubility 

trapping. Reservoir rock types, and fluid properties from San Juan Basin Entrada 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. 

The domain of the current model remains to be 60.9 miles by 57.1 miles square (Figure 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. It consists of seven (5) geological zones, where óSalt 

Washô, óBluffô, and óEntradaô are the potential storage zones. The reservoir initial conditions and 

trapping mechanisms stay the same as the last version of the model. Carter-Tracy limited 

reservoir was assigned to the boundary of the simulation domain to mimic infinite reservoir 

response. Mid-depth (-1,850 ft ï MSL, 7,760 ft - 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. The P-T condition was used to compute the fluid model by Peng-Robinson 

Equation of State in the CMG-WinProp module. Irreducible water saturation of 0.55 is used to 
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generate the relative permeability curves for the gas-water system (Figure 46). The reservoir is 

assumed to be initially saturated with 100% brine and exhibit hydrostatic equilibrium. 

 

Figure 44. Aerial view of the simulation model boundary over the state map. 

 

Figure 45. 3D view of the simulation model with SWDs and fault models considered. 
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Figure 46. 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 CO2 over 30 yr period. The schedule of each simulation run can be categorized 

into three phases: (1) history matching (1990 to 2023), (2) CO2 injection (2023 to 2053), and (3) 

post-injection 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 Wash formation prevents the CO2 from 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 CO2 to migrate upward while interacting with the formation solution and matrix that 

more CO2 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 shallowest perforation 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 domain (Table 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 through an in-house program for SWDs. The 

purpose of this step is to justify the permeability and porosity realizations populated through 

statistic calculation with available core plug samples and correlations (Table 8 and Figure 47). 

Table 7. Petrophysical properties used for zones of the simulation model. 

 Porosity, dec Permeability, md Average Thickness, ft 

Salt Wash 0.17 to 0.23 1.9 to 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 0.01 to 0.25 0.01 to 507.13 100 

 
Table 8. Active saltwater disposal wells considered in the model validation. 

 

 

Figure 47. Petrophysical properties correlation from core plug samples. 
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Some representative results of the history matching are shown in Figure 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 result in parts 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 experience near-wellbore 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 the records may need quality 

checks and adjustment. 

 

Figure 48. The injection historical injection rates of saltwater disposal wells. 

 

Figure 49. The injection historical bottom hole pressures of saltwater disposal wells. 

The total injected CO2 achieved 45 Mt CO2 over 30 yr, and 1.5 million tons of injection rate 

maintained the entire injection period (Figure 50). The CO2 plume barely migrated during the 

post monitoring period and the size is about 10 miles in diameter (Figure 51). The CO2 is 

predominantly stored as supercritical phase and trapped through capillary pressure hysteresis 
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effect. 25% of which CO2 was dissolved in formation brine under the reservoir temperature and 

pressure conditions (Figure 52). 

 

Figure 50. The total CO2 injected over 30 yr and the yearly rates. 

 

Figure 51. The injected CO2 plume at the end of 30-yr injection and 20-yr post-injection. 
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Figure 52. The injected CO2 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 2 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 CO2 over a 30-year 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 storage of CO2 in coalbeds is injectivity decline near the wellbore which has been 

linked to swelling induced permeability reduction as CO2 adsorbs 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 storage of CO2 in New 

Mexico coalbeds, we performed laboratory flow-through experiments in Fruitland coal samples 

under reservoir conditions to measure the permeability reduction over time. Permeability 

experiments  were combined with unconfined compressive strength tests (UCS) on two pristine 

samples and flow-through samples interacted with CO2 to determine if adsorption of CO2 had 

any adverse effects on strength and stiffness within the Fruitland Coal which may affect 

operations. Finally, adsorption isotherms for CO2 and N2 in the experimental samples were 

developed using Brunauer-Emmett-Teller (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 3739.75 ï 3759 ft. from well 

Chicosa 35, API 3003924622 (FCC35; Figure 1; Tables 1 and 2). 3 cylindrical samples were cut 

parallel to general dimensions of 1.5ò diameter by 2.25 - 2.5ò length for the experiments using a 

standard press (Table 2). Due to friability, a heat shrink was molded to the samples before they 

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

completed dry, without cooling fluids to retain sample integrity. 

 

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 
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Table 2. Core parameters of Fruitland Coall 

Sample            

ID Test Type 

Interval            

ft 

Interval            

m 

Length        

cm 

Diameter    

cm 

FCC35-1 CO2/UCS 3759 1145.74 5.9479 3.8682 

FCC35-2 CO2/UCS 3758.33 1145.54 6.2009 3.8684 

FCC35-3 CO2/UCS 3758 1145.44 6.1006 3.8814 

FCC35-4 Pristine UCS 3739.75 1139.88 5.7523 3.8710 

FCC35-5 Pristine UCS 3740 1139.95 6.0117 3.8669 

2.2 Laboratory Flow -Through Experiments  

Flow-through experiments with supercritical CO2 were conducted on 2 samples (FCC35-1 and 

FCC35-2) 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 was performed using liquid CO2 by lowering temperature to 28°C 

to determine if changes in CO2 phase would affect adsorption (Table 3). 

Prior to the experiment, we jacketed samples in a Buna-N sleeve wrapped in stainless steel foil 

inside a Core Labs hydrostatic cell. A PTFE sleeve was inserted around the jacketed sample to 

minimize the mass of CO2 that 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 

experiment to 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 HWQ-64864 pressure transducers measured upstream and downstream pressures. 

Permeability 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 CO2 cylinder was connected to pumps A and B and used to 

gently increase pore pressure to 6 MPa. The pumps were then filled with CO2 and used 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 MPa. Finally, 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 closed off thereby 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 compartment while the change in pressure there was recorded at 5 second intervals 

and used to calculate flowrate according to 

ὗ
Ὠὖ

Ὠὸ
‍ὠ 

where  is the change in downstream pressure through time, ‍ is the adiabatic compressibility 

of CO2, and ὠ is 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, 2017). ‍ was calculated using the 

derived formula 

‍
ὤ

ὖ‎
 

where ὤ is the Z-factor which accounts for the deviation of CO2 from ideal to real gas behavior 

at our experimental conditions, P is the average pore pressure, and ‎ is the ratio of specific heat 

capacity ratio for CO2 (Bear, 1972; Pipeng, 2025). Finally, permeability ( Ὧ ) was calculated 

using the standard formula 

Ὧ
ςὗὖ‘ὒ

ὃὖ ὖ 
 

where ὗ is the downstream flowrate, ɛ is viscosity of the CO2, ὖ and ὖ are the upstream and 

downstream pressures 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, 2015; Vishal, 2017). Once the initial permeability was determined, CO2 

was passed through the sample for º 30-36 hours, before the experiment was repeated at the 

exact same conditions to determine if a change permeability had occurred. 

 

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 liquid CO2 and 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 rather ends were capped with card stock according to methods 



CUSP West Final Report ï DOE Award DE-FE0031837 

 74  

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 - 5.0 x 10-4 strain/s and displacement rate of 

0.0009 - 0.0115 mm/s. UCS („) was calculated from the standard formula 

 „  (1) 

where P is the maximum load (kN) sustained during testing and A is the sampleôs cross-sectional 

area (mm2; SCDOT, 2009; Gudmundson, 2011). The displacement of the card stock and platens 

was calibrated by applying the same loads and deformation rates to an º 1.5ò x 3.0 in. 316 

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 CO2 and to determine if changing the CO2 phase would affect 

adsorptive properties. For the two samples which were interacted with supercritical CO2 we 

found that the rate of change in the downstream pressure was slow during the initial exposure, 

lasting º 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 FCC35-1 and FCC35-

2 respectively (Figure 6 ). After prolonged exposure to supercritical CO2, the 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 FCC35-1 and FCC35-2 respectively (Table 3; 

Figures 4b ,5b, and 6). Opposing results occurred in the 3rd experiment performed with liquid  

CO2. Where CO2 had taken hours to move through the previous 2 samples, equilibration of the 

downstream pressure in sample FCC35-3 occurred in º 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 CO2 

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 CO2 experienced 22.4% to 69.5% reduction in permeability 

after approximately 34-38 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 CO2 to the coal matrix during the initial experiment and during the samples 

prolonged exposure to the CO2 phase. 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 increase in sample 

FCC35-3 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 pre-existing fractures exists throughout the full sample geometry. Fractures are a 

dominant channel of gas flow in coal as evidenced by the large difference in permeability from 

samples FCC35-1 and FCC35-2 which show no evidence of a fracture network. We also find that 

because the sample is so well-fractured, that adsorption of CO2 to 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 measurements to finally equal the same total exposure time to CO2 as 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 contributed to widening 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 Coal is 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 tons of CO2 over a 

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 CO2 phase would affect adsorption in Fruitland Coal. It should be noted however 

that supercritical CO2 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 decrease 
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Sample    

ID 

CO2 

Phase 

Initial  

(nD) 

Post      

(nD) 

Change 

(nD) 

Change   

(%) 

FCC35-1 SC 78.1 60.6 17.5 22.4 

FCC35-2 SC 80.4 24.5 55.9 69.5 

FCC35-3 Liquid 15683.4 23744.2 8060.8 51.4 

 

Figure 4. Downstream pressure evolution through time in experiment 1 during initial flooding of the coal sample (a) 

and after 30-36 hours of prolonged exposure (b). 

 

Figure 5. Downstream pressure evolution through time in experiment 2 during initial flooding of the coal sample (a) 

and after 30-36 hours of prolonged exposure (b). 
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Figure 6. Permeability before and after prolonged exposure to CO2 in samples FCC351 and FCC35-2. Decreases 

ranged from 22.4% to 69.5% in the two samples. 

 

Figure 7. Downstream pressure evolution through time in experiment 3 using liquid CO2 during initial flooding of 

the coal sample (a) and after 30-36 hours of prolonged exposure (b). 

 

Figure 8. Permeability before and after prolonged exposure to CO2 in sample FCC353 interacted with liquid CO2. 

Because CO2 flowed through the sample in minutes, the experiment was repeated several times to match total time 



CUSP West Final Report ï DOE Award DE-FE0031837 

 78  

of exposure as in FCC35-1 and FCC35-2. 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 CO2 or pristine (Figure 9 and 10). Samples of the Fruitland Coal 

generally exhibited brittle post-peak failure behavior with several samples showing double peaks 

(Figure 11a and 11b). Notably, pristine sample FCC35-4 exhibited ductile failure before an 

abrupt brittle post-peak failure (Figure 11b). Peak load and unconfined compressive strength 

were determined for each experiment. For pristine samples not interacted with CO2, peak load 

was 27.6 kN and 32.3 kN, and UCS was 23.4 MPa and 27.5 MPa (average 25.5 MPa) for 

samples FCC35-4 and FCC35-5 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 22.1 MPa (average 27.5 

MPa) for samples FCC35-1, FCC35-2, and FCC35-3 respectively (Table 4). 

Typically, Youngôs modulus would easily be calculated from the slope of the linear portion of 

the stress strain curve during UCS testing (Gudmundsson, 2011). However, the calibration of the 

card stock displacement from the total displacement during testing proved to be unattainable. 

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

underestimation of Youngôs modulus while leaving the UCS unaffected. However, there is 

significant data which positively correlates UCS with Youngôs modulus in geomaterials, where 

stronger materials typically have a higher Youngôs modulus (Dincer et al., 2004; Chang et al., 

2006; Basu et al., 2009; Pan et al., 2013; Malkowski et al., 2018). Of these studies, Pan et al 

(2013) developed a direct correlation between UCS and Youngôs modulus for three independent 

coal types: 

 ὟὅὛσȢσψττὩȢ  (2) 

where the unconfined compressive strength (UCS) is in MPa and E is the Youngôs modulus in 

GPa. Applying this correlation to our study, we estimated the Youngôs modulus which was 4.1 

GPa  and 4.4 GPa (average 4.2 GPa) for pristine samples FCC35-4 and FCC35-5 respectively, 

and 4.8 GPa, 4.5, GPa, and 4.0 GPa (average 4.4 GPa) for experimental samples FCC35-1, 

FCC35-2, and FCC35-3 respectively. 

Based on results, the values of peak load, UCS, and estimated Youngôs modulus were reasonably 

consistent between the pristine and CO2 interacted 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 lowest values of UCS (22.1 MPa) and Youngôs modulus (4.0 GPa) 

occurred in CO2 interacted sample FCC35-3 which 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 generally exhibits 

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 value of UCS 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 between the average UCS and average Youngôs 

modulus respectively, for the pristine and experimental 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 largest UCS (32.4 MPa) and estimated Youngôs modulus 

(4.8 GPa ) occurred in a CO2 interacted sample (FCC35-1). This sample also underwent a 

permeability reduction of 22.4% during the flow-through 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 Youngôs modulus of the coal specimens due to adsorption of 

CO2 to the coal matrix. Beyond the lowest value of UCS in experimental sample FCC35-3 due to 

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

within the coal specimens themselves. 

 

Figure 9. Coal specimens generally experienced brittle failure during UCS testing. 
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Figure 10. Sample FCC35-4 which exhibited ductile failure during UCS testing. 

 

Figure 11. Failure curves for experimental samples (a) and pristine samples (b). Strain includes sample strain, and 

card stock (end cap) strain due to post-test calibration issues. Because of this, strain is overestimated for these tests 

and could not be used to determine Youngôs modulus while the UCS is fully represented in these figures.  Sample 
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FCC35-4 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 modulus (E) 
was estimated from a correlation in Pan et al (2013)  

Sample            
ID 

Test                     
Type 

Peak Load 
(kN) 

UCS 
(MPa) 

E        
(Gpa) 

 

FCC35-1 CO2/UCS 38.1 32.4 4.8 
 

FCC35-2 CO2/UCS 32.9 28.0 4.5 
 

FCC35-3 CO2/UCS 26.2 22.1 4.0 
 

FCC35-4 Pristine UCS 27.6 23.4 4.1 
 

FCC35-5 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 BrunauerïEmmettïTeller (BET) approach are 

commonly applied to characterize gasïsolid interactions in coal and other porous materials. 

Adsorption isotherms are obtained by measuring the 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 conducted at cryogenic temperature (ī196 ÁC) are widely 

used to characterize pore structure, including pore size distribution and pore volume, over a 

broad pore size range. Carbon dioxide (CO ) adsorption experiments, typically performed at 

higher temperatures, are often used to evaluate adsorption behavior under conditions that are 

more relevant to laboratory-scale and subsurface applications. 

Gas adsorption measurements in this study were performed using a Micromeritics ASAP 2020 

Plus surface area and porosity analyzer (Figure 1). The ASAP 2020 Plus is a fully automated 

volumetric gas adsorption instrument designed for high-resolution adsorption and desorption 

measurements under controlled temperature and pressure conditions. The system supports a wide 

range of adsorptive gases and is 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 prior to analysis 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 repeatable experimental procedures. 

 

Figure 1. Micromeritics ASAP 2020 Plus instrument. 
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Experimental Methods  

Materials  

Gas adsorption experiments were conducted on three powdered coal samples: FCC35-1, FCC35-2, 

and FCC35-3. All samples were prepared as fine powders prior to analysis to ensure uniform 

packing and consistent gasïsolid 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 two-stage procedure. During the evacuation phase, samples 

were evacuated from approximately 5.0 mmHg to about 1.0 × 10ϖ² mmHg 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 were allowed to cool and were backfilled prior to 

adsorption analysis. 

Carbon dioxide (CO ) experiments were conducted on powdered coal samples using a 

Micromeritics ASAP 2020 Plus instrument (Figure 1). All measurements were performed at 0°C 

with CO  as the adsorptive gas to obtain adsorption and desorption isotherms under controlled 

temperature conditions. 

Nitrogen (N Ϝ) Adsorption Measurements  

Nitrogen adsorption and desorption experiments were conducted for each coal sample using N  

as the adsorptive gas at a measurement temperature of ī196ÁC. Adsorption isotherms were 

collected over a wide range of relative pressures using absolute pressure dosing. The 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 was applied at each dosing step to ensure stable 

measurements. 

Carbon Dioxide (CO Ϝ) Adsorption Measurements  

Following the N  adsorption experiments, CO  adsorption and desorption measurements were 

conducted on the same coal samples using CO  as the adsorptive gas. CO  adsorption isotherms 

were collected at a measurement temperature of 0°C using 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 temperature and pressure (STP). 

Results  

NϜ Adsorption Measurements at -196°C 

Nitrogen adsorption and desorption isotherms for FCC35-1 measured at ī196ÁC are shown in 

Figure 2. The isotherm exhibits a continuous increase in N  uptake with increasing relative 

pressure over the full measured range. A distinct separation between the adsorption and 
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desorption branches is observed, indicating pressure-dependent adsorption and desorption 

behavior. 

 

Figure 2. Nitrogen adsorption and desorption isotherms of FCC35-1 measured at ī196ÁC 

BET analysis of the N  adsorption data yields a BET surface area of 2.46 m²/g. The total pore 

volume derived from adsorption data and 0.0064 cm³/g from 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 isotherms for FCC35-2 measured at ī196ÁC are shown in 

Figure 3. The isotherm exhibits a continuous increase in N  uptake with increasing relative 

pressure over the full measured range. A distinct separation between the adsorption and 

desorption branches is observed, indicating pressure-dependent adsorption and desorption 

behavior. 
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Figure 3. Nitrogen adsorption and desorption isotherms of FCC35-2 Core 2-2 measured at ī196ÁC. 

BET analysis of the N  adsorption data yields a BET surface area of 3.66 m²/g. The total pore 

volume derived from adsorption data is 0.0064 cm³/g, and 0.0063 cm³/g from desorption data 

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

approximately 6.72 nm. 

Nitrogen adsorption and desorption isotherms for FCC35-3 measured at ī196ÁC are shown in 

Figure 4. The isotherm exhibits a continuous increase in N  uptake with increasing relative 

pressure over the full measured range. A distinct separation between the adsorption and 

desorption branches is observed, indicating pressure-dependent adsorption and desorption 

behavior. 
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Figure 4. Nitrogen adsorption and desorption isotherms of FCC35-3 measured at ī196ÁC. BET analysis of the N  

adsorption data yields a BET surface area of 10.41 m²/g. The total pore volume derived from adsorption data is 

0.0219 cm³/g, and 0.0217 cm³/g from desorption 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 shapes, with a continuous increase in N  uptake as relative pressure 

increases and a distinct separation between adsorption and desorption branches, indicating 

pressure-dependent adsorption and desorption behavior. 

Among the three samples, FCC35-3 shows the highest N  uptake across the full relative pressure 

range, consistent with its higher BET surface area and larger total pore volume. FCC35-2 

exhibits intermediate N  uptake, while FCC35-1 shows the lowest overall adsorption capacity. 

These differences are reflected in both the magnitude of adsorption at high relative pressure and 

the total pore volumes derived from the N  data. 

Despite differences in total uptake, the overall trends in adsorption and desorption behavior are 

similar for all three samples. The N  adsorption results therefore indicate systematic variability in 

pore-related characteristics among the coal samples while maintaining comparable adsorption 

behavior across the measured pressure range. These results provide a consistent basis for 

subsequent comparison with CO  adsorption measurements performed on the same samples. 

COϜ Adsorption Measurements at 0°C  

Carbon dioxide adsorption and desorption isotherms for FCC35-1 measured at 0°C are shown in 

Figure 5. The isotherm exhibits a continuous increase in CO  uptake with increasing relative 

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 pressure-dependent 

adsorption and desorption behavior. 

The CO  adsorption data show gradual uptake at lower relative pressures, followed by a more 

pronounced increase in adsorption as relative pressure approaches the upper end of the measured 

range. The observed hysteresis between adsorption and desorption branches indicates differences 

in CO  uptake and release behavior under the same relative pressure conditions. 

 

Figure 5. Nitrogen adsorption and desorption isotherms of FCC35-1 measured at 0°C. 

Comparison of N Ϝ and COϜ Adsorption  

Nitrogen and carbon dioxide adsorption and desorption isotherms for FCC35-1 show clear 

differences in adsorption behavior under the respective measurement conditions. The N  

isotherm measured at ī196ÁC spans a broad relative pressure range and exhibits a gradual 

increase in gas uptake with increasing relative pressure. In contrast, the CO  isotherm measured 

at 0ÁC covers a narrower relative pressure range and shows a continuous increase in CO  uptake 

with increasing relative pressure. 

Both isotherms exhibit hysteresis between adsorption and desorption branches, indicating 

pressure-dependent adsorption and desorption behavior. Differences in the shape and magnitude 

of the isotherms reflect variations in adsorption behavior between N  and CO  under the tested 

conditions. Together, the N  and CO  results provide complementary datasets for characterizing 

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 initial field model, 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 six-layer field double porosity model, 

consisting of three coal-bearing zones (upper, middle, and lower) identified from log 

interpretations (Weber et al. 2012), was built for the simulation study. Each coal-bearing zone 

includes two layers separated by non-reservoir sections, with total thicknesses ranging from 4.6 

to 25 ft for the upper zone, 3.5 to 12 ft for the middle 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 × 196 × 11 blocks, 

totaling approximately 506,660 grid blocks, of which 276,360 are active. Each grid block 

measures 100 ft × 100 ft. The cleat porosity was estimated using the production index 

(Siriwardane et al. 2012) for each well (Error! Reference source not found.) and used as input for 

a Gaussian geostatistical simulation to fill the rest of the grids (Figure 1). A cubic power-law 

relationship (Siriwardane et al. 2012) between cleat permeability and porosity (Error! Reference 

source not found.) was used to model permeability distribution (Figure 54). The Langmuir 

volume and pressure isotherms were obtained from the Tiffany Unit N2-ECBM Pilot report 

(Reeves and Oudinot 2004). Wells completed in the three coal zones, with operating parameters 

based on gas and water surface production histories, served as model inputs. The wells were 

constrained to respect reservoir volume during history matching, with skin factors set to zero. 

Other relevant reservoir parameters are listed in Table 9. Reservoir parameters used in the 

model. The model boundaries were set as no-flow barriers to represent wells adjacent to the 

study area (Reeves and Oudinot 2004). 

ᶮ
ᶮ ᶮ

Ὑ Ὑ ᶮ  Eq. 1 

ᶮ ὥὯ  Eq. 2 

Where: 

Ὑ = The relative production of each well i compared to maximum production (  

Ὑ  = Minimum relative production ratio among all producers 

 ᶮ  = Specified maximum porosity 

ᶮ  = Specified minimum porosity  

ὗ = Production rate of well i 

ὗ   = Maximum production rate of well i 

 ɲ= Porosity 

Ὧ = Intrinsic permeability in the face cleat, mD 

a = Variable porosity factor 

n = 0.33 for coal 
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Figure 53. Face cleat porosity distribution 
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Figure 54. Face cleat permeability distribution 
Table 9. 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% CH4 4.5% 

CO2 

(Reeves et al. 2003) 
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Relative Permeability History Match  

Permeability Function 

Parameters 

n = 0.33 a = 0.0024 (Siriwardane et al. 2012) 

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 justified. The independent parameter 

in the reservoir model was the reservoir production rate to maintain material balance, while the 

dependent (history-matching) parameters were the gas and water production rates. A parametric 

study was performed on the permeability anisotropy ratio between the cleat and butt directions to 

identify the ratio at which gas production cannot be sustained while matching the field-measured 

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) as in Error! Reference source not found. to Error! 

Reference source not found., where l is the cleat size distribution, h is the tortuosity, Ὧᶻ is the 

end-point relative permeability of the wetting phase, Ὧᶻ  is the end-point relative permeability 

of the nonwetting phase, Ὓ  is the wetting phase saturation, Ὓ  is the residual wetting phase 

saturation and Ὓ  is the residual nonwetting phase saturation to align gas production with the 

relative permeability. Figure 55 is the resulting relative permeability curve after model 

calibration and used in the ECBM study. 

Ὧ Ὧᶻ Ὓᶻ  Eq. 3 

Ὧ Ὧᶻ ρ Ὓᶻ  ρ Ὓᶻ  Eq. 4 

Ὓᶻ  Eq. 5 
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Figure 55: Calibrated relative permeability curve 

A comparison of measured versus model-predicted well gas production is shown in Figure 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.  

  

(a) (b) 

  

(c) (d) 
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Figure 56: Comparison between measured and model-predicted 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 high (Figure 57c) and some too low (Figure 

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, matching water rates 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 calibration (Figure 58). Preferably, well bottom-hole 

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 calibration pressures, which in turn affect forecast performance. 

  

(a) (b) 

  

(c) (d) 

Figure 57. Comparison between measured and model-predicted water production performance (a) NORDHAUS 

#714 (b) NORDHAUS #715 (c) JAQUEZ #331S (d) QUINN #338T 
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Figure 58. Field cumulative water production performance between measured and model predictions. 

Performance Forecasts  

To evaluate the long-term performance of the ECBM pilot under status quo conditions (i.e., no 

further CO2 injection) and other ñwhat ifò future injection scenarios, performance prediction 

cases were simulated using the calibrated model. The specific cases evaluated included:  

1) No CO2 injection (i.e., primary production only).  

2) Continuous CO2 injection.  

3) Continuous N2ïCO2 co-injection.  

4) Continuous CO2 with intermittent N2 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. For the No CO2 injection case, the 

last known well-specific rates from history were used for forecasting. Additionally, an economic 

limit of 50% CO2 content per well was imposed; exceeding this threshold prompted the layer in 

question 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 injection target of 300 

tons per day is reached. The maximum injection bottom-hole 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 injection and production wells to delay CO2 

breakthrough and prevent rapid pressure changes that could negatively impact displacement 

efficiency. By maintaining reservoir pressure around 0.7 of its initial value, pressure-induced 

injectivity loss will be minimized. Figure 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 pressure-dependence region, while the middle and lower coals were within 

the matrix-shrinkage region. 

 

Figure 59. Permeability changes with pressure and concentration (Reeves et al. 2003) 

Case #1: No CO 2 Injection  

The baseline scenario assumes that no CO2 injection 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 reservoir pressure was 971 psi (Figure 60). 
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Figure 60. Average reservoir pressure and incremental gas production and recovery Case 1 

Case #2: Continuous CO 2 Injection  

This case assumes CO2 injection over 30 yr, with a gradual increase in the injection rate. The 

incremental gas rate for Case 2 is shown in Figure 61. Notably, several wells were shut in due to 

exceeding the maximum allowable CO2 content 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 CO2 injected was approximately 21.6 Mt, resulting in a CO2 to CH4 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 CO2.  
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Figure 61. Continuous CO2 injection incremental recovery performance 

Figure 62a shows the CO2 plume within the coal matrix at the end of injection, delineated as any 

regions with CO2 adsorption greater than 3 gmole/ft3. The minimum value was chosen based on 

the maximum final adsorption after calibration. Any adsorption value above the maximum is 

treated as the injected CO2 plume region. The forecasting was designed to decrease the fracture 

pressure in the upper coal region and increase it in the middle and lower regions. In Figure 62b, 

which shows the cumulative pressure drop within the CO2 plume, 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 and lower 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 plot (Figure 62c). The permeability changes in the fractures between the injector and 

producers (Figure 62c) did not lead to injectivity because the matrix pressures around the 

producers created a significant pressure drop (Figure 62d), 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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(a) (b) 

 

 

 

 

(c) (d) 

Figure 62. Case 2 CO2 adsorption: (a) CO2 plume, (b) cumulative pressure change, (c) fracture cumulative 

permeability change, and (d) matrix cumulative permeability change at the end of injection 

Case #3: Continuous N 2ïCO2 Injection  

This case assumes CO2ïN2 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 shown in Figure 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 of CO2 injected 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 CO2, about 1 Mt less than Case 2. 
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Figure 63. Continuous CO2ïN2 injection incremental recovery performance 

Figure 64a shows the CO2 plume within the coal matrix at the end of injection, delineated as any 

regions with CO2 adsorption greater than 3 gmole/ft3. The forecasting was designed similarly to 

Case 2, but N2 kept the fractures open to decrease the pressure in the upper coal region and 

increase it in the middle and lower regions. In Figure 64b, which shows the cumulative pressure 

drop within the CO2 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 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 

plot (Figure 64c). At the end of the injection, the pressure within the production zone within the 

matrix (Figure 64d) 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 increase (Figure 64c). 
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(a) (b) 

 

 
 

(c) (d) 

Figure 64. Case 3 CO2 adsorption: (a) CO2 plume, (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 CO2 injection for 11 months and N2 injection for 1 month over 30 yr, with a 

gradual increase in the CO2 injection rate while the N2 injection rate is maintained at 50 t for 

each of the four injection wells. The incremental performance for Case 4 is shown in Figure 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 CO2 injected 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 Mt of CO2, about 1 Mt less 

than Case 2. 
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Figure 65. Intermittent CO2ïN2 injection incremental recovery performance 

Figure 66a shows the CO2 plume within the coal matrix at the end of injection. In Figure 66b, 

which shows the cumulative pressure drop within the CO2 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 in the upper coal 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 plot (Figure 66c). 

  

(a) (b) 
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(c) (d) 

Figure 66: Case 4 CO2 adsorption: (a) CO2 plume, (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 the no-injection case is delineated in 

Table 10. The results indicate an approximately  1% increase in recovery when N2 was injected, 

despite a reduction in CO2 storage attributable to increased CO2 production. Because we could 

not attribute what amount of CO2 or N2 was contributed to CH4 recovery, the CO2:CH4 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. 

Table 10: Summary of case comparisons 

 
NO_CO2_Inject

ion 

CO2-

ECBM 

CO2-N2-

ECBM 

CO2-N2-ECBM-

Cycling 

Total CH4 produced, t 3.37E+05 3.53E+06 3.59E+06 3.65E+06 

Incremental CH4 

produced, t 

0 3.19E+06 3.26E+06 3.32E+06 

Total CO2 injected, 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 N2 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:CH 4 0 6 - - 

Incremental CH4 

recovery, %OGIP 

2.45 25.67 26.15 26.59 

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 2 Storage Permits Template in New Mexico (EPA 
Region VI)  

Well drilling and CO2 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 CO2 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 UIC Class VI-compliant 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 Mexico. Each section 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 application 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 CO2 storage facility permits (SFP) are required to construct and operate a 

geologic CO2 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 CO2 SFP in New Mexico. The New Mexico Oil and Gas Commission (NMOCD) has 

authority to regulate stratigraphic well drilling permit align with the Class II well permit as an 

acid gas injection well. As such, the stratigraphic test well is part of a critical path to achieving 
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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 captured in call-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 of CO2 in New Mexico: the APD for Class II 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 II acid gas injection well. A complete storage facility permit requires data 

and information obtained from core, geologic formation testing and 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 the operator 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 II well to a 

UIC Class VI compliant injection well (e.g., strategic use of CO2 resistant materials). The 

stratigraphic test well transition pathway is addressed in the SFP application process, which 

includes a request to convert the well to a CO2 injection well and an application to inject CO2. 

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 which indicates a 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 location (i.e., a dry-cuttings 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 potentially containing 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 and prognosis 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 
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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 

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 properties. The storage 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 descriptions of the 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 BOPE includes 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 required for 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 

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 integrity evaluations 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 Geologic Sequestration 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 USDWs), 

approximate formation thicknesses, lateral extent 

of units, and correlation of units in vicinity of 

project and across region 

40 CFR 146.82(a)(2); 

40 CFR 

146.82(a)(3)(i) 

Faults and Fractures 

Submittal of information on location, orientation, 

and properties of known or suspected faults & 

fractures that may transect the confining zone(s) 

in the AoR and a determination that they would 

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 injection & confining zones 

40 CFR 

146.82(a)(3)(iii) 

Geomechanical and 

Petrophysical Information 

Geomechanical information be submitted on 

fractures, stress, ductility, rock strength, and in 

situ fluid pressures within the confining zone; the 

use of geophysical methods for obtaining 

subsurface information in lieu of direct physical 

sampling.  

40 CFR 

146.82(a)(3)(iv) 

Seismic History 

A report on the seismic history of the project site, 

including the presence and depth of all seismic 

sources 

40 CFR 

146.82(a)(3)(v) 

Hydrologic and 

Hydrogeologic 

Information 

Submission of maps and stratigraphic cross 

sections indicating the general vertical and lateral 

limits of all USDWs, water wells, and springs 

within the AoR, their positions relative to the 

injection zone(s) and confining zone(s), and the 

direction of water movement 

40 CFR 

146.82(a)(3)(vi);    40 

CFR 146.82(a)(5) 

Geochemistry 

Baseline geochemical information on subsurface 

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 for 

many properties of the proposed project site and 

demonstrate whether it is a good candidate for 

GS and meets the requirements at 40 CFR 146.83 

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 USDWs or into any unauthorized zones; 

(2) Permit the use of appropriate testing devices 

and workover tools; and 

(3) Permit continuous monitoring of the annulus 

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 sequestration of CO2 

40 CFR 146.82(a)(7) 

and (10) 

Operational Procedures   
40 CFR 

146.82(a)(10) 

Proposed CO2 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) 

Other Information   
40 CFR 

146.82(a)(21) 

Executive Summaries of:   

Financial Responsibility 

The types of financial instruments that owners or 

operators of Underground Injection Control 

(UIC) Class VI Geologic Sequestration (GS) 

wells can choose to demonstrate compliance with 

the financial responsibility requirements of the 

Rule 

40 CFR 

146.82(a)(14);  40 

CFR 146.85 

AoR and Corrective 

Action Plan 

Prepare, maintain, and comply with an AoR and 

Corrective Action Plan that includes all of the 

required elements of the plan; Delineate the AoR 

using computational modeling and identify all 

wells that require corrective action; Perform all 

required corrective action on wells in the AoR; 

40 CFR 146.82(a)(4);  

40 CFR 

146.82(a)(13);  40 

CFR 146.84(b);     40 

CFR 146.84© 
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Re-evaluate the AoR throughout the life of the 

project; Ensure that the Emergency and Remedial 

Response Plan and financial responsibility 

demonstration account for the most recently 

approved AoR; Retain modeling inputs and data 

used to support AoR re-evaluations for 10 yr. 

Pre-Operational Logging 

and Testing Plan 

Describes how they will test the well and analyze 

the chemical and physical characteristics of the 

injection and confining zones 

40 CFR 146.82(a)(8);  

40 CFR 146.87 

Emergency and Remedial 

Response Plan 

Describes actions to be taken to address events 

that could potentially cause endangerment to a 

USDW during the construction, operation, and 

PISC phases of a project 

40 CFR 

146.82(a)(19);  40 

CFR 146.94(a) 

Testing and Monitoring 

Plan 

Describes testing and monitoring activities that 

are primarily required during the injection phase 

40 CFR 

146.82(a)(15);  40 

CFR 146.90 

Injection Well Plugging 

Plan 

Ensure that the proposed materials and 

procedures for injection well plugging are 

appropriate to the wellôs approved construction 

and the siteôs geology and geochemistry 

40 CFR 

146.82(a)(16);  40 

CFR 146.92(b) 

Post-Injection Site Care 

(PISC) and Site Closure 

Plan 

Outlines the proposed post-injection monitoring 

strategies and how non-endangerment of USDWs 

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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Regional-Scale Assessment of CO2 Geological Storage in Sedimentary Basin Geothermal 

Reservoirs of Nevada on page 115. 

Subtask 4.5.3  ï Site Characterization for CO 2 Storage to Support 
Escalante Hydrogen Power Plant and Logos Resources Projects  

See We proposed a new technology for CO2 plume detection wherein a seismic emitter will be 

placed beneath the plume and tomography will be performed with stations at the surface (Figure 

28). This design has six hypothesized advantages over the present state-of-the-art of CO2 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. 2017) and only 

augments the numerical modeling of the plume (Pruess et al. 2001; Pham et al. 2011). The first 

advantage of this technology is the inherent time-lapse 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 surface stations 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 tomography 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 emitted wavelet can be 

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 frequency swept, which allows for correlation-based 

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 from different source points. 

 

Figure 28 Proposed design of the downhole source tomographic technology to enhance the CO2 plume migration 

detection 
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Final Report  

The project team designed a laboratory-scale 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 sandstone (Figure 29). 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 caprock, 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 cube (Figure 30). Supercritical carbon dioxide 

injection will take place in a ñwellboreò in the center of the block completed such that carbon 

dioxide only goes into the bottom, reservoir block. Injection will take place for four hours at 0.01 

kg/s. The rate is chosen to allow 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 

Schlumbergerôs Geomechanics Laboratory in Houston, TX. Sandia quoted roughly $500,000 and 

Schlumberger quoted about $180,000, but $45,000 of that is for sample preparation, which 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 laboratory, the 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 fiber optic 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 interfering with the true 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 seal (Figure 31). 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 simulation is the tomography based on the placement of the 

sensors (Figure 32) and the output of the fluid flow simulations. These results demonstrate a 
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large difference in the P-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. 

 

Figure 32 Tomography results after 4 hours of injection. The color bar represents P-wave 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 conditions. This 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 will switch 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 a real-world scenario, but it's important to 

account for any differences that may arise from downsizing. Although 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 representation 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. 

Secondly, detectors 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 disparities mean the lab experiments are 

not directly comparable to the full design. However, we may still use the lab results to interpret 

whether the field-based 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 perforation in the 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 emissions associated both with the pore pressure front and with the sCO2 

plume. And fourth, we want to demonstrate the ability of our tomographic technique to 

distinguish between brine, sCO2, and 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 CO2 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). 
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Site Characterization for CO2 Storage to Support Escalante Hydrogen Power Plant Project on 

page 109. 

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

See Feasibility Study on a Potential CCUS Project in Colorado: CO2 Capture from a Refinery 

and Sequestration in the DJ Basin on page 580. 

Subtask 4.5.5  ï Derisking CO 2 Mineralization Storage in Basalt 
Reservoirs  

See Arizona Geological Survey, University of Arizona ï Tucson, AZ 

The majority of this report has been adapted from the AZGS-UA open-file report 24-01 (Wilson 

et al. 2024). 

The Arizona Geological Survey (AZGS) conducted a Phase I pre-feasibility study of the 

Harquahala basin, western Maricopa County, Arizona, for subsurface geologic storage of CO2. 

The purpose of this project was to evaluate subsurface geology and structure and provide site 

characterization for future long-term CO2 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 western region of the United States. This project advances this goal through 

subsurface characterization to geologically de-risk this carbon storage prospect to help attract 

industry for further development. Additionally, learnings from this site can be applied to 

numerous geologically similar basins throughout the state. 

The Phase I 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 seismic lines and detailed gravity 

and resistivity surveys. These data were used to produce depth-to-bedrock (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 potential evaporite 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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Harquahala 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. Harquahala has thick accumulations of basin 

fill sediments with sufficient volumes for storage of supercritical CO2: an estimated 1,997 Mt of 

CO2 (P50). Basin fill likely contains three different potential storage reservoir types: CO2 in 

stacked saline clastic sedimentary deposits, bedded evaporite deposits for compressed H2 gas 

storage, and basalt lava flows for CO2 mineralized 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. The basin is located close to five major (greater than 100,000 tons/yr) CO2 point 

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 and fine-grained deposits, the physical properties of 

stacked saline reservoir rock, and the stratigraphic architecture of basin 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 are likely components 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 active-source seismic, high-resolution 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 reported within, will 

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 I pre-feasibility evaluation for subsurface storage of CO2 in 

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, structure, and 

stratigraphic architecture of Harquahala basin and provide site characterization for future 

potential subsurface CO2 storage. 

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 seismic data, DTB 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 characterization 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 counties in west-central 

Arizona (Figure 75 and Figure 76). The Harquahala basin underlies a rural, agricultural valley 

located approximately 60 miles west of Phoenix. The approximately 511 mi2 basin 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 infrastructure crossing Harquahala Valley 

includes I-10, 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 (Towne 2014).  

 

Figure 75 Map of study area in south-central Arizona (black box in state inset) showing the location of natural gas 

pipelines, CO2 emission 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 location of Figure 76). 
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Figure 76 Location map of Harquahala basin (yellow outline), the surrounding infrastructure, and nearby energy 

facilities. 

Four natural gasïpowered energy facilitiesðHarquahala Generating Station, Mesquite 

Generating Station, Redhawk Generating Facility, and Arlington Valley Energy Facilityðare 

located within 15 miles of the basin, three of which operate year-round. In 2021, three of the four 

natural gas power plants emitted over 6.32 Mt CO2 waste to the atmosphere (U.S. EPA 2023). 

Palo Verde Nuclear Generating Station, the nationôs largest nuclear power plant, is located 11 

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 contours, groundwater 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 time-transgressive lithologic categories to highlight 

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 identified source areas for mafic volcanic rocks that 
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can be used to sequester CO2). All 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 

Harquahala basin (Appendices A and B). Within the basin center, only wells deeper than 122 m 

(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 reported intervals, and plotted by 

lithology in cross-sections. Lithology codes were assigned to a color and resulting logs are 

displayed on each of the cross-sections traversing the basin. 

Vintage Seismic 2D Reflection Data and Analysis  

The application of 1980ôs vintage seismic reflection data was a major contributor to improving 

the understanding of the structure and stratigraphy of Harquahala basin. In this section we 

present the quality of legacy data, processing methods including depth conversion 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 raw digital data remain confidential.  

Seismic reflection profiles were acquired by petroleum exploration companies in the early 

1980ôs to assess petroleum potential in Tertiary and older sedimentary rocks in central Arizona. 

The focus of the original data acquisition was to image stratigraphy and structure 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 basin and in gaps between lines. 
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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 800 m 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 (Figure 78, 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 

TR9. 
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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 (EOL). Refer to 

Figure 78 for location of seismic lines and stations. 

 

Seismic 

line 

Reprocessed 

line length 

(km) 

BOL 

stations 

EOL 

stations 

SP 

spacing 

(ft) 

Datum 

elev. 

(m) 

PW23 18.3 780 1,050 1,100 600 

PW22 35.5 670 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 (Table 2). Differences in processing between lines included 

application of normal moveout-correction velocities determined separately for each line and 

application of automatic static corrections, which were based on individual reflection events in 

each profile. 

Table 2. Acquisition parameters for seismic lines used in Harquahala basin. 

 Acquisition 

Parameters TR lines PW lines 

Acquired by 
Texoma Production 

Co. 
Anschutz Corp. 

Date 1980 1980 

Source Dynamite Vibroseis 

Source size or sweep 110 lb 14-56 Hz; 18 s 

Source interval 134 m 67 m 

Group interval 33.5 m 67 m 

Channel array 96 channels; off end 48 channels; off-end 

Near offset - Far 

offset 
805 m - 3,990 m 268 m - 3,420 m 

Normal maximum 

fold 
1,200% 2,400% 

Sampling interval 2 ms 4 ms 

Recording time 8 s 24 s 

Depth Conversion  

Depth-below-surface was determined for two interpreted event horizons using two-way travel 

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 State #1 well (Section 2 T8S-R8E) 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 data from the Suncor Development, Sunset Point #1-19 well 

(Section 19 T2N-R1W) in Luke basin. The lower basin fill in the Humble well is predominantly 

evaporites and is entirely halite in the Suncor 1-19 well with a velocity of 4,419 m/s (14,500 

ft/s). Depth conversion 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 basin (Figure 79). 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 the Pan-American Center for 

Earth and Environmental Studies dataset (PACES 2016). A basin-wide gravity survey of 

Harquahala was conducted in 2008 but was unpublished (HGI 2009). The Complete Bougier 

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. 

 

Figure 79 Map of gravity, depth-to-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 Bouguer Anomaly (CBA) low (blue) to high (red) values. 

Depth -to-Bedrock Contours  

Depth-to-bedrock data used 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; Figure 79). 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 most confident to 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 an in-depth quality review of 

adjacent wellbore logs and their relationship to geologic mapping and known 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 unaffected (due to the 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, they are first order 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 lumped together); however, we do assume that the basin 

centers consist of fine-grained clastic sediment and some percent evaporite bedding, and possible 

interbedded volcanic rocks, and a range of physical parameters, such porosity and permeability, 

commonly associated 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 a 5-year period. These methods are described along with 

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 units, and an acoustically transparent zone 

within the lower basin fill, were determined at each seismic shot point along TR9, PW23, PW24, 

and PW22 in Harquahala basin. Depths were converted to elevation and used to create contour 

maps of the surfaces. Contour maps were 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 cross-sections were created along or adjacent to the 2D seismic lines (Figure 79). 

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 cross-section line. In areas where wells were 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 seismic data 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 watershed that 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 watershed, or subsheds, are also assumed to be relatively 

consistent. 

The basinôs asymmetrical geometry and location of paleodepositional centers identified in down-dip seismic reflectors were used 

to create paleodepositional boundaries or subsheds in the subsurface. Watershed maps were derived from the USGS Watershed 

Boundary 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 into 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. 

 

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 in Figure 81. 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 plotted 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 for both basins 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 average geothermal gradients are from 24°C/km to 

41°C/km (1.3°F/100 ft to 2.2°F/100 ft; Peters et al. 2012). Data 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). 

 

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 these, 51 shallow wells included direct 

measurements of total dissolved solids (TDS; Towne 2014). The remainder of well 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 (µS/cm), 

where ñkò is the conversion factor and EC is electrical conductivity. Wells that had both TDS 

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 reporting statewide salinity used a 

conversion factor of 0.642 (Gootee et al. 2012). Figure 82 is a scatterplot of groundwater salinity 

vs. well depth for Harquahala basin. 

 

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 Pearthree 1989; Spencer and 

Reynolds 1989). 

About 30 Ma, tectonic extension in southeastern, southern, and western Arizona began to 

fracture, fault, and pull apart older rocks that composed Earthôs crust. Through distributed low-

angle normal faulting, the crust thinned, and large, linear fault blocks were uplifted to form 

subparallel mountain ranges. The space between those ranges gradually increased and deepened 

with each additional earthquake. Mountain ranges were separated by largely asymmetrical, deep 
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sedimentary basins into which water and sediment from the surrounding mountain ranges 

collected over millions of years (Figure 83). 

 

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 sub-horizontal depositional centers where water likely ponded. The 

climate was semi-arid 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 deposits fed primarily by shallow 

groundwater high in dissolved solids within the basin center or subbasin centers (Figure 83). 

Deposition of these basin-fill facies were punctuated by continued crustal extension and 

widespread volcanic eruptions that deposited lava flows, ash, and pumice directly on crystalline 

bedrock-cored mountain ranges and interlayered with basin fill sediments. Continued 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. 

Beginning about 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. Basin-filling continued in 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 sedimentary 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 waned; Figure 84). 

Harquahala basin is mantled by a thin veneer of Pleistocene and Holocene (about 2.6 Ma to the 

present) alluvium that forms low-gradient piedmonts graded to the modern valley axial washes 

(Centennial Wash). Both axial wash systems are integrated with the Gila River about 2 miles 

downstream of the Hassayampa Riverôs confluence with the Gila River. Integration timing is not 

known, but it likely occurred during the Pleistocene or latest Pliocene (5 to 2.6 Ma). This basin 

model is generally well understood in shallow basin fill and surficial exposures, although less 

understood in buried basin fill deposits below about 2,500-ft depth. Harquahala basin exhibits a 

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

basins in southern Arizona. 

 

Figure 84 Map of fault traces exposed at the surface (bright red) and subsurface faults interpreted from seismic lines 

(brown). 

Basin Geometry and Structure  

Harquahala 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, unconformably overlain by 

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 maximum depth of 2,538 m (8,326 ft) and the southern subbasinôs maximum 

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 seismic data show the basin-

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

striking Eagletail Mountains (see Plate 3, Wilson et al. 2024; seismic line TR10b). As such, the 

deepest portion of the basin is adjacent and subparallel to that mountain range (Figure 85). 

Stratigraphy  

The stratigraphic architecture of basin fill in Harquahala basin is not well delineated due to lack 

of age constraints, few high-quality 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 (LBF), and upper basin fill (UBF; 

Figure 85). 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 basin floor (Figure 85; see 

Plate 3, Wilson et al. 2024, seismic lines TR9, PW22, PW23, PW24). This unit is distinguished 

solely through interpretations of strong, parallel, shallow-dipping seismic reflectors. The LRP is 

approximately 1,066 m (3,500 ft) thick near the basin center, although without velocity control 

the true thickness is not known and could be + 20-30%. 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 early basin 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 

cauldrons as part of an upper-plate geometry within the Harquahala half-graben. 
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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 basin fill (UBF) units. (B) Index map of seismic lines. 

Lower Basin Fill (LBF)  

The LBF is a middle-aged sedimentary package defined by tilted and truncated seismic reflectors 

seen on all seismic lines (Figure 85; 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 to 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; however, based on our 

conceptual model, coarse clastic deposits on the basin margin grade laterally down-gradient into 

finer sediments near basin centers. Potential capping rocks such as extensive clay deposits or 

evaporite deposits, if present, should be located near basin 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 several high-angle normal 

faults. The LBF isopach map in Harquahala basin (Figure 86) 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 subbasin where LBF is thickest at 975 m (3,200 ft). 
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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, ATZôs in proxy basins (Eberly and Stanley 1978) and predictions from the 

conceptual basin formation model (section 4a). Although the type of evaporite minerals present 

in Harquahala basin is not directly known, poorly reflective and chaotic-to-weak amplitudes, are 

indicators of halite-rich bodies (Teixeira et al. 2020). The composition of evaporite deposits in 

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

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

 

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 (converted to seconds) 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 180 km2 (112 mi2) and 610 m (2,000 

ft). Isopach maps of the ATZ show their extents are generally located adjacent to basin 

depocenters (Figure 87), which may represent the extensive, and shallow salt pan environment as 

seen on the depositional environment block model (Figure 84). Additionally, subbasins likely 
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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.  

 

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 mapping. In both basins, the UBF is 

relatively nondeformed (not faulted, folded, or tilted), extends to basin margins, and 

unconformably overlies the LBF (Figure 85). 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 

basin-bounding mountain ranges. At the time UBF 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; Figure 13A). 
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Figure 88 Isopach 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 flow (Figure 89A). Small-scale national 

geothermal studies of heat flow (Mullane et al. 2017; Witcher 1995) show the state of Arizona 

has moderate geothermal potential (Sass et al. 1994; Figure 89B). 

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°C). The calculated mean geothermal gradients to shallow well 

terminations are 87°F/mi (30.6°C/km) for Harquahala basin. These gradients are comparable 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 (1,804 ft) and 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 less mantle-derived 

heat loss within that crust. Conversely, thin basin fill that overlies thick crust (at basin margins) 

is expected to have a lower geothermal gradient because mantle-derived heat is widely dissipated 

within that crust. Additional data acquisition is required to better characterize basin heat flow 

and borehole temperature heterogeneity. 

 

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 modified after a 2018 presentation by Witcher, originally from Sass et al. 

(1994). 

Groundwater Salinity  

The U.S. Environmental Protection Agency (EPA) defines a non-potable water resource as 

greater than 10,000 milligrams per liter (mg/L) of total dissolved solids (TDS). Several basins in 

south-central Arizona have brackish, saline and hypersaline groundwater at depths 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. 

Figure 90 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 10,000-ppm limit, but those data are limited to wells shallower 

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 mountain-front 

recharge, mixing with deeper groundwater and recharge from agricultural uses. 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. 

 

Figure 90 Bedded salt and groundwater salinity in southern Arizona (A) Location map of salt-bearing basins of 

interest in south-central Arizona colored to match fields shown in 16B. (B) Scatter plot of salinity vs. well depth for 

salt-bearing basins of interest, modified 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 underground 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 seals would include claystones and bedded evaporites. A 

stacked saline reservoir with fine-grained clastic and bedded evaporite capping layer(s) are 

highly probable in Harquahala. Bedded evaporite deposits and basalt lava flows are likely but not 

directly measured. Storage reservoir types stated herein are each 800 m (2,624 ft) below the land 

surface, where lithostatic pressure is sufficient to retain CO2 in a 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 the lower reflective 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 km3 (95 mi3): LRP = 304 km3 (73 mi3) and LBF = 92 km3 (22 mi3). 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, fine-grained siliciclastics such as clay beds, 

and some weathered basalt lava flows, can provide sealing conditions and are likely present in 

Harquahala basin based on predictions from the basinôs geologic history and regional geologic 

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 maps and seismic 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 

Harquahala basin, has evaporite facies at depth confirmed by wireline electric logs and 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) and seismic 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 are shown on Figure 86. 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 CO2 can be reacted with buried magnesium- and iron-rich 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 reaction is accelerated 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 long-lived. Basalt lava flows cap bedrock in basin-bounding 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 margins (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 Harquahala basin (Figure 80). 

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 interbedded with sedimentary rock, 

which may present additional basaltic storage reservoirs combined with interbeds capable of 

trapping CO2 long enough to mineralize into solid carbonate minerals. 
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Volume Estimates of Basin Fill and CO 2 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 property logs, we assigned 

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 study. Storage volumes for CO2 mineralization in 

basalts were not estimated. This technique is relatively new and there are too many unknowns at 

this stage to achieve a reasonable estimate. 

To estimate net pore space for CO2 storage, 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 first-order gross volume. The UBF lies above 

the 800 m depth requirement for CO2 storage, so it is not considered in the storage volume 

calculations. Table 3 summarizes the area, max thickness, and gross sediment volume for each 

basin-fill unit in Harquahala basin. 

Table 3. Physical dimensions of area, thickness, and volume for basin fill units in Harquahala basin. Italicized physical 

parameters below 800 m depth were used in CO2 volume analysis. 

 

  

Basin-fill 

units 

Area 

(km2) 

Max 

thickness 

(m) 

Average 

thickness 

(m) 

Gross 

volume 

(km3) 

Harquahala 

basin 

UBF 1,380 820 -- 248 

LBF 1,380 975 -- 92 

ATZ 185 610 -- unknown 

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 supercritical CO2 storage because they 

likely contain permeable and porous strata under confined to semi-confined 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 and possibly 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 

lithologies and 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 was estimated based upon the 

conceptional basin model presented in Figure 80. In both basins, we estimate between 30% and 

70% of basin fill have porous and permeable sediment suitable for CO2 storage, thus we used the 

50% median or net-to-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 porosity-reduced 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 fine gravel (Walton 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 Noel 2015) and Phoenix basins (ADWR 2006). 

The density of supercritical CO2 at an approximate depth, temperature and pressure for 

supercritical CO2 storage 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 standard deviations 

used to calculate volumes are listed in Table 4. All volume data, other factors, coefficients, and 

calculations are listed in Appendix G. 

Table 4. Physical parameters of basin fill used to calculate CO2 injection volumes. 

Parameter Units Harquahala 
Standard 

deviation 

Area, A km2 327 0.1 

Gross thickness m 848 0.2 

Porosity, ū frac. 0.15 0.05 

Net-To-Gross Ratio, 

NGR 
frac. 0.5 0.25 

Efficiency Factor frac. 0.2 0.1 

Density of CO2 kg/m3 650 -- 

Reservoir temperature C 75 10 

Reservoir pressure MPa 20 3 

CO2 Storage Volume Estimate  

The volume of pore space available for supercritical CO2 injection into a stacked saline reservoir 

was estimated by employing three different approaches using the physical input parameters listed 

in Table 4 ï a simple linear approach, a probabilistic approach independent of time (Sarkodie-

Kyeremeh et al. 2022), and a similar probabilistic simulation for 5 yr of CO2 injection at 200,000 

mt/yr using a DOE National Energy Technology Laboratory (NETL) CO2-Screen 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 of CO2 that 

would be stored in this calculated pore volume we used the average volume of CO2 at a 

supercritical state, 0.650 g/cm3 (650 kg/m3) to find that 100,000 t of CO2 would occupy 

approximately 0.000154 km3 of space. This resulted in 13,550 Mt of CO2 storage in Harquahala 

basin. 

For the probabilistic methods the results are plotted as a percentage of uncertainty, represented 

by a probability distribution (Figure 91). 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 or exceed the P10 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 Harquahala basin for total CO2 storage. The time dependent 

approach resulted in a P50 of 463 Mt in Harquahala basin of CO2 storage 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, therefore we expect the total CO2 storage 

volumes to be closer to the probabilistic method values. The method by Sarkodie-Kyeremeh et 

al. (2022) estimates a degree of uncertainty or sensitivity of most parameters listed in Table 4. 

The area, gross thickness, and CO2 density presented the least degree of uncertainty, whereas the 

porosity, net-to-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. 

Table 5. Summary of CO2 storage calculations in million metric tons (Mt) for each method. 

 
Total CO2 storage, Mt CO2 storage for 5 yr, Mt  

Basin Simple linear 
Probabilistic 

(P50) 

Probabilistic (P50)                 

NETL CO 2-Screen 

Harquahala 13,550 1,997 463 
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Figure 91 Calculated statistical volumes of CO2 storage in non-differentiated basin fill units below 800 m depth in 

Harquahala basin for total CO2 injection capacity in solid blue (Sarkodie-Kyeremeh et al. 2022) and CO2 capacity 

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 deposits are present in 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 of this seismic facies; Figure 

86). The chemistry, geomechanical properties, and lateral continuity of the evaporite deposits 

have not been directly measured. Fine-grained clastic sediment such as clay, silt and fine sand 

usually borders evaporite deposits, and the types of salts and mixed percent of lithofacies is 

important to map out in the subsurface to adequately de-risk storage of CO2. 

The low porosity, fine-grained 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, thickness, and continuity 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 further de-risk the sealing integrity and conditions in 

these basins. 

Seismic Hazard  

Historical and induced seismicity can present a risk to any subsurface CO2 storage. There are 

several faults surrounding Harquahala basin, and major faults interpreted in vintage seismic 

reflections (Figure 84); however, there are no known active or Quaternary faults (last 2.5 Myr). 

The nearest known Quaternary fault is the ñSand Tankò fault about 50 miles southeast of 

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 relatively low (Figure 92; USGS 

2018). 

 

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 USGS models for the conterminous United States (2018), Hawaii (1998), and 

Alaska (2007; all from USGS [2018]). Models are based on seismicity, fault-slip rates and consider the frequency of 

earthquakes of various magnitudes.  Locally, the hazard may be greater than shown 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 monitoring spatially or 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 of CO2. Permanent subsurface CO2 storage 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 term H2 storage may be possible within the evaporite 

deposits likely present in the basin, though much of this study was focused on CO2 storage 

potential. CO2 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 sufficiently deep to store CO2. 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 Harquahala basin. A 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 logs, proxy data 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 and more extensively 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 has only 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 locally tilted, 

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 accumulation of bedded 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 m depth and 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. Isopach maps highlight 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. Based primarily 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 CO2 can be stored in Harquahala basin. To reduce uncertainty and sensitivity 

in these calculations, the porosity, net-to-gross 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 of stacked saline reservoir 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 example, 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/absence of anticlinal traps also remains unknown. Therefore, we recommend the 

acquisition of three new datasets in both basins: 2D active-source seismic (possibly passive-

source too), magnetotellurics, and deep well borehole wireline geophysical logs and sampling. 

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 architecture and basin structure. 

Recommendations  

CO2 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 II technical evaluation, 

our team recommends acquiring 8 new 2D seismic lines, additional in-fill gravity data, high 

resolution aeromagnetic survey, and drilling one stratigraphic characterization well. 

The location of each method is presented in Figure 93 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 Phase-II data are analyzed and funded as part of a Phase-III 

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 tailored specifically for 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 faults, provide 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 longer (16ï21 miles) and strike northwest-southeast 

and north-south. The remaining five lines are shorter (8ï11 miles), cover the two main 

depocenters, and generally run perpendicular to the basin axis (Figure 93). 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 reservoir based on our findings in this study. 
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The locations of these conceptual lines will likely change as part of a phase-II approach 

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 types in the subsurface. An 

aeromagnetic survey measures the intensity of the Earthôs magnetic field and can yield the 

spatial distribution of the relative abundance of magnetic minerals. Often these types of data are 

used in conjunction with one another. The resulting data 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 effectiveness of 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 to crystalline basement. 

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

a targeted area (approximately 900 km2) of the Harquahala Valley (Figure 93). 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 dataset at 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 a high-resolution 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 logging tools, 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, resistivity, density), 4-point 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 

geophysical datasets. Continuous wireline core through the bedded salt section would provide 

the greatest preservation of data and likely be the most cost-effective method. Conventional 

whole-rock core and sidewall cores are recommended for pertinent sections and lithologies 

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 CO2 mineralization 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 

(Figure 93). 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 the deepest portion 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 Management) which should streamline the permitting process for CCS 

projects under BLM Internal Memorandum # 2022-041 (June, 2022). It is also conveniently 

positioned near interstate 10 and Salome Road, which provides a transportation route to support 

drilling operations. 
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Subtask 4.6  ï 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 the workflow 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 distribution of CCS opportunities and challenges in the 

CUSP region that was developed by integrating multiple independent metricsðincluding 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 that influence 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 adjustments, or infrastructure 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 high-readiness regions; and 

4) support scenario analysis and decision-making 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: 

¶ Source availability ï proximity, concentration, and cost of CO2 emissions sources 

¶ Storage suitability ï geological characteristics, capacity, and injectivity of potential storage 

sites 

¶ Infrastructure availability ï existing and potential transport networks, including pipeline 

feasibility 

¶ Economic considerations ï impact of tax incentives (e.g., tax credits under Section 45Q of 

the U.S. Tax Code [Credit for Carboné2021]), capture and storage costs, and financial 

viability 

¶ Regulatory and policy landscape ï permitting ease, legal frameworks, and government 

incentives 

¶ Risk factors ï 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 scenario-based modeling to simulate a portfolio of 

different assumptions. Using data from CUSP partners, scenarios were developed that 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 identify cost-minimal 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 the other 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 with higher or 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) infrastructure modeling, (3) 

infrastructure aggregation, and (4) readiness scoring. This workflow is presented in Figure 5 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 relative readiness 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 critical factors that impact the 

feasibility and cost-effectiveness 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 wider range 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: 

¶ Storage performance estimates site-specific saline storage capacities and injection costs 

under three different performance assumptions: 

- Pessimistic ï The reservoir underperforms, resulting in lower storage capacity and higher 

injection costs. 

- Expected ï The reservoir performs as expected, with standard capacity and cost 

assumptions. 

- Optimistic ï The reservoir exceeds expected performance, leading to higher storage 

capacity and lower injection costs. 

¶ 45Q saline credit values reflect the economic incentive for CO2 storage, modeled under three 

different credit values per metric ton of stored CO2: 

- $85/t ï baseline credit value reflecting current incentives 

- $100/t ï increased credit scenario to assess potential policy improvements 

- $115/t ï aggressive incentive scenario representing a more favorable policy environment 

¶ Induced seismicity data uncertainty represents uncertainty in available fault data and their 

influence on site selection: 

- Pessimistic ï assumes that critical fault lines are missing from the dataset, leading to a 

higher probability of seismic risks 

- Optimistic ï 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 scenarios that capture 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, $100/t 45Q 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 presented in Figure 6. 

 

Figure 6 The 18 unique scenarios that result from generating all combinations of metric parameter values. IS = 

induced seismicity 

For each unique scenarios, the relevant data values are adjusted according to that scenarioôs 

selected parameter values. The impacts of these parameters on scenario-specific data values are 

as follows: 

1) Storage Performance Parameter 

- Each reservoir locationôs storage capacity and injection cost are adjusted based on 
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 assumptionðin 

which critical faults are assumed to be missing from the datasetðmore 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, then determines 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 scenario-specific datasets 

that serve as inputs for subsequent modeling 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 mixed-integer linear programming (MILP) problem. MILP 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 parameter of interest (e.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 of product to 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 0- or 1-valued decision variables, which indicate on/off decisions for components 

such as the construction (or not) of pipelines. An MILP solver (e.g. IBMôs CPLEX 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 (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 minimum-cost 

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 composed of the key 

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 pipeline costïcapacity curves). Information on the 

scenario input data is presented below. 

Scenario Input Data  

Ὓ Set of CO2 sources 

ὗ  Annual CO2 production rate at source Ὥ (MtCO2/yr) 

Ὂ  Fixed cost of opening source Ὥ ($) 

ὠ  Variable cost of capturing CO2 from source Ὥ ($/MtCO2) 

  

Ὑ Set of storage sites 

ὗ  Annual CO2 capacity of storage site Ὦ (MtCO2/yr) 

Ὂ  Fixed cost of opening storage site Ὦ ($) 

ὠ  Variable cost of injecting CO2 into storage site Ὦ ($/MtCO2) 

  

ὖ Set of candidate pipelines 

ὅ Set of possible capacities for each pipeline 

ὗ   Minimum capacity of pipeline Ὧ with capacity ὧ (MtCO2/yr) 

ὗ  Maximum capacity of pipeline Ὧ with capacity ὧ (MtCO2/yr) 

Ὂ  Fixed cost of opening pipeline Ὧ with capacity ὧ ($) 

ὠ  
Variable cost of transporting CO2 via pipeline Ὧ with capacity ὧ 
($/MtCO2) 

  

ὐ Set of candidate pipeline junctions 

The decision variables of the infrastructure design MILP model indicate which sources to open 

and how much CO2 to capture from each, which storage locations to open and how much CO2 to 

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  

ίᶰπȟρ Indicates if source Ὥ is opened 

ὥᶰᴙ  Annual amount of CO2 captured from source Ὥ (MtCO2/yr) 

  

ὶᶰπȟρ Indicates if reservoir Ὦ is opened 

ὦᶰᴙ  Annual amount of CO2 injected into reservoir Ὦ (MtCO2/yr) 

  

ὴ ᶰπȟρ Indicates if pipeline Ὧ with capacity ὧ is opened 

Ὠ ᶰᴙ  Annual amount of CO2 put in pipeline Ὧ with capacity ὧ (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 capture the CO2, the 

cost to transport the CO2, and the cost to store the CO2. The cost to capture CO2 is the cost to 

open each opened facility (Ὂ ) plus the cost to capture each metric ton of CO2 from it (ὠ ὥ). 

Similarly, the cost to store CO2 is the cost to open each opened storage location (Ὂ ) plus the 

cost to inject each metric ton of CO2 into it (ὠ ὦ). The cost to transport CO2 is the cost to 

build each opened pipeline (Ὂ ) plus the cost to use the opened pipeline (ὠ Ὠ ). Because 

the goal is minimum-cost infrastructure, this objective function is minimized. The objective 

function is presented below. 

Objective Function  

ÍÉÎ Ὂ ί ὠ ὥ

ᶰ

 

Ὂ ὴ ὠ Ὠ

ᶰᶰ

 

Ὂ ὶ ὠ ὦ

ᶰ

 

 

Constraints are used to enforce realistic operational restrictions including capacity restrictions 

and standard network construction requirements. The constraints are presented below. 

Constraints  

ὗminὴ Ὠ ὗmaxὴ ȟᶅὯᶰὖȟᶅὧɴ ὅ (A) 

Ὠ

ᶰᶰȡ

Ὠ
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π              if ὲᶰὐ
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ὥ ὗ ίȟᶅὭɴ Ὓ (C) 

ὦ ὗ ὶȟᶅὮɴ Ὑ (D) 

where constraint (A) enforces minimum and maximum pipeline capacities by ensuring that the 

amount of CO2 transported by a pipeline (Ὠ ) is greater than the minimum capacity (ὗmin) and 

less than the maximum capacity (ὗmax) of that pipeline. Constraint (B) enforces conservation of 

flow at each node in the network to ensure that CO2 is added to the network only when captured 

from sources and leaves the network only when injected into sinks. In other words, constraint (B) 

ensures that all CO2 in the network comes from a source and goes to a storage site. Constraint 

(C) enforces limitations on source production rates by forcing the amount of CO2 captured at 

each source (ὥ) to be less than the available amount of CO2 at that source (ὗ ). Constraint (D) 

enforces limitations on reservoir storage capacities by forcing the amount of CO2 injected into 

each storage site (ὦ) to be less than the capacity of that site (ὗ ). Because there are no 

constraints requiring a minimum amount of CO2 processing, the model will only deploy 

simulated infrastructure that is profitable (i.e., cost negative). This is possible given the 

availability of tax incentives such as 45Q.  

The output from this step is optimal cost-effectives CCS infrastructure for each scenario under 

consideration. An example of infrastructure found by SimCCS using this optimization process is 

presented in Figure 7. This information will be used in subsequent steps to identify specific 

regions that exhibit greater and lower activity in the individual solutions. 

 

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 deployed pipelines. 

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, a grid resolution agreed upon by CUSPôs 
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participating organizations. Figure 7 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 this are provided 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 infrastructure activity across different scenarios. Specifically, we record two key 

quantities for each grid cell: 

1) Amount of CO2 processed ï This includes the total volume of CO2 captured at sources within 

the cell and the total volume injected into storage reservoirs located in the cell. 

2) Cost of processing CO2 ï This includes both capture costs and storage costs for all CO2 

processed in that cell. 

Although CO2 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 in cases in which it is unclear 

which storage site a specific source sends CO2 to, because flow networks typically optimize 

flows without explicitly defining individual transport paths. However, in the case of the CUSP 

data, this scenario did not occur, allowing us to accurately track CO2 processing costs per cell 

without ambiguity. 

This aggregation process transforms the detailed, high-resolution infrastructure optimization 

outputs into a standardized, lower-resolution dataset that facilitiates regional comparison and 

supports decision making. This aggregated dataset provides a simplified yet 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 CO2 processed in that cell and (2) the total cost of 

processing CO2 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 of CO2 processed across all cells. 

- To compute this, cell values are normalized by dividing each cellôs CO2 volume by the 

highest volume found in any cell. This results in values ranging between 0 and 1, where 1 

represents the cell with the highest CO2 processing volume. 

2) Cost-Based Readiness Index 

- This index reflects the cost-effectiveness of CCS deployment within each cell. 

- First, the per-metric-ton processing cost is calculated by dividing each cellôs total 

processing cost by the total amount of CO2 processed in that cell. 

- These per-metric-ton costs are then normalized using the same approach as above, in 

which each value is divided by the highest per-metric-ton cost observed in the dataset, 

resulting in a value between 0 and 1. 
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The volume-based index highlights regions with the greatest CO2 processing activity, whereas 

the cost-based index identifies areas with the highest economic feasibility. If the primary 

objective is maximizing CO2 capture and storage, the volume-based index would be most 

relevant. Even though all deployed infrastructure found during the infrastructure modeling phase 

is profitable, the cost-based index focuses on the most cost-effective regions. This is particularly 

important for securing industry buy-in and ensuring profitable deployment of CCS projects. 

To support visual interpretation as a map, the readiness indices are translated into an orangeï

yellowïgreen color scale in which green represents high readiness and yellowïorange represents 

moderate readiness. Cells with no CCS activity (readiness = 0) are left blank 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 cost-effective. This color-coding approach ensures that high-priority regions 

for CCS deployment stand out and also maintains a clear distinction between impactful and less-

impactful areas. Figure 8 presents an example of the readiness indices map. 

 

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 CO2 processing or low cost per metric ton of CO2 processing) 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 on CO2 capture 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 ï information on CO2 point sources, including emission rates, capture costs, and 

expected operational lifespan 

2) Storage data ï estimated saline storage capacities, injection costs, and performance 

assumptions derived from the SCO2T tool (Middleton et al. 2020) 
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3) Transport data ï potential pipeline routes, existing infrastructure, and transport cost estimates 

4) Induced seismicity data ï fault 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 comprehensive and up-to-date data available 

for CCS deployment planning. 

Source Data  

CO2 source data were compiled by CUSP member organizations as part of Subtask 3.1.4, which 

focused on assessing, verifying, and augmenting existing CO2 point source data. This effort 

involved 

¶ verifying emission volumes using facility-reported and government-sourced data; 

¶ determining the expected lifespan of each source, both with and without COϜ capture; 

¶ identifying feasible CO2 capture methods based on industry-specific characteristics; 

¶ estimating capture costs and operational efficiencies using standardized methodologies; and 

¶ incorporating future CO2 capture sources where relevant. 

Data were collected by CUSP partners from multiple sources including the EPA Greenhouse Gas 

(GHG) Emissions database and local data sources covering both CO2 emitters 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 CUSP region, data collection teams used a Leopold 

Matrix approach to categorize CO2 emitters by industry type, emission rate, and capture cost. 

Capture costs were either estimated on a source-specific basis or set to industry-specific values 

derived from published tables. 

The final dataset includes 257 unique CO2 point sources with a combined annual emission 

capacity of 255.9 MtCO2. 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 included in Table 3. 

Table 3 Emission source information for the CUSP region 

Industry  

Number of 

facilities 

Emission rate, 

Mt/yr  

Share of total 

emissions 

Average cost, 

$/t 

Cost range, 

$/t 

Gas power 105 105.0 41.1% $75 $25ï$131 

Coal power 24 89.3 34.9% $55 $35ï$60 

Petroleum refinery 17 15.6 6.1% $61 $56ï$73 

Cement 22 15.2 5.9% $59 $48ï$75 

Hydrogen 15 9.3 3.6% $72 $58ï$101 

Gas processing 12 7.6 3.0% $14 $14 

Ammonia 4 3.7 1.4% $20 $16ï$30 

Pulp and paper 8 3.4 1.3% $56 $56ï$56 

Ethanol 14 1.2 0.5% $15 $10ï$23 

Other 36 5.6 2.2% $58 $30ï$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 process. Each raster cell centroid was 

designated a potential CO2 injection site, which allowed for a standardized assessment of 

regional storage potential. To estimate storage capacities and injection costs, CUSP state partners 

collected geologic data necessary to run the SCO2T model, a geologic sequestration tool 

developed to estimate saline storage potential and associated costs. SCO2T is a machine 

learningïbased tool trained on high-fidelity, full -physics reservoir simulations, enabling it to 

rapidly generate reliable estimates of CO2 storage 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 gradient. Each of these 

parameters was estimated under three different performance assumptions: 

1) Pessimistic ï conservative estimates assuming lower storage performance and higher 

injection costs 

2) Expected ï standard estimates based on best-available geological data 

3) Optimistic ï favorable estimates assuming enhanced storage performance and lower injection 

costs 

Once compiled, the geologic parameter dataset was provided to Carbon Solutions 

(https://www.carbonsolutionsllc.com/, accessed 2025 November 20), a CUSP industry partner, 

which ran the SCO2T model to estimate the total CO2 storage capacity for each centroid and the 

per-metric-ton injection cost under each pessimistic, expected, and optimistic assumption. These 

estimates formed the foundation for subsequent scenario generation and infrastructure modeling, 

ensuring that each simulated deployment scenario accounted for a range of geologic and 

economic conditions. By leveraging SCO2T, the CUSP project was able to provide a consistent 

and scalable approach to assessing regional CO2 storage potential. Details on the storage 

potential used in readiness indices generation is provided in Table 4. 

Table 4 Storage site information for the CUSP region 

Assumption 

Number of 

sites 

Total 

capacity, Mt 

Average 

capacity, Mt 

Average cost, 

$/t 

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 potential CO2 storage sites. The 

primary objective was to evaluate the likelihood of fault activation due to CO2 injection and 

remove high-risk 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 quantification and risk assessment. 

For each storage location, the risk of fault activation was evaluated under two seismicity data 

quality assumptions: a pessimistic scenario, in which the available fault data were assumed to be 

incomplete (i.e., critical blind faults may exist but are unaccounted for), and an optimistic 

https://www.carbonsolutionsllc.com/
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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 computed the 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. For 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 ñlow: no fault found.ò 

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 assigned a likelihood category of ñlow,ò ñmedium,ò or ñelevatedò 

based on the estimated probability of fault activation. 

To integrate seismic risk into storage feasibility, sites categorized as ñelevatedò risk under a 

given seismicity data assumption were removed from consideration for that scenario. This means 

that the availability of a storage site depended on both storage performance assumptions 

(pessimistic, expected, or optimistic) and the assumed quality of seismic data (pessimistic or 

optimistic). For example, a storage siteôs fault activation risk might be classified as ñlowò when 

assuming expected storage performance and optimistic fault data quality, making it available for 

infrastructure modeling. However, if that same site was classified as ñelevatedò risk under 

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 ranked ñlowò or ñmediumò risk were made available 

for use in SimCCS infrastructure modeling. This filtering ensured that only 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. 

SimCCS, the infrastructure optimization tool used in this study, relies on a cost surface to 

discretize a geospatial region and estimate the cost of deploying a pipeline along 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 environmental factors. 

To establish baseline pipeline costs, we used the FECM/NETL CO2 Transport 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 variability in pipeline deployment expenses. For cost surface 

generation, we used the CostMAP tool (Carbon Solutions 2025a), which produces standardized 

cost surfaces based on predefined input parameters. In some 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 pipeline siting. 
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Once the cost surface was established, SimCCS applied custom routing algorithms to determine 

the least-cost paths for CO2 transport infrastructure. These routing algorithms balance cost 

considerations with the need to efficiently connect CO2 sources to storage sites, ensuring that 

infrastructure deployment remains both economical and feasible. Figure 9 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 to achieve a least-cost 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 platform. These maps visualize 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 factors: the total amount of CO2 processed in each grid cell and 

the cost-effectiveness of CO2 processing in each cell. These values were normalized to create 

two distinct indices: 

1) Volume-Based Readiness Index ï highlights regions with the highest total volume of CO2 

processed, emphasizing large-scale capture and storage activity 

2) Cost-Based Readiness Index ï identifies areas where CCS deployment is most cost-effective, 

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 scheme in Figure 
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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 use a redï

yellowïgreen color scale to represent relative readiness, with high-readiness areas appearing in 

green and lower-readiness 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 indices maps, organized by scenario type. These maps serve as a 

visual decision-support tool, helping stakeholders identify high-potential CCS deployment 

regions and evaluate how various assumptions impact infrastructure feasibility. 

 

Figure 10 Regional Readiness Indices labeling scheme. 
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Figure 7 Readiness maps 
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Task 5 ï Promoting Regional Technology Transfer  
 

Subtask 5.1  ï Development of Regional Readiness Indices 
Maps 

Carbon Solutions supported Montana State University and providing the key deliverable for this 

subtask. 

Subtask 5.2 ï Technology Transfer Forums  

 

Data-Centric Approach to Technology Transfer  

CUSPôs technology transfer model is built mainly around data. Rather than focusing only on 

individual demonstration projects, the partnership invested heavily in: 

https://www.carbonsolutionsllc.com/software/simccspro/
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¶ Building shared regional data sets on geology, emission sources, infrastructure, and 

economics 

¶ Developing analytical and optimization tools to turn these data into actionable project 

designs 

¶ 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 United States. 

This data-first orientation underpins almost every aspect of technology transfer: from pre-

feasibility screening, to Class VI and MRV readiness, to infrastructure planning and long-term 

storage monitoring. 

Data Infrastructure and Digital Tools  

Atlas and Shared Databases  

The core of CUSPôs data work is an evolving regional ñCarbon Portal.ò The 2023 overview 

describes how the partnership has assembled databases ñof useful information necessary to create 

robust geologic models, flow models, and economic studies.ò 

Key elements include the following: 

¶ Geological data for saline aquifers, residual oil zones, basalts, and geothermal reservoirs 

¶ Source inventories of power plants, gas processing facilities, refineries, hydrogen projects, 

and other industrial emitters 

¶ Infrastructure layers, such as existing and potential pipeline corridors, processing plants, and 

transmission infrastructure 

¶ Socio-economic 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 provider of ñintelligent computer applicationsò and access to 

national lab tools to optimize connections between sources and sinks and to support long-range 

development and economic analyses. This includes the following: 

¶ Source-sink matching and cluster formation tools (e.g., SIMCCS and related workflows) 

used to design economically optimal CO2 transport and storage networks under uncertainty 

¶ Risk- and cost-based optimization, where infrastructure layouts are evaluated not only on 

cost but also on resilience, capacity, and risk tolerance 

¶ 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. 

Data-enabled tech transfer here includes the following: 

¶ Templates and workflows for Class VI permit applications based on regional experience 

¶ MRV templates and workflows for design drawing on plume modeling, risk assessment, and 

monitoring technology evaluations 

¶ Guidance for industries seeking to access 45Q tax credits (Credit for Carboné2021), 
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, CCUS to support blue 

hydrogen, storage in basalts, and CO2 plume detection. (See website) 

CCUS Feasibility Studies Examples  

Harquahala Basin (Arizona)  

The ñCharacterization of CO2 storage potential in Harquahala Basin, western central Arizonaò 

project combines basin-scale mapping, stratigraphic analysis, and volumetric estimates to 

evaluate long-term storage potential. A follow-on pre-feasibility study and related posters show 

how the project uses: 

¶ Basin-wide ranking of sedimentary basins by storage potential below 800 m 

¶ Integration of well, seismic, and geophysical data to refine storage estimates 

¶ 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 capturing CO2 from 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: 

¶ Practical source-sink matching using spatial datasets and industrial input 

¶ Joint use of geologic, engineering, and economic models to evaluate feasibility 

¶ A repeatable workflow that can be applied to other power plants and basins 



CUSP West Final Report ï DOE Award DE-FE0031837 

173 

 

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: 

¶ Regional and project-level MRV strategies, informed by CUSPôs databases and NRAP tools 

¶ Design of monitoring frameworks (e.g., NRAP tool applications presented at the 2023 annual 

meeting) 

¶ 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 data-driven MRV and reservoir modeling 

underpin eligibility for storage-related 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 CO2 storage. Data and technology transfer aspects 

include: 

¶ Combining heat-flow, permeability, and structural datasets with storage capacity modeling 

¶ Evaluating the potential for CO2 as 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 hydrogen-plus-storage hubs. 

CCUS in Basalts and CO 2 Plume Detection  

The ñDerisking CO2 mineralization storage in basalt reservoirsò project and related presentations 

(e.g., ñBasalt for Carbon Sequestration Update to WGSò) focus on basalts as long-term 

mineralization hosts. 

Parallel work on CO2 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 

¶ laboratory and modeling methods for predicting mineralization rates and trapping 

mechanisms in basalts and 

¶ monitoring technologies and plume imaging workflows, feeding directly into MRV design 

for Class VI projects. 

Annual Meetings as Engines of Technology Transfer  

The partnershipôs annual meetings were a central mechanism for transferring technologies, data 

methods, and regulatory know-how to practitioners, industries, and decision makers. 
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Building a Shared Knowledge Base  

The annual meeting presentations always provided a state-by-state CCUS briefings and 

foundational capacity building: 

¶ 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. 

¶ ñIntroduction to 45Q Tax Creditò (Balch) and ñIntroduction to EPA Class VIò (Candace 
Cady) translate complex federal incentives and regulatory frameworks into practical 

guidance. 

¶ The ñCUSP Analytics Working Groupò presentation (Sean Yaw) highlights the use of 
advanced analytics and optimization to design infrastructure under uncertainty, emphasizing 

the importance of shared datasets and tools. 

¶ Project-specific talks such as ñLucid Energy Red Hills AGI Projectò and ñBiomass and CCS 

in Washingtonò embed local project data within a regional technology transfer context. 

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: 

¶ Core regulatory and monitoring sessions: 

- ñUIC Class VI Programò (Meissner) 

- ñMonitoring, Reporting, and Verification (MRV)ò (Cady) 

- ñNavigating NEPA for Carbon Capture Project Developmentsò (Wolf & Ross) 

¶ Sessions on financial and infrastructure enablers: 

- ñ45Q Tax Creditò (Balch) 

- ñThe Impact of IRA on CO2 Transportation Infrastructureò (Bulbul) 

¶ Data and modeling focused talks: 

- ñApplication for NRAP Passive Seismic Monitoring Toolò (Huang) 

- ñWellbore Design for Risk Management and Financial Viabilityò (Fisher) 

- ñCore Analysis for CCSò (Walls) 

¶ Storage and utilization frontiers: 

- ñApplied CO2 Mineralization Opportunities and Challengesò (Schaef, Cao, White) 

- ñBasalt for Carbon Sequestration Update to WGSò (Gallin) 

- ñCO2 Storage Opportunities in Northern Platform of the Permian Basinò (Webster) 

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 CUSPôs internal data and methods into shared, replicable 

practices for regulators, operators, and consultants. 

Poster Sessions and Methodological Transfer  

The 2023 poster session reinforced data-focused tech transfer. Examples include: 

¶ ñPre-feasibility study for CO2 sequestration in Harquahala Basin, southwestern Arizonaò, 

demonstrating basin-scale mapping and screening 

¶ ñPlanning Amongst Uncertainty: Designing CCS Infrastructure Resilient to Capture, 
Transport, and Storage Uncertaintyò, illustrating how infrastructure design tools handle 

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 offering targeted support services for 

new initiatives. 

Examples include 

¶ Farnsworth Unit in Texas, where enhanced oil recovery operations are being repositioned 

toward longer-term storage, supported by modeling and MRV planning 

¶ 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 

¶ 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, several key lessons emerge from the partnershipôs work: 

¶ 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 sourceïsink matching to Class VI applications. 

¶ Analytics and optimization close the gap between data and decisions 

Tools for risk-aware infrastructure design, NRAP-based risk assessment, and machine-

learningïassisted screening help translate complex datasets into practical project choices that 

investors, regulators, and operators can act on. (ResearchGate) 

¶ 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 adaptation. (CUSP West - CUSP West) 

https://www.researchgate.net/publication/395430019_Optimizing_carbon_capture_and_storage_CCS_infrastructure_development_using_a_python_tool_for_source-sink_matching_and_cluster_formation?utm_source=chatgpt.com
https://www.cuspwest.org/projects/?utm_source=chatgpt.com
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¶ 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 knowledge-sharing 

loop for stakeholders across the western states. (CUSP West - CUSP West) 

¶ Regulatory and financial enablers depend on strong data 

Access to Class VI permits, 45Q, and IRA-driven infrastructure investments is fundamentally 

tied to robust datasets, credible models, and well-designed MRV plans. The partnershipôs 

investment in data and modeling is therefore central to its technology transfer mission, not 

ancillary. 

References  
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Part II ð Focused Projects  

 

Planning amongst Uncertainty: Designing CCS 
Infrastructure Resilient to Capture, Transport, and 
Storage Uncertainty  
This focused project was led by Montana State University (MSU). The projectôs goal was to 

develop modeling and optimization techniques that help design carbon capture and storage 

(CCS) infrastructure that performs reliably under uncertainty. Large-scale CCS 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 becoming stranded or requiring costly redesigns. 

This project directly supports the broader goals of the Carbon Utilization and Storage Partnership 

(CUSP) project by equipping stakeholders with decision-support tools that quantify risk and 

highlight trade-offs among cost, capacity, and resilience. By embedding uncertainty directly into 

the infrastructure design process, this work helps de-risk CCS investment, supports phased 

development strategies, and ultimately increases confidence in achieving DOEôs objectives for 

regional and national CO2 mitigation. 

The work was carried out at MSU with collaboration from Carbon Solutions 

(https://www.carbonsolutionsllc.com/, accessed 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 the open-source SimCCS platform (Middleton 

et al 2020b; LANL 2026), 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 assumptions about source 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 trade-offs among cost, throughput, and risk tolerance. By embedding this 

capability into the open-source SimCCS platform, the methods developed here can be readily 

applied across the CUSP region and beyond. 

https://www.carbonsolutionsllc.com/
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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 uncertainty-aware 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 mixed-integer 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 decision-makers to tune the level of 

robustness required, yielding a family of ñcore networkò designs that balance capacity, 

cost, and risk 

- Applied the method to a California CUSP dataset, demonstrating how risk tolerance 

affects CO  throughput, profit, and infrastructure selection 

2) Repair-aware design 

- Formulated a multi-objective optimization model that jointly determines an initial CCS 

network design and a repaired design if a designated pipeline segment or other 

component fails 

- Implemented an algorithm that enumerates the Pareto frontier of solutions, providing 

decision-makers with trade-offs 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 near-optimal solutions for state-scale datasets 

and outperforms exact MILP solvers on national-scale datasets under fixed runtime 

budgets 

- Showed that this scalability is critical for running large ensembles of uncertainty 

scenarios, enabling tractable national-level 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. 

¶ Graduate researchers Daniel Olson, Caleb Eardley, and Dalton Gomez were primary 

contributors to algorithm development, implementation, and case study analysis. 

¶ Undergraduate researchers Ryan Dupuis and Michael Papadopoulos supported data 

preparation, scenario generation, and results validation. 
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¶ 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 local-scale projects up to national-scale collaborations must be initiated. At all scales, 

CCS projects will require massive infrastructure investment. The consequences of poor 

infrastructure investments include failed projects and lack of wide-scale CCS adoption. A large 

driver of the success of a CCS project is the management of uncertainties related to capture, 

transport, and storage decisions. In particular, 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. 

Infrastructure 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 pipelines to provide 

opportunities to easily redirect CO2 to 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 costs 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 throughout the 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 ensure investments are made in a 

cost-effective manner. At its core, designing CCS infrastructure is an optimization problem that 

aims to determine the most cost-effective locations and quantities of CO2 to capture, route via 

pipeline, and inject for storage. Designing CCS infrastructure can naturally be formulated as a 

MILP that aims to minimize total cost while capturing and injecting a target amount of CO2. 

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 parameter of interest (e.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 of product to produce or the location to which a 

resource is to be deployed). MILPs combine continuous decision variables, which represent 

quantities such as flow rates, with binary decision variables, which indicate binary decisions for 

components such as the construction (or not) of pipelines. A MILP solver (e.g., IBMôs CPLEX 

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 



CUSP West Final Report ï DOE Award DE-FE0031837 

180 

 

(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 minimum-cost 

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 composed of the key 

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 pipeline costïcapacity curves). Information on the 

scenario input data is presented below. 

Scenario Input Data  

Ὓ Set of CO2 sources 

ὗ  Annual CO2 production rate at source Ὥ (MtCO2/yr) 

Ὂ  Fixed cost of opening source Ὥ ($) 

ὠ  Variable cost of capturing CO2 from source Ὥ ($/MtCO2) 

  

Ὑ Set of storage sites 

ὗ  Annual CO2 capacity of storage site Ὦ (MtCO2/yr) 

Ὂ  Fixed cost of opening storage site Ὦ ($) 

ὠ  Variable cost of injecting CO2 into storage site Ὦ ($/MtCO2) 

  

ὖ Set of candidate pipelines 

ὅ Set of possible capacities for each pipeline 

ὗ   Minimum capacity of pipeline Ὧ with capacity ὧ (MtCO2/yr) 

ὗ  Maximum capacity of pipeline Ὧ with capacity ὧ (MtCO2/yr) 

Ὂ  Fixed cost of opening pipeline Ὧ with capacity ὧ ($) 

ὠ  
Variable cost of transporting CO2 via pipeline Ὧ with capacity ὧ 
($/MtCO2) 
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ὐ Set of candidate pipeline junctions 

The decision variables of the infrastructure design MILP model indicate which sources to open 

and how much CO2 to capture from each, which storage locations to open and how much CO2 to 

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  

ίᶰπȟρ Indicates if source Ὥ is opened 

ὥᶰᴙ  Annual amount of CO2 captured from source Ὥ (MtCO2/yr) 

  

ὶᶰπȟρ Indicates if reservoir Ὦ is opened 

ὦᶰᴙ  Annual amount of CO2 injected into reservoir Ὦ (MtCO2/yr) 

  

ὴ ᶰπȟρ Indicates if pipeline Ὧ with capacity ὧ is opened 

Ὠ ᶰᴙ  Annual amount of CO2 put in pipeline Ὧ with capacity ὧ (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 capture the CO2, the 

cost to transport the CO2, and the cost to store the CO2. The cost to capture CO2 is the cost to 

open each opened facility (Ὂ ) plus the cost to capture each metric ton of CO2 from it (ὠ ὥ). 

Similarly, the cost to store CO2 is the cost to open each opened storage location (Ὂ ) plus the 

cost to inject each metric ton of CO2 into it (ὠ ὦ). The cost to transport CO2 is the cost to 

build each opened pipeline (Ὂ ) plus the cost to use the opened pipeline (ὠ Ὠ ). Because 

the goal is minimum-cost infrastructure, this objective function is minimized. The objective 

function is presented below. 

Objective Function  

ÍÉÎ Ὂ ί ὠ ὥ

ᶰ

 

Ὂ ὴ ὠ Ὠ

ᶰᶰ

 

Ὂ ὶ ὠ ὦ

ᶰ

 

 

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  

ὗminὴ Ὠ ὗmaxὴ ȟᶅὯᶰὖȟᶅὧɴ ὅ (A) 

Ὠ

ᶰᶰȡ

Ὠ

ᶰᶰȡ

ὥ                if ὲᶰὛ
ὦ          if ὲᶰὙ
π              if ὲᶰὐ

ȟᶅὲᶰὛ᷾ Ὑ᷾ὐ (B) 

ὥ ὗ ίȟᶅὭɴ Ὓ (C) 

ὦ ὗ ὶȟᶅὮɴ Ὑ (D) 

where constraint (A) enforces minimum and maximum pipeline capacities by ensuring that the 

amount of CO2 transported by a pipeline (Ὠ ) is greater than the minimum capacity (ὗmin) and 

less than the maximum capacity (ὗmax) of that pipeline. Constraint (B) enforces conservation of 

flow at each node in the network to ensure that CO2 is added to the network only when captured 

from sources and leaves the network only when injected into sinks. In other words, constraint (B) 

ensures that all CO2 in the network comes from a source and goes to a storage site. Constraint 

(C) enforces limitations on source production rates by forcing the amount of CO2 captured at 

each source (ὥ) to be less than the available amount of CO2 at that source (ὗ ). Constraint (D) 

enforces limitations on reservoir storage capacities by forcing the amount of CO2 injected into 

each storage site (ὦ) to be less than the capacity of that site (ὗ ). Because there are no 

constraints requiring a minimum amount of CO2 processing, the model will deploy only 

infrastructure that is profitable (i.e., cost negative). This is possible given the availability of tax 

incentives such as those under Section 45Q of the U.S. Tax Code (Credit for Carboné2021). 

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 trade-offs 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 heatmap-based 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 known, optimal infrastructure solutions 

could be determined by solving the MILP model detailed in the CCS Modeling Background 

section on page 75. However, we assume that the actual annual capacity of each storage site, 
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ὗ , is uncertain and can be represented by a site-specific probability distribution. Each 

probability distribution is based on geologically informed estimates, reflecting the uncertainty in 

reservoir performance. Because the capacity of each site is not 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 capacities. 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 siteôs probability distribution. Each scenario is then solved using the 

MILP model detailed in the CCS Modeling Background section on page 75 to 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 heatmap is filtered to include only infrastructure that is 

common to a specified minimum number of solutions. Finally, a core infrastructure design is 

identified by finding the minimum-cost, maximum-flow solution in the filtered heatmap. An 

illustration of the proposed infrastructure design process is presented in Figure 11 and detailed 

below. 

 

Figure 11 Proposed process for identifying core infrastructure that is resistant to storage capacity uncertainty. Red circles are 

CO2 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 heatmap is 

constructed in Step 3 by calculating the number of times each infrastructure component is used. In Step 4, the heatmap is filtered 

to include only a subset of all used infrastructure. Finally, the largest feasible infrastructure is calculated in Step 5. 

Scenario Generation  

The MILP model detailed in the CCS Modeling Background section on page 75 requires 

concrete values for all input parameters, including the site-specific annual storage capacities 

ὗ . To construct a concrete scenario from uncertain storage capacities that can be solved using 

the MILP model, each storage siteôs capacity is selected as a random value sampled from that 
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siteôs probability distribution. This process is repeated to generate a set of scenarios, where each 

scenario represents a unique realization of the annual storage capacities for all storage sites. This 

set of scenarios captures a range of potential outcomes, ensuring 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 in the CCS Modeling 

Background section on page 75. Solving the MILP model for each scenario determines the 

infrastructure components needed to support that scenario, including the following: 

¶ The set of sources to open and their associated capture rates 

¶ The set of storage sites to open and their associated injection rates 

¶ 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 commonality score is calculated 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 Step 3 of Figure 

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 value in the range [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 form of a risk 

index, which assumes a value of 0% ὢ  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 ὢ, a network component (e.g., pipeline, source, or storage site) must have a minimum 

commonality score of (ρππὢ) 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 

components. This results in a more conservative, lower-risk assessment of infrastructure 

availability. For example, at ὢ = 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. At ὢ = 15%, components used in at least 85% 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 than ὢ% of the scenario solutions are excluded from 

the final infrastructure design. 

Core Infrastructure  

Although the filtered heatmap identifies infrastructure that is common to ὢ% of all scenarios, 

there is no guarantee that this infrastructure forms a valid flow 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 

stand-alone solution. To determine the largest valid solution contained within the filtered 

heatmap, the minimum-cost maximum flow over that network is computed. Maximum flows 

represent solutions in the filtered heatmap that can host the largest amount of CO2. The 

minimum-cost solution among the set of maximum flow solutions represents the most cost-

effective maximum flow. Minimum-cost maximum flows in the filtered heatmap infrastructure 

can be found by iteratively solving versions of the MILP model from the CCS Modeling 

Background section on page 75. 

First, the maximum flow is determined by performing a binary search on values of the annual 

CO2 processing target Ὕ, looking for the largest threshold value that results in a feasible MILP 

instance. Once the maximum flow is found, the minimum-cost maximum flow is found by 

solving the MILP model one more time with the processing target Ὕ set to equal the maximum 

flow value. However, before the MILP model from the CCS Modeling Background section on 

page 75 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 of ὢ, the storage capacity of each site is set to the ὢth percentile of the siteôs 
probability distribution. 

For example, if a decision-maker with a low appetite for risk wanted to explore possible 

infrastructure deployments, they might choose a risk index of ὢ = 10%. 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 distributions. The resulting core infrastructure found when 

calculating the minimum-cost 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 capacities are encountered during operation. On the other hand, if the decision-maker had 

a large appetite for risk, they might choose a risk index of ὢ = 75%. 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 would result in core infrastructure that is larger and capable of processing 

significantly more CO2 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 process can also be 

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 problem is a known NP-hard 

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 sources, storage sites, or candidate pipelines). This 

can pose significant scalability challenges when applying the proposed process to very large 

datasets, such as those representing multi-region or nationwide CCS studies. In such cases, 

additional computational resources or heuristic approximations, such as those presented in the 

Scalable Infrastructure Design section of this report on page 97, 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 CostMAP (Carbon Solutions 2025a) can be 

heavily leveraged. These tools handle data organization and visualization and use off-the-shelf 

MILP solvers such as CPLEX or Gurobi (Gurobi Optimization 2026) to solve the core MILP 

model. Modifications to existing software (e.g. SimCCS) need to be made to support the 

stochastic component of the workflow and to aggregate solutions into heatmaps 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 routing costs, 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 characterization data 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 38.01 MtCO2/yr coming from a 

variety of industries, as detailed in Table 5. Capture capacities and costs were generated as part 

of the CUSP project and include Californiaôs Low Carbon Fuel Standard (LCFS) credits when 

applicable for the specific source. 

Table 5 Capture profiles by industry 

Industry  

Number of 

sources 

Emission 

amount, 

MtCO 2/yr  

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 MtCO2/yr. Of the 57 sites, 45 are saline storage sites (419.04 MtCO2/yr 

expected) and 12 are enhanced oil recovery sites (33.71 MtCO2/yr expected). 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 site-specific storage capacity expected values and standard deviations across a 

range of parameter possibilities using the SCO2T geologic sequestration tool (Middleton et al. 

2020a). 

The set of possible pipeline routes was generated using SimCCSôs candidate pipeline generation 

tool. SimCCS generates candidate pipeline routes from a rasterized cost surface, where each grid 

cell represents localized routing costs and pipeline routes are calculated as piecewise linear paths 

through the spatial grid. The pixelated appearance of the following map-based figures is due to 

the underlying map being the rasterized cost surface as well as the piecewise linear pipeline 

routes. 

The California dataset is presented in Figure 12. 

 

Figure 12 CCS infrastructure dataset from the state of California. The study area is bounded by (40.960, ī123.659) 

in the top left corner and (33.636, ī116.042) in the bottom right. Red circles are CO2 sources, blue circles are 

storage sites, and purple edges are candidate pipeline locations. 

A total of 57 scenarios were generated by sampling each of the storage sitesô storage capacity 

probability function to obtain a random annual storage capacity value for each scenario. Each 

scenario is parameterized to process 17 MtCO2/yr for 30 years. Optimal solutions for each 

scenario were found by solving the MILP from the CCS Modeling Background section on page 

75 using SimCCS and IBMôs CPLEX optimization software version 12.9. The heatmap was 

generated by aggregating the deployed infrastructure from the solutions of the 57 scenarios and 

calculating the commonality score for each infrastructure component. The commonality score 

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 the redïyellowïgreen color gradient, as seen 

in Figure 13. 

 

Figure 13 Aggregated heatmap of solutions from 57 scenarios with different storage capacities. Infrastructure is 

colored on a redïyellowïgreen color gradient, in which red corresponds to less commonly used infrastructure and 

green corresponds to more commonly used infrastructure. 

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 component must appear 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 available to the core solution is identified, the capacity for each sink is 

set as described in the methodology to be the ὢth percentile of the corresponding probability 

distribution. Finally, the minimum-cost maximum flow is calculated using the standard process 

of first finding the maximum flow using the Ford-Fulkerson algorithm and then finding the 

minimum-cost flow with that 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 in Figure 14. 
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(a) (b) 

 

(c) 

 

(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 a redïyellowïgreen color gradient, in which red corresponds to less 

commonly used infrastructure and green corresponds 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 more-conservative infrastructure, as the 

amount of available infrastructure is restricted and the storage capacity is reduced. The trade-off 

between the risk index and performance is important for decision-makers 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 CO2 that the identified core infrastructure can process and the cost of the 

infrastructure. To quantify this trade-off, the proposed core infrastructure generation process was 

run for risk index values from 0% to 100% in 2.5% increments. 

Figure 15 presents the trade-off curve between the selected risk index and the amount of CO2 

that can be processed by the identified infrastructure. Reducing the risk index from 15% to 0% 

reduced the amount of CO2 processed by 83.7%. Likewise, reducing the risk index from 30% to 

15% reduced the amount of CO2 processed by 31.3%. This demonstrates the trade-off between 

infrastructure effectiveness and assumption of risk. 
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Figure 15 Annual amount of CO2 processed versus risk index for a range of risk index values 

Of particular interest are the obvious breakpoints that may help decision-makers settle on a 

specific risk index or small set of risk indices. For example, the difference in the amount of CO2 

processed when the risk index is decreased from 17.5% to 15% (1.81 MtCO2/yr) is notably more 

than the difference between 20% and 17.5% (0.09 MtCO2/yr) or 15% and 12.5% (0.21 

MtCO2/yr). These breakpoints occur when infrastructure components are added to the available 

infrastructure that are important enough to notably increase the amount of CO2 that can be 

processed by the solution. They serve as logical spots that demonstrate the most impactful trade-

offs between performance and risk index. The annual amount of CO2 processed 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 that for low-risk index 

values, the same infrastructure is available, as opposed to higher risk index values, when the 

required commonality score reduces the amount of available infrastructure. The nonincreasing 

trend from a large amount of CO2 processed for low-risk index values to a small amount of CO2 

processed for high-risk index values would be seen for all datasets, because the amount of 

available infrastructure is reduced. The constant regions, breakpoint locations, and CO2 

processed values are dataset specific; accordingly, other datasets would likely show differences 

in this behavior. 

Figure 16 presents the trade-off 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 CO2 to 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% decreased the profit 

of the project by 28.5%. This demonstrates the trade-off between infrastructure cost and 

assumption of risk. The same breakpoints (for the same risk index values) are seen in the cost 

trade-off curve as in the trade-off curve for the amount of CO2 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 unavailable, additional infrastructure 

may need to be constructed or reactivated to ensure that the planned volume of CO2 can still be 

transported and stored. Because it is not known in advance whether the vulnerable pipeline will 

actually fail, 2 designs must be considered 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, 

because the fixed costs of constructing the potentially failing pipelineðand any other 

infrastructure abandoned when transitioning to the repaired designðcontribute to the overall 

repaired cost. This interdependence makes the problem a multi-objective optimization with 

competing goals: minimizing the cost of the initial deployment while also minimizing the 

potential cost of repair. The set of Pareto-optimal solutions defines the trade-off frontier between 

these objectives, and it is along this frontier that decision-makers should select a design, guided 

by both the perceived likelihood of failure and their tolerance for risk. 

Although the MILP described in the CCS Modeling Background section on page 75 identifies 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 specific pipeline 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 CO2 through 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 have already been made. This interdependence makes it difficult to determine 

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 
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a multi-objective 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 trade-offs between inexpensive initial designs and inexpensive 

repairs. 

To illustrate, consider the simplified CCS network in Figure 17 (top), in which edge weights 

represent pipeline construction costs, capacities are uniform, and the target throughput is 1 unit 

of CO2. In this example, the vulnerable pipeline is the segment (b,t). The minimum-cost design 

(Figure 17(a), top) routes CO2 along the direct path (s,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 cost of 20 (Figure 

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 alternatives. 

 

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 flow solutions (bottom) when edge (b,t) fails. 

The relevant set of designs for decision-makers is defined by the Pareto frontier between initial 

cost and repaired cost. At one extreme, the frontier begins with the minimum-cost design that 

assumes no failure (Figure 17(a), top). At the other extreme, it ends with the minimum-cost 

design that excludes the vulnerable pipeline entirely (Figure 17(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 lower-cost initial 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 process for generating 

the Pareto front, thereby giving planners a structured set of trade-off solutions 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 minimum-cost flow and proceeding to the minimum-cost flow on the 

network with the designated edge excluded. The scenario input data input we consider is 

identical to the input to the MILP described in CCS Modeling Background section on page 75, 

with the addition of the designated edge that may or may not fail and a capture target: 

ύ Pipeline segment from ὖ subject to failure 

Ὕ Target CO2 capture amount for project (tCO2/yr) 

The algorithm presented here works 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 minimum-cost flow 

and the minimum-cost repair of that flow when the designated edge fails. This solution 

corresponds to the initial and repaired flows shown in Figure 17(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 designated edge failing using the following decision variables: 

ί ᶰπȟρ Indicates if source Ὥ is opened in initial solution 

ὥ ᶰᴙ  
Annual amount of CO2 captured from source Ὥ (MtCO2/yr) in initial 

solution 

ί ᶰπȟρ Indicates if source Ὥ is opened in repaired solution 

ὥ ᶰᴙ  
Annual amount of CO2 captured from source Ὥ (MtCO2/yr) in repaired 

solution 

  

ὶ ᶰπȟρ Indicates if reservoir Ὦ is opened in initial solution 

ὦ ᶰᴙ  
Annual amount of CO2 injected into reservoir Ὦ (MtCO2/yr) in initial 

solution 

ὶ ᶰπȟρ Indicates if reservoir Ὦ is opened in repaired solution 

ὦ ᶰᴙ  
Annual amount of CO2 injected into reservoir Ὦ (MtCO2/yr) in 

repaired solution 

  

ὴ ᶰπȟρ Indicates if pipeline Ὧ with capacity ὧ is opened in initial solution 
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Ὠ ᶰᴙ  
Annual amount of CO2 put in pipeline Ὧ with capacity ὧ (MtCO2/yr) 

in initial solution 

ὴ ᶰπȟρ Indicates if pipeline Ὧ with capacity ὧ is opened in repaired solution 

Ὠ ᶰᴙ  
Annual amount of CO2 put in pipeline Ὧ with capacity ὧ (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  

ὗminὴ Ὠ ὗmaxὴ ȟᶅὯᶰὖȟᶅὧɴ ὅ (E) 

Ὠ

ᶰᶰȡ

Ὠ

ᶰᶰȡ

ὥ ȟ if ὲᶰὛ

ὦ ȟ if ὲᶰὙ
π    ȟ if ὲᶰὐ

ȟᶅὲᶰὛ᷾ Ὑ᷾ὐ (F) 

ὥ ὗ ί ȟᶅὭɴ Ὓ (G) 

ὦ ὗ ὶ ȟᶅὮɴ Ὑ (H) 

ὥ

ᶰ

Ὕ (I) 

  

Repaired solution  

ὗminὴ Ὠ ὗmaxὴ ȟᶅὯᶰὖȟᶅὧɴ ὅ (J) 

Ὠ

ᶰᶰȡ

Ὠ

ᶰᶰȡ

ὥ ȟ if ὲᶰὛ

ὦ ȟ if ὲᶰὙ
π      ȟ if ὲᶰὐ

ȟᶅὲᶰὛ᷾ Ὑ᷾ὐ (K) 

ὥ ὗ ί ȟᶅὭɴ Ὓ (L) 

ὦ ὗ ὶ ȟᶅὮɴ Ὑ (M) 

ὥ

ᶰ

Ὕ (N) 
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Edge failure  

Ὠ πȟᶅὧɴ ὅ (O) 

ὴ ὴ ȟᶅὯᶰὖȟᶅὧɴ ὅ (P) 

where constraints (E) and (J) enforces minimum and maximum pipeline capacities. Constraint 

(F) and (K) enforce conservation of flow at each node in the 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 amount of CO2 processing. 

Constraint (O) ensures that no CO2 will 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 constraint is used to force 

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 actively decrease 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 decision-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 the next initial and 

repaired solutions in the sequence. An overview of the algorithm is presented in Figure 18, 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 less than the cost of the previous iterationôs repaired solution. These solutions can be 

found by formulating a MILP with the input parameters and decision variables defined above, 

and the following objective function that minimizes the cost of the initial solution: 

ÍÉÎ Ὂ ί ὠ ὥ

ᶰ

 

Ὂ ὴ ὠ Ὠ

ᶰᶰ

 

Ὂ ὶ ὠ ὦ

ᶰ

 

 

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. Let Ὑ  be the cost of the repaired solution from the last iteration and ‭ be 

some small value that represents the minimum step size for each sequential solution. This 

constraint limiting the cost of the repaired solution is then 

Ὂ ί ὠ ὥ

ᶰ

Ὂ ὴ ὠ Ὠ

ᶰᶰ

Ὂ ὶ ὠ ὦ

ᶰ

Ὑ ‭ 

Note that to find each Pareto-optimal point on the Pareto front, the value of ‭ must be small 

enough so that the repaired solution cost of the next Pareto-optimal point does not exceed 

Ὑ ‭. If ‭ is too large, the algorithm will skip the Pareto-optimal points whose repaired 

solution costs are between Ὑ ‭ and Ὑ . Because the cost differences between consecutive 

Pareto-optimal points are not known in advance, it is difficult to determine an appropriate 

minimum ‭ as a property of the graph instance. In practice, we address this by defining ‭ in as a 

small fraction (e.g., 0.1%) of the previous iterationôs repaired solution cost. This approach 
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ensures meaningful cost differences between Pareto-optimal points and enables effective 

exploration of the Pareto front. 

The result of this step is the cheapest initial solution whose corresponding repaired solution is 

cheaper than the previous iterationôs repaired solution. 

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 input parameters and decision variables 

defined above and the following objective function that minimizes the cost of the repaired 

solution: 

ÍÉÎ Ὂ ί ὠ ὥ

ᶰ

 

Ὂ ὴ ὠ Ὠ

ᶰᶰ

 

Ὂ ὶ ὠ ὦ

ᶰ

 

 

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 (Ὅ ). 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: 

Ὂ ί ὠ ὥ

ᶰ

Ὂ ὴ ὠ Ὠ

ᶰᶰ

Ὂ ὶ ὠ ὦ

ᶰ

Ὅ  

The result 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 minimum-cost flow and the repaired solution is 

the minimum-cost repair of the initial solution when the designated 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 repaired solution are both the minimum-cost 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 trade-offs between initial solution cost 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 repaired solution cost.  

Theorem: Each initialïrepaired pair solution found by the algorithm is Pareto-optimal. 

Proof: Suppose that Ὅ ȟὙ  is the cost of an initialïrepaired solution pair found by the 

algorithm. This pair is Pareto-optimal if there does not exist any other solution pair with cost 

ὍȟὙ such that 

Ὅ Ὅ ÁÎÄ Ὑ Ὑ  ÏÒ Ὅ Ὅ ÁÎÄ Ὑ Ὑ  

Consider any other valid solution pair with cost ὍȟὙ. Suppose that Ὑ Ὑ . MILP 1 

identified Ὅ  as the cheapest initial solution compatible with any repaired solution whose cost 

is, at most, Ὑ ‭. Because Ὑ Ὑ Ὑ ‭, Ὅ Ὅ . Suppose that Ὅ Ὅ . MILP 2 

identified Ὑ  as the cheapest repaired solution compatible with any initial solution whose cost 
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is, at most, Ὅ . Because Ὅ Ὅ , Ὑ Ὑ . Therefore, neither condition of the Pareto-

optimality condition holds and Ὅ ȟὙ  is Pareto-optimal. 

This theorem establishes that every solution produced by the algorithm is Pareto-optimal. 

However, it does not guarantee that every Pareto-optimal solution is found. Generating the full 

set of Pareto-optimal solutions depends on choosing a sufficiently small ‭ value to avoid 

skipping Pareto-optimal solutions, because an overly large ‭ value will cause the algorithm to 

bypass intermediate Pareto-optimal solutions. 

Case Study  

In this section, we present results from running the repairable infrastructure design algorithm on 

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 MtCO2/yr. The total storage capacity in this dataset is 

392.3 MtCO2. Figure 19(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 infrastructure design 

algorithm was implemented into the CCS infrastructure modeling tool SimCCS, which uses a 

MILP to concurrently determine cost-minimal capture, transport, and storage infrastructure. 

SimCCS also provides a standardized way to load, manipulate, and visualize 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 SimCCS is shown in Figure 19(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 MtCO2/yr for 20 years and identified sink number 2 

(arrow in Figure 19) as the sink that may fail. This scenario was run on a machine with an 8-core 

Intel Core i9 processor running at 3.6 GHz, and 64 GB of RAM. SimCCS on this machine used 

IBMôs CPLEX optimization tool, version 22.1.1.0. In an effort to quantify the practical 

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 presented in Figure 20. 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 the CCS Modeling Background section on page 75 to find a 

single solution than it is to solve the MILPs from this section that each find 2 codependent 

solutions. 

 

Figure 20 Minimum, maximum, and average running times for each iteration of the algorithm over 5 identical runs 

of the scenario 

Figure 21 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 constraint) and 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 minimum-cost flow on the network and its repaired 

solution is the repaired minimum-cost flow. The initial and repaired solutions of the final 

iteration are both the minimum-cost flow on the flow network with sink number 2 excluded. The 

initial and repaired solutions found in the intermediate iterations demonstrate a trade-off between 

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 minimum-cost flow (and its associated repaired solution) to minimum-cost flow on the network with sink 

number 2 excluded 

Figure 22 presents the sequence of Pareto-optimal 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 MtCO2/yr for 20 years. These solutions represent the options for optimal 

trade-offs between initial solution cost and repaired solution cost. These are the solutions that a 

decision-maker would take into account when determining the likelihood of the designated edge 

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 real-world data. 

 

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 NP-hard optimization problem). CCS infrastructure design 

optimization is actually even NP-hard to approximate within the natural logarithm of 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 national-level CCS case 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 each edge 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 fixed-charge flow network problems. 

By avoiding 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 network problems. It is a 

matheuristic, in that it uses mathematical programming to calculate a flow solution from a linear 

program parameterized with the fixed-cost scaling arrays. 

Non-Integer Linear Program  

In this section, we introduce a linear program (LP) that is a modification of the MILP presented 

in the CCS Modeling Background section on page 75. 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 appropriate LP: 

1) The binary decision variables ί, ὶ, and ὴ  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 parameters ί, ὶ, and ὴ  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 ‌, ‍, and ‏  be the decision variable representing the amount of CO2 processed by 

sources, sinks, and pipeline components, respectively, analogous to the ὥ, ὦ, and Ὠ  

continuous decision variable in the MILP. 

Then, the objective function of the LP is 

ÍÉÎ
Ὂ

ί
ὠ ‌

ᶰ

 

Ὂ

ὴ
ὠ ‏

ᶰᶰ

 

Ὂ

ὶ
ὠ ‍

ᶰ

 

 

The constraints in the LP mirror the constraints in the MILP: 

‏ ὗmaxȟᶅὯᶰὖȟᶅὧɴ ὅ (Q) 
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‏

ᶰᶰȡ

‏

ᶰᶰȡ

‌                if ὲᶰὛ
‍          if ὲᶰὙ
π              if ὲᶰὐ

ȟᶅὲᶰὛ᷾ Ὑ᷾ὐ (R) 

‌ ὗ ȟᶅὭɴ Ὓ (S) 

‍ ὗ ȟᶅὮɴ Ὑ (T) 

‌

ᶰ

Ὕ (U) 

The output of this LP is a value for each ‌, ‍, and ‏ . Of course, the optimal flow found by 

the LP is likely not an optimal solution for the MILP. The true cost of the LPôs solution can be 

determined by calculating its value when input into the MILPôs objective function. This is first 

done by defining resource-use indicator functions ί, ὶ, and ὴ  and assigning them values as 

follows: 

ί
ρȟὭὪ ‌ π
πȟὭὪ ‌ π

  ὶ
ρȟὭὪ ‍ π

πȟὭὪ ‍ π
  ὴ

ρȟὭὪ ‏ π
πȟὭὪ ‏ π

 

This makes the true cost of the LPôs solution equal to 

Ὂ ί ὠ ‌

ᶰ

Ὂ ὴ ὠ ‏

ᶰᶰ

Ὂ ὶ ὠ ‍

ᶰ

 

The GA described below works by varying the ί, ὶ, and ὴ  scaling parameters and scoring 

the resulting optimal ‌, ‍, and ‏  values found by this true cost equation. 

Genetic Algorithm  

GAs are a common evolutionary heuristic method used for searching and optimization. GAs 

manage a population of organisms that 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 which organisms 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 to the problem 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 to a 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 the fixed-charge flow 

network problem. In these algorithms, organisms are broadly represented as either individual 

edges or predefined routes through the network. Representing organisms as individual edges 

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 unlikely to result in 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 that use these representations address the issue by using 

computationally expensive repair functions to make organisms correspond to valid flows. Instead 

of representing an organism in this fashion, we represent it as an array of the fixed-cost scaling 

parameters ί, ὶ, and ὴ . Then, the solution corresponding to this organism is the set of 

solution values ‌, ‍, 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 to the efficiency of our 

approach. 

The motivation for using the fixed-cost 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 decreases to 0, the 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. The GA is 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 fixed-cost scaling parameters as a proxy for a solution instead of directly using a 

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 components and workflow 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 

to get the ‌, ‍, and ‏  solution values. After the ‌, ‍, and ‏  values are determined, the 

solutionôs true cost in the context of the optimal ILP is calculated using the LPôs true cost 

solution equation. This value is used as the fitness 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 tournament selection function in an effort 

to prioritize high-fitness organisms while not ignoring all low-fitness organisms. In binary 

tournament selection, 2 random organisms are selected and the one with the higher fitness is kept 

while the other is discarded. This ensures that high-fitness organisms are likely to remain in the 

population while maintaining the possibility for low-fitness ones to survive as well. Binary 

tournament selection is repeated until the number of organisms in the population is at the desired 

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 a random interval 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 mutation. During 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 a lower bound 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 initial population is 

initialized as a scaling parameter array filled with a random value between ‭ π and 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 fashion: At 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 randomized 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 lower-fitness organisms. The algorithm keeps executing iterations 

until the running time reaches a designated time limit. 

CPLEX Polishing  

Once the time limit has been reached, the most fit organismôs ‌, ‍, and ‏  solution values are 

used as a warm start for IBMôs CPLEX optimization software. CPLEX polishing is run for one-

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 solution values, 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 and ‌, ‍, and ‏  solution value 

both equal the optimal MILP flow values, then the cost of the LPôs objective function will equal 

the optimal cost of the ILPôs objective function. This claim is shown to be false with a simplified 

example in Figure 23 with only pipeline costs and capacities as fixed costs (ὥ), variable costs 

(ὦ), and capacities (ὧ) and a capture target of 3. In this instance, the optimal ILP solution is to 

set the amount of flow on Ὡ and Ὡ to 2 and the amount of flow on Ὡ and Ὡ to 1 for a total cost 

of 20. Setting flow values for Ὡ and Ὡ to 2 and Ὡ and Ὡ to 1 yields the LP objective of 

minimizing χ‏ φ‏ . The optimal solution to this is to set the amount of flow on Ὡ and Ὡ to 

1 and the amount of flow on Ὡ and Ὡ to 2 for a total cost of 21, thereby contradicting the claim. 

 

Figure 23 Counterexample to claim with only transportation costs and capacities having the displayed fixed costs 

(ὥὩ), variable costs (ὦὩ), and capacities (ὧὩ) and a capture target of 3. In this instance, the optimal integer linear 

program solution is 20 with a flow of 2 units on Ὡρ and Ὡσ and 1 unit on Ὡς and Ὡτ. The corresponding optimal linear 

program solution is 21 with a flow of 1 unit on Ὡρ and Ὡσ and 2 units on Ὡς and Ὡτ. 

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 in the GA finding optimal flow values for 

the ILP. 

ίᶰπȟρ Indicates if source Ὥ is opened 

ὥᶰᴙ  Annual amount of CO2 captured from source Ὥ (MtCO2/yr) 

  

ὶᶰπȟρ Indicates if reservoir Ὦ is opened 

ὦᶰᴙ  Annual amount of CO2 injected into reservoir Ὦ (MtCO2/yr) 

  

ὴ ᶰπȟρ Indicates if pipeline Ὧ with capacity ὧ is opened 

Ὠ ᶰᴙ  Annual amount of CO2 put in pipeline Ὧ with capacity ὧ (MtCO2/yr) 

Theorem: For every problem instance, there exists a set of scaling parameter values such that the 

optimal flow found by the resulting LP is 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. Let Ὠ  be the optimal 

flow values found by the MILP and define the set of ὴ  scaling parameter values as follows: 

ὴ
‭ πȟὭὪ Ὠ π

Њȟ ὭὪ Ὠ π
 

When ὴ  is set to an ‭ -value near 0, the scaled fixed cost Ὂ Ⱦὴ  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 solution Ὠ ). Likewise, if ὴ  is set to a very large value, the 

scaled fixed cost is near 0. These ὴ  values effectively restrict the LP to selecting only the edges 

and capacities with nonzero ‏  values. 

Suppose that ὌṖὖ ὅ is the set of edge-capacity pairs where ὴ  equals 1. Then, given the 

ὴ  values resulting from above, the objective for the LP becomes 

Ὂ

ὴ
ὠ ‏

ᶰᶰ

ὠ ‏

ᶰ

 

Let ‏  be optimal flow values to the LP. We aim to show that ‏  is also an optimal flow for 

the MILP. First, ‏  is a valid solution to the MILP, because ‏  is a valid flow of the MILPôs 

target value on an identical graph with the same capacities. Showing that ‏  is optimal for the 

ILP can be accomplished by using ‏  to feed the definitions for ὴ  and showing that 

Ὂ ὴ ὠ ‏

ᶰᶰ

Ὂ ὴ ὠ Ὠ

ᶰᶰ

 

ὴ  must equal 1 for all edges in Ὄ. If ὴ  equals 0 for some edge in Ὄ, then the fixed 

costs incurred by ‏  are lower than the fixed costs incurred by Ὠ . Also, because ‏  is 

optimal for the LP, 

ὠ ‏

ᶰ

ὠ Ὠ

ᶰ

 

Therefore, if ὴ  equals 0 for some edge in Ὄ, ‏  is a lower cost flow for the ILP than the 

optimal Ὠ , which is a contradiction. Therefore, Ὠ  and ‏  must incur identical fixed costs 

and ὴ  must equal 1 for all edges in Ὄ. 

Suppose that, 

ὠ ‏

ᶰ

ὠ Ὠ

ᶰ

 

This implies that, 

Ὂ

ᶰ

ὠ ‏

ᶰ

Ὂ

ᶰ

ὠ Ὠ

ᶰ
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ᵼ Ὂ ὠ ‏

ᶰ

Ὂ ὠ Ὠ

ᶰ

 

ᵼ Ὂ ὴ ὠ ‏

ᶰᶰ

Ὂ ὴ ὠ Ὠ

ᶰᶰ

 

which is a contradiction, because Ὠ  is an optimal flow value for the ILP and therefore cannot 

be more expensive than the valid flow ‏ . Therefore,  

ὠ ‏

ᶰ

ὠ Ὠ

ᶰ

 

which implies that, 

Ὂ ὴ ὠ ‏

ᶰᶰ

Ὂ ὴ ὠ Ὠ

ᶰᶰ

 

Therefore, defining the ὴ  values as above yields an LP whose optimal flow values correspond 

to optimal flow values of the ILP. 

Case Study  

To demonstrate the efficiency and 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 

SimCCS. Initial performance simulations guided the parameterization of the GA to have a 

population size of 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 

over with a random other organism in each iteration of the GA. All reported GA values are the 

average of 3 runs. The optimal MILP from the CCS Modeling Background section on page 75 

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 

SimCCS to ensure only the algorithm of interest was being timed during simulation. Simulations 

were run on a machine with Ubuntu 20.04.5, an Intel Xeon W-2255 processor running at 3.7 

GHz, and 64 GB of RAM. SimCCS on this machine used IBMôs CPLEX optimization tool, 

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 MtCO2/yr, 102 

sinks with a total lifetime storage capacity of 37.18 GtCO2, and 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 presented in Figure 24. 
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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 MtCO2/yr, 1,202 sinks with a total lifetime storage capacity of 

2,691.86 GtCO2, 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 (Boston, MA). 

Storage data was generated using the SCO2T geologic sequestration tool (Carbon Solutions 

2025b). A map of this dataset is presented in Figure 25. 

 

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 

algorithms. The National Energy Technology Laboratoryôs CO2 Transport Cost Model (NETL 

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 solution cost found 

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 (Ὕ) was set to 80 MtCO2/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 MtCO2/yr for the contiguous United States scenarios. Figure 

26(a) presents each algorithmôs solution cost over the running time periods for the California 

dataset, and Figure 26(b) presents the same results for the contiguous United States dataset. The 

cost of the best solution found by the GA in the California dataset was within 0.5% of the ILPôs 

solution across all running times. Conversely, the cost of the best solution found by the GA in 

the contiguous United States dataset was 17% lower than the ILPôs solution after 1 hour, 7% 

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 small instances is likely limited, due to the speed of 

CPLEX. 

  

(a) (b) 

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 target flow amount was varied from 1 to 

532 MtCO2/yr. The maximum annual capturable amount of CO2 for this dataset is 532.61 

MtCO2/yr. Each algorithm was given 2 hours to solve each scenario. Figure 27 presents each 

algorithmôs solution cost for the various target flow amounts. Table 6 presents the specific 

solution cost values and the percent improvement of the GAôs solution over the ILPôs solution. 

Other than in very low and high target flow amount scenarios, the GA was fairly consistent in its 

improvement over the ILP. Interestingly, in 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 presented in Table 6. 

 

Table 6 Solution values with varying flow targets 

Target flow amount MILP*  

Genetic 

algorithm 

Precent 

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 family of risk-informed 

solutions that allow decision-makers to weigh cost, throughput, and resilience in a transparent, 

quantitative way. 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































