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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States Government.  
Neither the United States Government, nor any agency thereof, nor any of their employees, nor Battelle, 
nor any member of the MRCSP makes any warranty, express or implied, or assumes any liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights.  Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendations, or favoring by 
Battelle, members of the MRCSP, the United States Government or any agency thereof.  The views and 
the opinions of authors expressed herein do not necessarily state or reflect those of the members of the 
MRCSP, the United States Government or any agency thereof. 
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EXECUTIVE SUMMARY 

The Midwest Regional Carbon Sequestration Partnership (MRCSP) is one of seven regional 
partnerships funded by the Department of Energy (DOE).  These partnerships were charged with 
examining sequestration potential in their respective regions.  MRCSP covers a nine-state region 
of Indiana, Kentucky, Maryland, Michigan, Ohio, New Jersey, New York, Pennsylvania, and West 
Virginia.  In Phase II of the program, MRCSP completed three small-scale geologic injection tests:  
Michigan Basin Test, Appalachian Basin Test and Cincinnati Arch Test. 
 
This manual describes some of the best practices learned from these tests.  Findings are outlined in eight 
sections: laying the foundation for public acceptance, evaluating qualified sites, initial characterization, 
reservoir simulations, permitting, carbon dioxide (CO2) supply and handling, well design and installation, 
and monitoring.  
 
Laying the Foundation for Public Acceptance 
 
Overall, the outreach program was designed to gradually build a foundation of public awareness for 
carbon sequestration.  Each test site was located in a different state, with differing political cultures and 
specific regulatory requirements.  Overall, the best practices for public acceptance include the following: 
 

 Establishing a team approach to coordinate planning and implementation 

 Identifying the technical milestones and regulatory requirements  

 Identifying key stakeholders (i.e., individuals and groups affected by and/or interested in 
the project) 

 Initiating communication between team members and members of the public to identify 
viewpoints, issues of concern and preferred methods of communication 

 Developing a variety of opportunities for learning and information sharing 
 

 Preparing for media interest 

 Conducting broader research to identify factors that shape public acceptability and the 
long-term viability of geologic sequestration 

 Continuing work with regional partners and stakeholders. 
 

Evaluating Qualified Sites 
 
Site screening and selection was one of the first steps for Phase II field validation testing.  Geologic test 
sites were selected for a variety of reasons, including vicinity to significant CO2 sources, geologic setting, 
CO2 storage capacity in key rock formations, property availability for field work, and overall benefits for 
advancing CO2 sequestration in the Midwest.  Site evaluation best practices included the following: 

 
 Completing the preliminary analysis of the site selection criteria 
 Having a supportive host site 
 Developing effective CO2 source systems 
 Parallel processing of all aspects of site development 
 Detailed analysis of local geologic information. 
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Initial Characterization 
 
The main goal of initial characterization is relating a regional perspective of geologic trends in the 
MRCSP region to site-specific phenomena, such as structure, stratigraphy, and physical properties of the 
potential injection and confining zones, that influence sequestration potential overall.  Phase II 
characterization efforts consisted of various data collection methods, including two- and three 
dimensional (2-D and 3-D) seismic, geophysical well logs and core sample analyses.  Data from these 
tests and others helped to describe local variations, which could then be extrapolated to better understand 
regional characteristics.  Characterization best practices include the following: 
 

 Including ‘piggyback’ efforts to help gain information about the target sites 
 Collecting seismic data to determine local geologic structure 
 Collecting borehole data such as mudlogs, wireline logs and rock cores 
 Completing hydraulic reservoir testing. 

 
Reservoir Simulations 
 
Reservoir simulations were completed to evaluate the CO2 storage process.  This exercise provided 
information for the injection permit, system design, monitoring, and injection operations.  Reservoir 
simulations also helped better understand the behavior of CO2 in the subsurface.  Modeling followed a 
progressive process, and the models were improved as additional site-specific data were added.  Overall, 
best practices for reservoir simulation included: 
 

 Using capacity estimates for site screening 
 Predicting plume migration 
 Using reservoir simulation to aid in project design 
 Calibration and refinement of the model. 

 
Permitting 
 
Permits were required to drill the test wells and inject CO2 for the three geologic CO2 sequestration tests.  
Drilling permits were obtained from state oil and gas agencies.  The permit required for CO2 injection was 
a Class 5 Underground Injection Control (UIC) permit.  Test sites were spread throughout the region, and 
different agencies were overseeing each site.  Consequently, each permitting process was different.  Key 
steps in the permitting process are as follows: 
 

 Obtaining the state oil and gas drilling permit 
 Applying for the permit 
 Public comment period 
 Obtaining the UIC permit 
 Operating and closing the site within permit guidelines. 

 
CO2 Supply and Handling 
 
The CO2 source has varied from project to project.  For the Appalachian Basin site, CO2 was initially 
anticipated to be available from an on-site capture system; however, ultimately, liquid CO2 was sourced 
from an industrial gas supplier.  The supplier obtained the CO2 from a natural gas separation facility.  The 
CO2 was delivered via road transportation in liquid tankers.  (The Cincinnati Arch site also utilized 
commercially-delivered food-grade gas.) The Michigan injection project utilized CO2 from a natural gas 
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separation plant and was locally compressed and piped to the injection well via the existing compression 
and pipeline infrastructure.  Best practices for CO2 supply and handling included: 
 

 Appropriate selection of the CO2 source and composition 
 Transportation of the CO2 
 Appropriate wellhead instrumentation and control that both meets the UIC requirements 

and allows for data collection for research purposes. 
 
Well Design and Installation 
 
Each field project required the installation of a deep well for injection testing.  Each injection well used 
an individualized design that was primarily dictated by the regulatory agency responsible for the test 
activities at each site.  Best practices for designing and installing test wells are as follows: 
 

 Well designs that incorporates all permit requirements and allow for effective testing of 
the injection zone 

 Flexible installation process that allows for quick changes based on changing objectives 

 Well completion scenarios that allow for flexible injection schemes. 
 
Monitoring Injection Operations 
 
Monitoring technologies were chosen one of two ways.  First, monitoring techniques to meet the UIC 
permit requirements were implemented.  For example, pressure and temperature monitoring is often 
required by regulators for any underground injection project.  Secondly, techniques were chosen based on 
the size and scope of the demonstration.  Many of the technologies used for monitoring have been 
adopted from oil-field, environmental, or deep-well injection applications.  Additionally, some 
monitoring techniques are new methods designed to take advantage of the distinct properties of 
supercritical CO2.  Some of the best practices for monitoring, verification, and accounting (MVA) are as 
follows: 
 

 Monitoring techniques are chosen to help fulfill the permit requirements 

 More research-oriented MVA techniques must be chosen based upon the site-specific 
geology and surface characteristics 

 Evaluate cost benefits when selecting MVA techniques. 
 
Overall, the MRCSP was able to learn important lessons about the implementation of successful CO2 pilot 
projects.  It is anticipated that these lessons will be applicable to full-scale systems. 
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Section 1.0:  INTRODUCTION 
 
 
1.1 Carbon Sequestration 
 
Concern about climate change and the potential regulation of carbon dioxide (CO2), a byproduct of 
energy generation and numerous industrial processes, have resulted in concerted efforts to find ways to 
reduce these greenhouse gas emissions.  Carbon sequestration is the term used to describe a broad class of 
technologies for permanently sequestering, or storing, CO2 in geologic or terrestrial environments.  
Affordable and environmentally safe sequestration approaches could offer a way to help stabilize 
atmospheric levels of CO2.  Geologic sequestration, which involves storage of CO2 in underground 
formations, has the potential to deliver significant reductions in anthropogenic CO2 emissions.   
 
The basic components for storing CO2 underground are: carbon capture, site characterization, permitting, 
CO2 injection, permanent storage, and monitoring, verification, and accounting (MVA).  Currently, a 
variety of technologies are in use or under development for separation and capture of CO2.  Once 
captured, CO2 can be compressed, transported via pipeline, and injected underground into a suitable 
storage area.  The primary types of geologic reservoirs for storing CO2 underground are depleted oil and 
gas reservoirs, unmineable coal seams, and deep saline formations.  Near-term research efforts focus on 
field testing a variety of geologic storage options to ensure that geologic sequestration provides safe and 
permanent containment of CO2, low environmental impact, cost effectiveness, conformity with national 
and international laws and regulations, and public acceptability.   
 
1.2 Midwest Regional Carbon Sequestration Partnership Phase II 

Field Validation Tests 
 
The Midwest Regional Carbon Sequestration Partnership (MRCSP) is one of seven partnerships in a 
nationwide effort to determine regionally-appropriate carbon sequestration options and opportunities.  
These partnerships are part of an overall effort by the U.S. Department of Energy’s (DOE’s) National 
Energy Technology Laboratory (NETL) to develop robust strategies for mitigating CO2 emissions.  The 
MRCSP covers a nine-state region of Indiana, Kentucky, Maryland, Michigan, Ohio, New Jersey, New 
York, Pennsylvania, and West Virginia.  The partnership is led by Battelle and includes over 30 
organizations from the research community, energy industry, non-government organizations, and 
government, listed in Table 1-1. 
 
MRCSP Phase I was completed in the Fall of 2005 and included an assessment of major CO2 sources in 
the region, terrestrial sequestration potential, geologic sequestration potential, economic components of 
sequestration, and regulatory aspects of carbon sequestration options (Wickstrom et al., 2006; Ball, 2005).  
Phase II, which began in October 2005, focused on field validation tests, including three main geologic 
test sites (Figure 1-1).  The geologic test sites included: 
 

1. Michigan Basin Site located in Otsego County in the north-central portion of lower 
Michigan 

2. Cincinnati Arch Site located at the East Bend Power Plant in Rabbit Hash, Kentucky, 
south of the Indiana, Kentucky and Ohio border 

3. Appalachian Basin Site located at the R.E. Burger Power Plant near Shadyside, Ohio, 
south of the Ohio, Pennsylvania and West Virginia border. 
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Table 1-1.  MRCSP Membership 
 

 

 

Figure 1-1.  MRCSP Field Validation Test Location Map 
 

MRCSP Membership (Congressional Districts listed in parentheses)
Industry Partners Research Partners
American Electric Power (OH, 15) AJW Group (DC At Large)
AMP-Ohio (OH-15) Core Energy (MI, 04)
The Andersons (OH, 5) Indiana Geological Survey (IN, 09)
Baard Generation (MI, 15) Kentucky Geological Survey (KY, 06)
Babcock & Wilcox (OH, 13) The Keystone Center (DC At Large)
British Petroleum (IL, 13) Maryland Gelogical Survey (MD, 07)
CEED (VA, 08) New York State Museum Institute (NY, 21)
Chicago Climate Exchange (IL, 07) Ohio Division of Geological Survey (OH, 12)
CONSOL Energy (PA, 18) Ohio Environmental Council (OH, 15)
Constellation Energy (MD, 2) The Ohio State University (OH, 15)
Dominion (VA, 03) Pennsylvania Geological Survey (PA, 17)
Duke Energy (Cinergy) (OH, 02) Stanford University (CA, 14)
DTE Energy (MI, 13) University of Maryland (MD, 05)
Edison Mission (CA, 32) West Virginia Geological Survey (WV, 01)
FirstEnergy (OH, 13) West Virginia University (WV, 01)
Indiana Office of Consumer Counselor (IN, 07) Western Michigan University (MI, 06)
Marathon Petroleum Company (OH, 4) Schlumberger (TX, 07)
National Rural Electric Cooperative Association (VA, 08)
New York State Energy Research and 

and Development Authority (NYSERDA) (NY, 21)
Ohio Coal Development Office Within the

Ohio Air Quality Development Authority (OH, 15)
Ohio Consumers Counsel (OH, 15)
Ohio Corn Marketing Program (OH, 15)
Ohio Soybean Council (OH, 15)
Praxair (NY, 28)
RWE (Germ)
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These geologic test sites were selected for a number of reasons including proximity to significant CO2 
sources, geologic setting, willingness of a host to provide site access, and overall benefits for advancing 
CO2 sequestration in the Midwest.  The overall approach for each site was to complete a preliminary 
analysis of the site geology based on available data, use these results to guide site characterization 
activities, and then perform field injection tests and monitoring.  The site characterization phase included 
drilling, sampling, and testing of boreholes(s), analysis of samples and field data, reservoir simulations, 
and preparation of injection permits and monitoring plans.  The field injection and monitoring phase 
began only after it was determined that site conditions were appropriate for the test (e.g., absence of 
faulting that would rule out the test) and the relevant injection and monitoring plans had been permitted 
by the regulatory authorities.  The data obtained during the injection phase were used to conduct further 
modeling and evaluation of full-scale deployment options.   
 
1.3 Scope and Objectives 
 
The objective of the MRCSP Phase II field validation tests was to test the safety and effectiveness of 
carbon sequestration and further understand the best approaches to carbon sequestration in the region.  
The MRCSP Phase II validation tests were carried out for three different deep saline formations along 
distinct, regional geologic features.  This report presents the best practices followed for designing, 
locating, permitting, and implementing the project, as well as providing community outreach and lessons 
learned/recommendations.   
 
Sequestration is highly site specific and some of the best practices presented here may not be applicable 
to other geologic sequestration projects, even within the MRCSP region.  Thus, this manual is meant to 
share the lessons learned during Phase II demonstrations that may be built upon as this technology 
continues to evolve, rather than provide a set of standard operating procedures. 
 
The best practices outlined here represent the experiences of the MRCSP.  Further information can be 
found in the Best Practices Manuals prepared by the National Energy Technology Laboratory (NETL).  
These best practices manuals include significant input and lessons learned from the MRCSP small 
validation tests, as well as lessons learned from all regional partnerships.  Three of these manuals 
(Monitoring Verification and Accounting of CO2 Stored in Deep Geologic Formations; Public Outreach 
and Education for Carbon Storage Projects; and Site Screening, Site Selection and Initial Characterization 
of CO2 in Deep Geologic Formations) can be downloaded from the NETL Carbon Sequestration 
Reference Shelf (http://www.netl.doe.gov/technologies/carbon_seq/refshelf/refshelf.html).  The 
remaining three manuals, which include Simulation and Risk Assessment; Well Construction, Operation 
and Completion; and Terrestrial Sequestration, will be released in the 2011 timeframe.   
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Section 2.0:  LAYING THE FOUNDATION FOR PUBLIC ACCEPTANCE 
 
 
2.1 Overview 
 
Overall, the outreach program was designed to gradually build a foundation of public awareness for 
carbon sequestration.  Specific objectives were to: 
 

1. Identify and communicate early with stakeholders at all levels (local, state and national) 
to ensure that they were fully aware of the need and potential benefits of the project, and 
that they were informed of planned field activities at each stage of the project 

2. Establish and maintain the project’s credibility through open communication with these 
stakeholders.  

3. Help the technical research team to understand stakeholders’ perspectives and identify 
potential issues that would need to be addressed if this new technology was deployed on 
a large scale.   

 
The MRCSP approach relied heavily on insight from social science literature involving the role of values 
and perceptions in developing opinions about a new technology.  It also relied on principles of good 
science communication and surveys in the US and abroad that provided empirical data about factors 
affecting public acceptance of carbon sequestration.  “Lessons learned” from similar projects were also 
investigated.  This background formed an essential underpinning for outreach.  Other prerequisites for 
building the outreach program included support from management through allocation of sufficient 
resources for outreach and close integration of technical and outreach activities and staff.  
 
The social and cultural context and the specific set of public acceptance issues varied for each of the three 
Phase II sites.  The outreach program in each setting was guided by the overarching strategy outlined 
above, while taking into account the contextual differences in the specific approach and activities that 
were conducted.   
 
Each test site was located in a different state, with differing political cultures and specific regulatory 
requirements.  For example, the Ohio and Kentucky test sites were both hosted by a large utility at one of 
their electricity generating stations.  However, in Michigan, the site was not owned by a utility but located 
near an enhanced oil recovery (EOR) site in an area where oil and CO2 transmission by pipeline were 
familiar activities.  
 
The best practices discussed in this section that were distilled from experience at the three geologic test 
sites were: 
 

 Establishing a team approach to coordinate planning and implementation 

 Identifying the technical milestones and regulatory requirements  

 Identifying key stakeholders (i.e., individuals and groups affected by and/or interested in 
the project) 

 Initiating communication between team members and members of the public to identify 
viewpoints, issues of concern and preferred methods of communication 

 Developing a variety of opportunities for learning and information sharing which 
included: 
o Preparing an initial set of introductory information materials 
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o Developing further information tailored to differing levels of knowledge and interest 
o Providing opportunities for two-way communication 
o Conducting specialized workshops and activities with particular groups  

 Preparing for media interest 

 Conducting broader research to identify factors that shape public acceptability and the 
long-term viability of geologic sequestration 

 Continuing work with regional partners and stakeholders. 
 

2.2  Establish a Team Approach  
 
The basic MRCSP practice was to establish a team approach, beginning early, and collaborating closely 
with the host site to gradually build a foundation of public awareness — identifying key points of 
interaction with the public as the technical project progressed and developing plans for each of those 
points.  The value of collaborating with the host site cannot be over emphasized.  At each of the three test 
sites, the host site was a long-term member of the community and recognized contributor to the local 
economy with an established community “face” and network of contacts to whom the project could be 
introduced.  This collaborative approach was first used at the Ohio River Valley (Mountaineer) project 
where a working group composed of Battelle researchers and American Electric Power (AEP) 
communication staff ensured effective coordination of the various outreach activities (Battelle, 2004).  
The approach was adopted and expanded by Battelle for its MRCSP Phase II test sites.   
 
At each test site, a team was established to develop a site-specific strategy and plan for outreach activities 
at each stage of the project.  The team included Battelle technical and outreach staff and staff from the 
host site.  At the East Bend Power Plant, the team benefitted from the active engagement of the Station 
Manager, as well as governmental and community affairs staff.  At the Michigan Basin site, the team 
included technical and communications staff from the two local partners (Core Energy, the site operator) 
and DTE Energy (the source of CO2), as well as geologists and educational staff from Western Michigan 
University.  The team provided diverse perspectives upon which the project could draw — technical 
understanding of planned activities, invaluable knowledge from the partners about local culture and 
politics, an existing host site organizational infrastructure and network of media and local contacts, and 
experience for effectively communicating with local residents.   

 
For each project stage, the team developed timelines and a matrix, working backwards from the planned 
technical activity, to guide the specific outreach objective and the interactions and associated information 
materials to be undertaken with identified stakeholders.  The matrix was used as an iterative working 
document applying a systematic approach for identifying and interacting sequentially with stakeholders 
and gradually building up the necessary information base.  Frequent conference calls between team 
members were scheduled to update the team on developments and coordinate activities.  Specific outreach 
activities were conducted by various members of the team; responsibility for a particular activity was 
assigned to one team member, with coordination among other members for its implementation. 
 
The matrix included the following information:  
 

 Timeframe 
 Stakeholder group 
 Outreach objective for each stakeholder group 
 Activities 
 Needed materials/logistics  
 Primary responsibility 
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 Follow up 
 

2.3 Identify the Technical Milestones and Regulatory Requirements 
 
A first step in outreach planning is to identify the key technical and regulatory events that will be visible 
and/or involve interaction with the public.  Prior to the official announcement and continuing through 
injection and closure, outreach planning and implementation consists of a series of plans tailored to the 
particular technical and regulatory stage of the project.  Key events in the Phase II tests included: 
 

 Announcing the test location  
 Initiating site activities such as the seismic survey and drilling operations 
 Applying for an injection permit 
 Conducting the injection activities 
 Project closure.  

 
2.4 Identify Key Stakeholders 
 
The public is composed of many stakeholders with differing perspectives and levels of knowledge and 
interest.  One of the initial steps in outreach is to identify these various stakeholders — persons who 
perceive themselves as affected and will want to be informed about the project.  These persons may play a 
leadership role in community discussions and their support is important in facilitating broad public 
acceptability.  At the three MRCSP Phase II test sites, the team used a systematic approach for identifying 
and interacting with stakeholders.   
 
All Phase II projects were hosted by MRCSP partners and located in areas where the host had been in the 
community for some time.  A list of key contacts representing various stakeholder perspectives was 
developed by drawing upon the partners’ existing contact network.   
 
Typical stakeholder groupings at each site included: 
 

 Host site employees—an important group that, especially in small communities, act as 
ambassadors for the project through their everyday, informal interactions with neighbors 

 Members of the public who own property that will need to be accessed for the seismic 
survey or who live along survey lines and will be directly affected and aware of site 
activities  

 Regulators who want to know and plan for their role in a new test project  

 State and local officials who need to be informed and ready to respond to questions that 
may arise from their constituents  

 Professional and business development groups such as the Chamber of Commerce and 
local development agencies who play an important role as opinion leaders  

 Environmental and civic groups that are active in the community 

 Educational groups (school, university and community college)  

 General public, including those who may want more complex information about 
particular issues. 
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2.5 Initiate Communication to Identify Community Viewpoints, Issues of Concern and 
Preferred Methods of Communication 

 
An important practice is to first make contact with key officials and other opinion leaders in the 
community and then gradually broaden contacts to include communication with the general public as 
more is learned about how the community works.  This initial communication may be conducted most 
effectively through informal discussions by telephone or in-person meetings.  This practice is valuable 
both in providing information to key officials and opinion leaders before the project is broadly publicized 
and in enabling the outreach team to learn more about community issues, dynamics and viewpoints.  
Informing local officials prior to going public is especially important: as representatives of the public, 
they need to know what is planned and why and how their constituents are likely to be affected.  An 
important aspect is to discuss how best to communicate with local community stakeholders (e.g., 
briefings to individual organizations, media announcements, informal phone conversations, e-mail 
updates, public workshop or meeting).   
 
In addition, anticipatory activities attempt to address potential issues before they arise.  For example, 
talking informally with key community opinion leaders enables the outreach team to learn about 
community dynamics and likely issues of concern to local stakeholders.  The initial identification of 
issues and preferred communication approaches are likely to expand as the project develops and new 
issues and stakeholders emerge.   
 
2.6 Develop a Variety of Opportunities for Learning and Information Sharing  

 
Typically, outreach is conducted in an iterative fashion, refining the stakeholder list and addressing 
specific community information and interaction needs as the project and outreach activities get underway.  
While following the same basic approach, variations in the types and timing of outreach information and 
activities occurs in response to the differing site contexts.  At each site, a basic set of informational 
materials was developed in readiness for the announcement and initial interactions.  Outreach was ramped 
up, particularly as permitting approached: additional opportunities for learning and information sharing 
were then subsequently developed as indicated by community interests.  All informational materials and 
activities were posted on the MRCSP web site to facilitate information sharing among test sites and with 
regional partners and stakeholders.  
 
Prepare Introductory Materials.  An introductory project fact sheet and one-page of key points were 
developed, in collaboration with the host site and DOE, for early distribution to host site employees and 
to representatives of the key stakeholder groups previously identified.  Supplementary PowerPoint 
overviews were also developed for persons requesting more detailed information.  The one-page of key 
points for each of the three projects covered facts addressing the following topics: 
 

 Project need and local benefit 
 Brief explanation of carbon capture and storage (CCS) 
 Program context 
 Location and host site 
 Expected schedule and amount of injection  
 Brief description of planned activities, including visible activities/impact on neighbors 
 Local and program contacts 

 
These introductory materials were updated regularly as the project progressed and supplemented by 
additional activities and information as discussed below.  
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Develop Additional Informational Materials Tailored to Differing Levels of Knowledge and Interest.  
One challenge in developing informational materials is the need to address varying levels of knowledge 
and interest.  A useful approach to address this challenge is to develop tiered informational materials, in 
addition to the project fact sheet, that are oriented to different stakeholders and differing levels of 
scientific knowledge and awareness.  The essential information to be conveyed may be similar for 
different stakeholder groups, but the way in which it is conveyed may differ in the complexity of the 
content and medium through which it is presented.  Frequently, informational materials are provided in 
combination with in-person discussion, workshops and briefings to allow for more interactive questions 
and answers.  Typical tiers for the various stakeholders used by the MRCSP are: 
 

 Host site employees: PowerPoint briefings in face-to-face discussions with opportunities 
for questions and answers  

 Members of the public who own property that will need to be accessed for the seismic 
survey or who live along survey lines:  personal visits accompanied by a “Dear 
Neighbor” letter explaining the project, the reason for requesting property access and an 
explanation of the survey process, together with simplified graphics of survey activities 

 Nearby members of the public: a “Dear Neighbor” letter that explains the project and 
likely visible activities 

 State and local officials: In-person briefing if requested, a one-page bulleted summary, 
and a package of informational materials that will be provided to their constituents.  At 
the East Bend site, regular e-mail updates were also provided by the host site to local 
officials 

 General public: press releases, fact sheets and other information provided at public 
meetings or available from the MRCSP Web site 

 Members of the public who want more complex information: more detailed overviews of 
key issues, including references to scientific journals and publications (e.g., seismic 
concerns, potential leakage, Lake Nyos)  

 Environmental groups and professional groups: detailed PowerPoint briefing materials 
provided in workshops and/or in face-to-face discussions with opportunities for questions 
and answers.   

 
In addition to written materials, the MRCSP developed a frequently-updated Web site, including project 
snapshots, as well as videos, exhibits and posters.  These were helpful in explaining what a sequestration 
project entails and relating project activities to stakeholders’ common experience. 
 
The Web site proved to be invaluable in providing updated, relatively simple information to the general 
interested public, while also including a list of more detailed resources and web links that could be 
consulted for those seeking more complex information.  Current information is available about the test 
sites activities and more generally about carbon sequestration, climate change and the role of the MRCSP 
in the DOE partnership program.  The site includes downloadable copies of all fact sheets and 
information materials used.  A “What’s New” button on the home page links readers to the most recent 
activities of interest.  One particularly noteworthy feature of the Web site is the inclusion of “project 
snapshots” that illustrate and explain site activities underway in simple graphics accompanied by short 
text.  The frequently updated, ongoing record of site activities is a useful reference both for the immediate 
and outside communities.  The Web site also includes an interactive function allowing for comments, 
questions and information requests to be submitted and responded to electronically.   
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Several videos were made available on the DOE/NETL Web site.  One of the videos includes a short 
video of the seismic survey at the R.E. Burger plant.  In addition, the outreach team also provided 
assistance to the Science Media Group (part of the Harvard-Smithsonian Center for Astrophysics) in 
creating a video for high-school teachers on carbon sequestration, using the experience at the R.E. Burger 
plant.  The Science Media Group filmed the documentary on geological sequestration at the site and 
followed up with additional interviews at Battelle’s headquarters and the Ohio Geological Survey Core 
Lab.  The documentary is part of a series on energy being produced by Annenberg Media and is being 
used for educating teachers about sequestration.  Copies of the video were distributed to all three test 
sites; it is accessible via a link on the MRCSP Web site or directly at 
http://www.learner.org/resources/series209.html. 
 
Other materials, produced initially for public meetings and briefings include exhibits and posters that 
convey information in graphic and simplified form.  For example, staff at Western Michigan University, 
one of the MRCSP partners, developed a “bicycle pump” exhibit that illustrates the permeability and 
porosity of rocks by allowing the user to pump air into them: air flows through the permeable rock where 
injection would occur and is completely stopped by non-permeable rock that serves as the cap or barrier.  
A variety of posters have been developed including blow-ups of the geologic column to illustrate the 
various rock layers, flow charts of the regulatory process and photographs of site activities.  All of these 
items have been posted to the Web site.   

 
Adopt a Two-way Communication Approach.  Providing information in a context that involves listening 
to and responding to the specific concerns that local stakeholders may raise is an essential component of 
outreach.  A variety of activities were conducted to ensure opportunities for discussion with project staff, 
including direct questioning and input. This practice, like that of providing tiered informational materials, 
also addresses the need to accommodate stakeholders’ differing levels of interest, knowledge and 
available time to learn about a project.  In some cases, informal discussions were held with key 
stakeholders.  Other activities included briefings and frequent updates to officials, informal discussions 
with various community individuals and organizations, as well as public meetings.   
 
At each site, the MRCSP held at least one public informational meeting, using a similar informal “Open 
House” approach.  At the Michigan Basin site, which was under the jurisdiction of Environmental 
Protection Agency (EPA) Region 5, a formal permitting hearing was not requested, and the regulators 
agreed to discuss regulatory issues at one of the tables set up by the MRCSP for the informational 
meeting that was held during the permitting process.  At the Appalachian Basin site, the regulator (Ohio 
EPA) scheduled a formal permitting hearing in addition to the MRCSP’s informal meeting, which had 
been held at the beginning of the permitting process.  MRCSP and EPA staff participated in both 
meetings at the two sites.  At the East Bend site, EPA Region 4 did not hold a formal hearing or 
participate in the informational meetings, which were held for the local public soon after the project was 
announced and again immediately prior to injection.   
 
In-person interaction and discussion play an essential role in understanding and addressing issues from a 
community perspective.  Recording the issues raised and taking follow-up actions are important.  Some of 
these actions may be done informally, especially for individual follow-up.  More formal steps include a 
contact list where stakeholders in a public meeting can sign up to receive project updates.  Information 
gained directly from affected members of the public can be used in developing more effective 
informational materials that respond to concerns. For example, conducting a seismic survey through an 
agricultural area can be adjusted to take into account farmers’ planting and harvesting schedules. 
 
It is important to note that not all public acceptance issues relate to the technology of carbon 
sequestration.  Many relate either directly or indirectly to more fundamental policy and social issues.  To 
be effective, an outreach strategy must therefore attempt to address both types of issues, recognizing that 
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responding solely to the immediate technical issue may fail to address the underlying concern and 
exacerbate the level of public debate.  At the same time, responding directly to technical issues by making 
changes to the way in which the proposed technology is implemented may offer a solution.   
 
Conduct Specialized Workshops with Particular Groups.  As an extension of the above, a useful practice 
is to conduct specialized, small-group workshops that facilitate learning through a process of presentation 
of information along with opportunities for questioning and discussion.  This practice can be of special 
value in situations where a group has particular issues and concerns.  For example, the MRCSP conducted 
a workshop for national environmental groups at the beginning of the program to outline research goals 
and planned activities, discuss issues and answer questions.  Much later in the program, a webinar using a 
similarly informal approach was held with a regional environmental organization.  In addition, the 
outreach team coordinated with a regional environmental organization to reach out to organizational 
members who were opposed to sequestration.  For example, one specialized workshop included a brief 
introduction to the Princeton Wedge Game, which requires players to select from seven “wedges” of 
energy-producing sources how best to receive the needed reduction in carbon emissions by 2050. 
 
Other examples of specialized activities are the educational programs developed by the Keystone Center.  
One activity conducted in Michigan was the Youth Policy Summit for science-oriented high school 
students, which the Keystone Center conducted in collaboration with Western Michigan University 
during the summer of 2009.  The four-day program offered a unique public policy mediation and 
stakeholder engagement training for students on a contemporary, science-intensive policy issue — in this 
case, climate policy.  In the program, students examined options to reduce greenhouse gases, while 
balancing political, legal, economic, technological, environmental and social factors.  They spent a day 
interacting with a panel of experts from different stakeholder groups (e.g., industry, government, 
academia, public interest), which allowed them to further their understanding of various issues, as well as 
offering a window into some real-world conflicts and challenges and providing a glimpse of a potential 
future job path.  Finally, the students were assigned different stakeholder roles, and participated in a mock 
policy dialogue, where they considered the tensions between environmental, economic and equity issues.  
The students were then challenged to arrive at consensus recommendations on the appropriate mix of 
conservation, new carbon-free generation, better transport, and carbon sequestration. 
 
2.7 Preparing for Media Interest 
 
The media’s role in framing and reporting on the issues requires special consideration.  Their perspective 
may be especially important in small communities, although this may be complicated by frequent changes 
in reporters.  At all of the Phase II test sites, the host site’s communications staff and existing 
relationships were key in ensuring that information was provided through low-key updates, press releases, 
responses to questions and invitations to special events such as public meetings.  If possible, reporters 
were briefed prior to the meetings with follow up to ensure questions were addressed.  In addition, the 
Michigan Basin and East Bend sites planned media events to which local and regional representatives 
were invited.  The events included presentations, media information packages, ample opportunity for 
questions and responses, and tours of the test site that provided direct experience of the test setting and 
activities.   
 
2.8  Conduct Broader Research to Identify Factors that Shape Public Acceptability and the 

Long-Term Viability of Geologic Sequestration  
  

Monitoring developments is an important and necessary practice in every program — identifying changes 
in the project, the emergence of new stakeholders and  new issues and refining the outreach approach 
based on what went well and what could have been done better is an ongoing process.  Systematically 
documenting the lessons learned is especially important in the Regional Carbon Sequestration Partnership 
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program, where the research goal is to identify recommendations for future deployment.  This process can 
be augmented by research specifically designed to explore stakeholders’ perspectives.   
 
Monitoring and incorporating lessons learned on an on-going basis can be undertaken in a variety of 
unobtrusive ways.  These include team review and discussions of meetings and activities, recording and 
following up on issues raised in meetings and discussions with stakeholders, tracking media reports, 
touching base informally with key stakeholders and noting questions received by the Web site 
administrator.   
 
More formal research methods may also be deployed.  Focus group discussions, for example, provide a 
valuable tool for understanding stakeholder perspectives and developing communication approaches and 
materials that are responsive to local needs and preferences.  This approach should be used judiciously 
since a possible disadvantage is that the very act of conducting the research changes the environment.  
Early in Phase II, the MRCSP collaborated with two other partnerships (West Coast Regional Carbon 
Sequestration Partnership [WESTCARB] and the Southwest Regional Carbon Sequestration Partnership 
[SWRP]) in conducting a series of focus groups that used a common discussion protocol.  Although the 
MRCSP focus groups were conducted in Columbus and not at a test site location, the research was very 
useful in confirming the social factors that affect stakeholders’ perception of carbon sequestration.  At all 
three locations, social factors, such as existing low socioeconomic status, desire for compensation, 
benefits to the community and past experience with government, were of greater concern than concern 
about the risks of the technology itself.  For example, in California, a community’s sense of its own 
empowerment was an important indicator of its willingness to consider hosting a geologic sequestration 
project, perhaps even more than the perception of technological risks.  Three factors seem to influence a 
community’s sense of empowerment: history of environmental problems, relationship to the oil and gas 
industry, and socioeconomic status.  In New Mexico and Texas, community members’ concerns focused 
on fairness, trust and the logistics of CCS — concerns about surface owner rights, liability, and ownership 
of the injected CO2.  In Ohio, issues of trust were central to focus group participants’ perceptions of CCS 
in that they doubted the ability of the government or the project developers to ensure their safety.  This 
underlying distrust of government and the private sector was an even greater concern than the risks of 
CCS technology.   

 
2.9 Continue Working with Regional Partners and Stakeholders  
 
In addition, DOE/NETL provides continuing assistance for information transfer related to all partnership 
activities, both technical and outreach.  The DOE Web site and reference shelf provides links to videos 
and an extensive list of documents and ongoing updates on all aspects of carbon sequestration.  As part of 
this ongoing assistance, an outreach working group, composed of Outreach Coordinators from the other 
DOE partnerships, has been established to conduct regular conference calls and meetings for discussion 
of activities and issues; provides updates on events occurring at the national and international level; 
provides assistance on particular documents such as developing user friendly products for the media; and 
contributes to the development of videos for the general public.  The direct site experience provided 
valuable information that was shared as part of the regional activities underway at regularly held 
meetings, in increased interaction with state regulators and legislative officials, and presentations to 
professional and other organizations.  In an extension of the regional learning, EPA Region 5 scheduled a 
workshop for both the MRCSP and the Midwest Geological Sequestration Consortium on the broad range 
of technical, regulatory and outreach “lessons learned” across both regions.  
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An additional outreach activity that was conducted at the regional level was the training program 
provided by the Keystone Center for middle and high school teachers.  MRCSP took advantage of the 
DOE/NETL funded opportunity to provide information and helpful curriculum materials to teachers to 
use in the classroom to educate and increase awareness among the next generation of stakeholders 
(www.keystonecurriculum.org).  Two educational workshops for middle and high school teachers were 
held in conjunction with the Keystone Center: an initial one-day workshop was conducted at the 2007 
annual conference of the Science Education Council of Ohio (SECO) in Dayton, Ohio, and a two-day 
workshop that was held at the Columbus Metro School the following summer.  In both workshops, 
teachers conducted several labs and activities that documented the full climate change/sequestration 
curriculum. 
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Section 3.0:  EVALUATING QUALIFIED SITES 
 
 
3.1 Overview 
 
Site screening and selection was one of the first steps for Phase II field validation testing.  Geologic test 
sites were selected for a variety of reasons including vicinity to significant CO2 sources, geologic setting, 
CO2 storage capacity in key rock formations, property availability for field work, and overall benefits for 
advancing CO2 sequestration in the Midwest.  About 10 qualified sites were listed as potential locations in 
the Phase II proposal.  From these qualified sites, the three most promising sites were identified for initial 
characterization based on discussions with the host sites. 
 
The site screening included a general review of site logistics, environmental factors, major risk factors, 
geologic framework, CO2 storage targets, and containment layers.  Most of the preliminary geological 
information was based on the MRCSP Phase I report (Wickstrom et al., 2006).  National Environmental 
Policy Act (NEPA) environmental questionnaires were completed for each site.  A general environmental 
screening was also completed for each site to identify sensitive environmental features (wetlands, 
floodplains, historical areas, etc.) located near the site.   
 
The preliminary geological assessment was completed by state geological surveys for the three qualified 
sites: 
 

 Appalachian Basin Site - Ohio, Pennsylvania, and West Virginia Geological Surveys 
 Cincinnati Arch Site - Indiana, Kentucky, and Ohio Geological Surveys 
 Michigan Basin Site - Michigan Basin Core Research Laboratory/Western Michigan 

University. 
 
The reports included a detailed review of geologic framework for CO2 storage based on existing 
information from reports, well logs, maps, etc.  The study included detailed well log examination, 
lithologic description, review of seismic activity, underground source of drinking water review, review of 
available seismic mapping and cross sections.  These reports generally set the stage for the initial 
characterization, including the field tests. 
 
3.2   Completing the Preliminary Analysis of the Site Geology and 

Other Site Selection Criteria 
 
A preliminary analysis was conducted to screen and select three qualified sites for Phase II validation 
tests based on respective merits, costs, scientific and technical benefit, and any potential issues associated 
with each of the qualified sites.  The qualified sites selected were located on major geologic features in 
the MRCSP region, had access to a CO2 source, and had property availability at a host site.  The 
preliminary analysis guided additional site characterization activities and subsequent field tests and 
monitoring.  Understanding of the geologic CO2 storage targets evolved as more data were obtained.  A 
brief review of the qualified site screening and selection analysis is provided below.   
 
3.2.1   Appalachian Basin Site.  The Appalachian Basin site is located in Belmont County, Ohio, in 
the central portion of the Appalachian Basin.  The test site is located at FirstEnergy's R.E. Burger facility, 
a 413 megawatt (MW) coal-burning power plant.  The plant is located on 100 acres on the floodplain 
along a bend in the Ohio River, with terrain becoming hilly away from the Ohio River Valley.  The plant 
is an industrial setting, with multiple generators, coal staging areas, and other facilities.  The location is 
along the Ohio River near Shadyside, Ohio, across from Moundsville, West Virginia.  The general area is 
moderately developed and populated.   
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Preliminary Assessment of Site Geology.  The site is on the western flank of the basin where rocks slope 
toward a structure called the Rome Trough, a Cambrian-age rift valley in the deep subsurface.  Younger 
sedimentary rocks drape over the Rome Trough and thicken to depths over 20,000 ft below the surface.  
Thick sequences of sedimentary rock overlie Precambrian age basement rock at the site.  More substantial 
deformation is present toward the Allegheny Front well east of the study area. 
 
Over 50 Gt of geologic CO2 storage capacity exists in the Appalachian Basin based on MRCSP Phase I 
mapping estimates (Wickstrom et al., 2006).  A substantial portion of the capacity exists in depleted oil 
and gas reservoirs, coal beds, and organic black-shales in addition to deep sandstone rock layers.  The oil 
and gas fields demonstrate that the rock formations are capable of retaining fluids for millions of years.  
In fact, many depleted gas fields are used to store natural gas in the basin. 
 
Due to its size, there are numerous options for geologic CO2 storage in the Appalachian Basin.  Potential 
injection zones may vary considerably with location, and most areas have multiple options for injection.  
However, most capacity is present in deeper sandstone rock layers.  Numerous confining zones are 
present throughout the basin.  A preliminary review of the geology present at the Appalachian Basin site 
suggested that several potential injection zones exist in the deep subsurface for the site, including the 
Rose Run sandstone, the Clinton-Medina Group, the Oriskany Sandstone, organic Devonian shales, and 
Pennsylvanian coal beds.  Figure 3-1 shows the lithologic column for the site that was developed during 
the preliminary assessment. 
 
 

 

Figure 3-1.  Preliminary Lithologic Column for the Appalachian Basin Site 
 
 
There is a history of gas production in shallow sands, Devonian shales, and the Oriskany Sandstone in the 
study area.  Thus, these formations may be penetrated by active or abandoned oil and gas wells.  Rocks in 
the Appalachian Basin are saturated with very concentrated brines (or oil and gas).  Several salt solution 
wells completed in the Salina Group are present in the study area.  The site is located adjacent to the 
Rome Trough where a series of faults lead into the trough.  Much of this faulting is generally too deep to 
affect storage, but some geologic structures may be present in the area. 
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From a geologic storage standpoint, the distribution of the potential injection zones was the main 
uncertainty.  It was not economic to drill the entire Paleozoic rock column at this site since it would entail 
drilling over 12,000 ft and several reservoirs are likely present in the upper 8,000 ft.  The preliminary 
assessment concluded that the Oriskany was a very attractive target since it has great capacity in much of 
the MRCSP region, but it often exists as sand channels in this area rather than a thick, continuous layer.  
Also, the assessment concluded that the “Clinton” Medina was projected as fairly thick at this location, 
but the unit may be less permeable in the study area.   
 
Other Site Selection Criteria.  One significant factor for site selection was the site’s location on an active 
power plant, which would provide property access for the field work and other support to aid in 
completing the project.  In addition, FirstEnergy planned to pilot test an enhanced version of the 
Powerspan technology that would be capable of capturing CO2 at its R.E. Burger plant during 2007.  The 
Powerspan system under construction at this site was considered a great asset because of the potential to 
test an integrated, pilot-scale, CCS system at the plant.  This work would be valuable in advancing both 
capture system and carbon storage applications.  This site also represented a fairly typical setting for the 
Appalachian Basin where numerous coal-burning power plants exist.  As such, information gathered at 
this site would be useful for a major CO2 source area in the MRCSP region.   
 
A significant issue associated with this site was the schedule for implementation of the Powerspan system 
relative to the schedule for MRCSP injection testing.  The Powerspan system was originally scheduled to 
be running in 2007, but was delayed making it difficult to synchronize schedules between it and the 
MRCSP test.  The Powerspan system was expected to produce a relatively pure CO2 stream, which could 
be further processed (primarily compressed and dried) to work with injection.  Except for schedule, the 
Powerspan system appeared well matched to an injection test, with no technological limitations to a 
small-scale integrated system.  A design was developed in the MCRSP Phase II program for 
interconnection of injection operations with the Powerspan unit and transport of CO2 from the unit to the 
injection point across the Burger plant grounds.  Ultimately, in the spring of 2008 a decision was made 
jointly by Battelle, FirstEnergy, and DOE to use a commercial source of liquid CO2 rather than integrate 
injection with the operation of the Powerspan unit.  This decision was based strictly on scheduling 
concerns. 
 
Other challenges overcome in this project included performing a two-dimensional (2-D) seismic survey 
because of the presence of the Ohio River and the desire to minimize the number of lines that would 
traverse the river.  Also, underground coal mines existing in the area had to be avoided in drilling and 
seismic surveying.  Some solution mineral mines existed down river from the site, which could affect 
subsurface hydraulic conditions, but this was considered fairly unlikely. 
 
Costs associated with field work at the Appalachian Basin site were anticipated to be moderate to high.  
Due to the depth, anticipated cost and expectations of monitoring options, only an injection well was 
implemented at this site.  Geologic characterization work entailed greater costs since the potential 
injection zones are fairly deep (5,000 to 8,500 ft).  Longer seismic profiles and a deeper well were 
necessary to characterize these zones.  Consequently, greater costs for drilling services, well materials, 
and field services were anticipated compared to a site where the depth was more shallow, such as was the 
case for the other two Phase II test sites in Michigan and at the East Bend site.  Anticipated costs 
associated with sourcing the CO2 for the injection test were initially thought to be potentially lower than if 
purchasing commercial CO2.  However, the Powerspan option required additional design and construction 
expenses, including an on-site pipeline from the capture system to the injection well.  There would also be 
additional costs associated with compression and dehydration. 
 
 



 

Best Practice Manual for Phase II Geologic 
Carbon Sequestration Field Demonstration 

16 

 

3.2.2  Cincinnati Arch Site.  The Cincinnati Arch site is located along the Cincinnati Arch, a 
regional geologic structure in which sedimentary rocks form an arc between the Appalachian and Illinois 
basins.  The site location is in Boone County, Kentucky, along the Ohio River near Rabbit Hash, 
Kentucky.  The test site itself was located at the Duke Energy East Bend facility, a 650 MW coal-burning 
power plant.  The plant is located on 1,800 acres on the floodplain along a bend in the Ohio River, with 
terrain becoming hilly away from the Ohio River Valley.  The plant is an industrial setting, with various 
generating buildings, coal staging areas, and other facilities.   
 
Preliminary Assessment of Site Geology.  Like most of the MRCSP region, thick sequences of 
sedimentary rock overlie Precambrian age basement rock at the site.  MRCSP Phase I mapping indicated 
well over 50 Gt of geologic CO2 storage capacity exists in the Arches Province.   Most of the capacity is 
present in deep sandstone rock layers.  These rocks become shallow across the Cincinnati Arch, and in 
some areas the formations may not be deep enough to retain CO2 as a supercritical fluid.  However, the 
Mt. Simon formation, a significant regional injection zone, has a higher amount of porosity and thickness 
in the province due to trends in the rock character related to the depositional setting when the rock was 
deposited.  Similar to other parts of the region, thick layers of shale, limestone, and dolomite rocks are 
present as containment layers over the potential reservoirs.  A preliminary review of the geology present 
at the Arches site suggested that the Mt. Simon was the main CO2 storage target for the site (Figure 3-2).   
  
 

 

Figure 3-2.  Preliminary Lithologic Column for the Cincinnati Arch Site 
 
 
There is very little oil and gas production in the area, and it is limited to shallower rock units.  Potential 
injection zones in the area are saturated with heavy brines that have no economic value.  Several 
extensive and diverse confining zones are present above the potential injection zones.  No extensive 
faulting is present in the study area. 

Preliminary review of geology at the Cincinnati Arch site indicated that the potential injection zones were 
fairly shallow.  As such, multiple storage options were not available, and most storage potential was 
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projected in the Mt. Simon Sandstone.  However, the Mt. Simon Sandstone is fairly thick and permeable 
in the region, so it was considered a worthy target.  Some degree of faulting associated with the arch may 
be present, but this was anticipated to be limited to the deep Precambrian rock structures.  
 
Other Site Selection Criteria. The Cincinnati Arch site was located on an active plant, which provided 
property access for the field work and other support that aided in completing the project.  The moderately 
developed area contained a large amount of land available for field work.  This site represents a fairly 
typical setting for the Cincinnati Arch, which is considered a significant feature for CO2 storage in the 
region.  As such, information gathered at this site would be useful over much of the MRCSP region.  The 
site also provided information on the Mt. Simon Sandstone, which is projected as the major CO2 storage 
target for the region. 
 
The main issue identified with a CO2 injection test at the Cincinnati Arch site was arranging a suitable, 
economic source for CO2.  Otherwise, site layout appeared amenable to field testing.  Kentucky is a direct 
implementation state, and permitting was administered by the Region 4 EPA office.  Initial discussions 
with regulators determined that the well could be permitted as a Class V experimental well. 
 
Costs associated with characterization work at the Cincinnati Arch site were anticipated to be low to 
moderate.  Initial field work was projected as lower in cost since the potential injection zones are fairly 
shallow (3,000 to 4,000 ft).  Shorter seismic profiles, smaller drill rigs, and less investigative-derived 
waste were anticipated from field work at this site.  This site was closer to larger cities and some park 
lands (although the area that would be impacted by injection tests would be very small), and additional 
stakeholder outreach efforts were included to properly describe the project to the public and surrounding 
community.  Costs associated with the injection test were anticipated to be moderate, because it would be 
necessary to obtain CO2 from an outside source at the site because an on-site source was not likely.  Thus, 
CO2 purchase and transport costs were a significant factor in overall costs.  Since the potential injection 
targets were shallower than the other sites, more monitoring initially was planned for this site compared 
with the Appalachian Basin site. 
 
3.2.3   Michigan Basin State-Charlton 30/31 Test Site.  The Michigan Basin site was located in 
the State-Charlton 30/31 field, Southern Dover Township/Northern Chester Township, Otsego County, 
Michigan.  The location of the injection and monitoring wells was at Core Energy’s gas fields in the 
vicinity of a DTE gas processing plant outside of Gaylord, Michigan.  The area consists of gently rolling 
fields with little development beyond some farms and scattered homes.   
 
Preliminary Assessment of Site Geology.  Review of the geologic setting for the Michigan Basin 
indicated that the structure has vast geologic CO2 storage potential, because of extensive deep sandstone 
rock formations in the basin.  These sandstone rock layers are up to 2,000 ft thick, saturated with saline 
brine, and have a large fraction of pore space that may be available for CO2 sequestration.  Preliminary 
MRCSP estimates on sequestration capacity for the Michigan Basin indicate that over 200 Gt of CO2 may 
be stored in the Michigan portion of the basin alone.  Most of the capacity is present in deep sandstone 
rock layers that are saturated with saline brines having no economic value.  Some capacity is also present 
in oil and gas reservoirs.  Thick layers of shale, limestone, and dolomite rocks provide containment over 
the potential injection zones.  Figure 3-3 shows preliminary lithology that was likely to be present with 
depth at the site that was developed at the time.  A preliminary review of the geology present at the 
Michigan Basin site suggested that several potential injection zones exist in the deep subsurface for the 
site, including the Basal Sandstone, St. Peter Sandstone, Niagaran Group, and Sylvania Sandstone. 
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Figure 3-3.  Preliminary Lithologic Column for Michigan Basin Site 
 
 
Oil and gas production in the area of the Michigan Basin site is active.  Currently, gas is produced from 
Antrim shales in the area.  CO2 is a byproduct of the gas produced and is removed at gas processing 
plants before the gas is ready for use.  Periodically, this CO2 is used for EOR in the Niagaran Reefs.  The 
CO2 is captured, compressed, and injected in the reefs to flush out residual oil in the rocks.     
From a geology viewpoint, few, if any, issues were associated with this site.  The site had multiple 
potential injection zones and large confining zones.  A large amount of site characterization information 
already existed for the site.  Potential injection zones were deep enough for injection of supercritical CO2, 
had well-defined trapping structures in most cases, and were well-contained by confining zones. 
 
Other Site Selection Criteria.  Much of the infrastructure for CO2 capture, transport, and injection already 
existed at the Michigan Basin site.  A gas processing plant existed near the site to provide a supply of 
high-purity CO2.  A compression facility, transport pipeline, and abandoned wells existed at the potential 
injection site.  As such, it was considered cost effective to adapt this system to accommodate a small-
scale CO2 injection.  Some of the oil and gas wells were available to be extended or modified to 
investigate potential injection zones.  In addition, some existing wells could be utilized for monitoring 
purposes.  Site conditions at the surface were considered suitable for field work because of the fairly little 
development in the area.  
 
The main issue projected with the injection test at the Michigan Basin site was obtaining an agreement 
with the field operator and the MRCSP.  The operator had rights to CO2 discharged from the processing 
facilities located nearest to the compression station.  Therefore, it was concluded that it may be difficult to 
merge the research interests with the gas company’s schedule. 
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Site characterization field work costs at the Michigan Basin site were anticipated to be low.  Much of the 
geologic characterization at this site had been completed for oil and gas exploration, although some of the 
potential injection zones were not investigated in detail.  Wireline logs, two-dimensional (2-D)/three-
dimensional (3-D) seismic, and other data already existed for the area.  Some costs were anticipated in 
acquiring data from oil and gas companies.  Costs associated with the injection test were anticipated to be 
moderate.  A CO2 capture, compression, and injection system already existed at this site and was being 
used for EOR.  As such, it was determined to be possible to utilize/modify this system for injection tests 
at a low cost. 
 
3.3   Lessons Learned 
 
Many factors such as site logistics, access, environmental factors, and geologic framework were evaluated 
in the site screening and selection process.  These items were used to develop a site characterization plan, 
identify potential issues and assess project costs.  Some lessons learned in the site selection and screening 
process are summarized as follows: 
 

 Having a supportive host site was very valuable to the project.  This helped in community 
relations, site access, support materials, and many other areas.    

 While there are broad geologic formations for CO2 storage in the MRCSP region, there 
are relatively few, readily-available sources of concentrated CO2 other than to purchase 
commercial CO2 in liquid form, which is expensive and limited in scale, but was OK for 
the small scale nature of the Phase II tests.   

 The location of the site — i.e., access to a CO2 source and property availability — was a 
significant factor for site section.  In hindsight, it would be beneficial to look at other 
storage targets, but site access and permissions for injection and conducting a seismic 
survey might have been difficult or time consuming to get.  This may be a common 
challenge with any CO2 storage project. 

 General maps from MRCSP’s Phase I report (Wickstrom et al., 2006) and the 2008 
Carbon Sequestration Atlas (DOE and NETL, 2008) help define the overall geologic 
framework for CO2 storage.  However, a more detailed analysis of nearby well logs, 
seismic data, and deep well injection provides a better idea of CO2 injectivity of rock 
formations.  

 A fair amount of parallel processes have to be integrated to complete a CO2 storage 
project such as source transport, injection system construction, permitting, even seasonal 
factors such as weather (affects movement of heavy equipment for drilling and 
monitoring in areas like Michigan that are affected by frost laws) and crop harvesting 
(affects ability to conduct good seismic surveys that must cross private property in order 
to get straight long lines).  These items all bear consideration in the screening process. 

 It helps to have a backup plan for CO2 injection projects in terms of source, injection 
zones, and monitoring options.  For example, a plan was made to purchase CO2 if the 
Powerspan system was not available for use at the Appalachian Basin Site.   
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Section 4.0:  INITIAL CHARACTERIZATION 
 
 
4.1 Overview 
 
The main goal of characterization is relating a regional perspective of geologic trends in the MRCSP 
region to site-specific phenomena, such as structure, stratigraphy, and physical properties of the potential 
injection and confining zones, that influence sequestration potential overall.  As discussed in Section 3.0, 
qualified sites were chosen to perform initial characterization of selected areas within the MRCSP region.  
Different sequestration options were studied including geologic tests in deep saline rock formations along 
distinct, regional geologic features.  In many respects, drilling wells during Phase II had much in common 
with “wildcat” wells in the oil and gas industry in that the formations of interest had little to no previous 
exploration at the Phase II locations.  Phase II characterization efforts consisted of various data collection 
methods, including 2-D and 3-D seismic, geophysical well logs and core sample analyses.  At Michigan 
Basin and Cincinnati Arch sites, hydraulic tests were conducted to evaluate reservoir properties, such as 
fracture pressure and permeability, after the test well had been cased.  Data from these tests and others 
helped to describe local variations, which could then be extrapolated to better understand regional 
characteristics.   
 
4.2 Regional Data Collection 
 
A preliminary analysis of the site geology was conducted based on the regional geologic information that 
was available.  Site characterization data review included a review of regional information sources 
describing the reservoir depth, potential storage capacity, formation thickness, permeability, and 
continuity of the caprock.  Most of the information was gathered by the State Geological Surveys, and is 
presented in the MRCSP Phase I Report (Wickstrom et al., 2006).  The objective was to characterize 
geologic trends as well as distinct lithologic units to make quantitative assessments of both potential 
injection zones and confining zones.  The information gathered through these efforts helped to choose the 
most promising sites for Phase II sequestration operations, while at the same time demonstrated their 
overall reliability.  As discussed below, the regional geologic framework was further explored during 
Phase II, including detailed data analyses from various locations throughout the MRCSP region.   
 
4.2.1 Piggyback Efforts – An Innovative Approach for Regional Data Collection.  Existing 
regional oil and gas drilling activities were leveraged by “piggybacking” on three oil and gas drilling 
activities and focusing characterization efforts on formations greater than 3,000 ft deep.  The overall 
objectives of this concerted effort were to develop an improved understanding of the geologic formations 
in the Midwestern United States and, in the process, identify formations of interest for CO2 storage and 
determine the geologic patterns in their regional distribution.  The emphasis in developing this framework 
was on obtaining information needed for quantitative assessments of geologic storage potential such as 
formation thickness, structural controls, permeability, and porosity data.  Ultimately the comprehensive 
assessment of the compiled data, along with knowledge of the sedimentary history of the area, can be 
used to develop models and improve predictability of injection zones and confining zones in this region.  
The results of the piggyback efforts can be found in the technical report (Battelle, 2009a).   
 
4.2.2 Regional Well Data.  Regional well data came from the few deep oil and gas wells in the 
region in addition to the previously mentioned piggyback wells (Figure 4-1).  While not indicative of 
local stratigraphic variations, the comparison of well data across a large geographic area does offer 
insights into the overall nature of the rock units.   
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Figure 4-1.  Photograph of the Tuscarawas Well  

(Through the piggyback program, regional stratigraphic data was collected from deep exploratory 
wells like this one.) 

 
 
At the Michigan Basin Site and the Cincinnati Arch Site, the regional well data available was fairly 
representative of the site conditions; however, at the Appalachian Basin Site, lack of regional well 
coverage introduced significant uncertainty in the preliminary geologic assessment.   For example, the 
nearest similarly deep well to the Cincinnati Arch Site was two miles away.  Six deep wells were present 
within one mile of the Michigan Basin test well.  However, the nearest similarly deep well to the 
Appalachian Basin Site was approximately 15 miles away.  Consequently, there was much greater 
uncertainty regarding the thickness, porosity, and permeability of the potential injection zones at the 
Appalachian Basin site.  The test well installed at the Appalachian Basin Site demonstrates the value of 
site-specific data collection.  
 
4.3 Site-Specific Data Collection 
 
Regional characterization provides overarching lithologic trends, however it is necessary to obtain 
detailed site-specific data for precise characterization of potential injection and confining zones as well as 
reliable modeling.  Numerous techniques are employed to evaluate the potential injection and confining 
zones.  For Phase II operations, site-specific data collection included 2-D and 3-D seismic, well logs and 
various other well tests.   Seismic data provide a baseline assessment of formation continuity and depth, 
but in order to fully evaluate the, potential injection and confining zones, sufficient borehole data must 
also be collected, including mudlogs, wireline/geophysical log data, and core data analyses.  Full site 
reports with complete set of site characterization data are available for each of the three geologic tests 
sites: 
 

 MRCSP Appalachian Basin Geologic CO2 Sequestration Field Test Site Report (Battelle, 
2011a)  

 MRCSP Cincinnati Arch Geologic CO2 Sequestration Field Test Site Report (Battelle, 
2011b) 

 MRCSP Michigan Basin Geologic CO2 Sequestration Field Test Site Report (Battelle, 
2011c) 
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4.3.1 2-D/3-D Seismic Data.  Seismic surveys provide valuable information on structural and 
stratigraphic features of a particular area.  During Phase II operations, both 2-D and 3-D seismic surveys 
were utilized for characterization efforts at each of the three sites.  Primarily, baseline assessments of 
confining zone continuity were of high value in deciding whether or not a potential site was suitable for 
CO2 sequestration.  Additionally, repeat seismic surveys of the qualified sites may provide data sets 
describing plume extent and migration. 
 
In 2003, a 3-D seismic survey was completed through the Charlton 30/31 field in the Michigan Basin site, 
which provided information on the deep geologic structures in the area.  This survey was focused on the 
deeper Niagaran Reef formations for oil and gas production purposes although a qualitative assessment of 
the more shallow potential injection and confining zones was made.  Overall, the survey results matched 
the results obtained from the borehole.  The survey indicated that the rock formations consisted of 
continuous, flat-lying sedimentary rocks and that no significant geologic structures were present.  This 
information, combined with other regional characterization studies, provided evidence that proper 
potential injection and confining zones attributes existed in the area.  
 
In August 2006, a 2-D seismic survey was completed at the Appalachian Basin site in support of the CO2 

sequestration test.  The purpose of this seismic survey was to help delineate formation tops in the area as 
well as to gain insight into the structure of local geology as it relates to sequestration testing.  Potential 
injection zones were thought to reflect regional structural trends of the Ohio Platform in that they dip 
slightly (~70 ft/mile) to the east.  Because the target reservoirs are 5,000 to 8,500 feet below ground 
surface (bgs), below where oil and gas are typically found, structural data from previous exploration at 
these depths were limited.  The seismic survey was designed to help discover any previously unknown 
faults, highlight formation continuity, and ensure safety and overall performance aspects of the 
sequestration project.  Figure 4-2 shows the initial 2-D seismic survey plan for the Appalachian Basin 
site.   
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Figure 4-2.  Initial Proposed Routes for Seismic Survey at Appalachian Basin Site  
(The seismic survey was designed to help discover any previously unknown faults, highlight 

reservoir continuity, and ensure safety and overall performance aspects of the  
sequestration project.)   

 
 
In November 2006, a 2-D seismic survey was completed at the East Bend Station Power Plant site to 
characterize the stratigraphic units for potential sequestration efforts.  Approximately 14 miles of seismic 
was run over two survey lines.  Prior to drilling, horizon picks were difficult due to the lack of regional 
well control.  Also, due to thick layers of unconsolidated sediment in the Ohio River Valley uncertainty 
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exists in the seismic data interpretation.  However, the bulk behavior of the seismic survey provided 
evidence of relatively flat-lying beds and no indications of significant faulting or fracturing in the area. 
 
4.3.2 Borehole Data.  The borehole data collection program included mud logging, wireline 
logging, and core analyses (including permeability, porosity, density, and mineralogy).  This information 
was used to identify injection targets, define confining layers, and plan injection testing.  A brief 
description of the borehole data collection methods are provided below.  The site-specific results are 
presented in the individual site reports (Battelle, 2009b; in draft [a]; in draft [b]).   
 
4.3.2.1  Mudlogging.  Mud loggers were on site any time the borehole was being advanced to record 
geologic conditions through continuous observations of rig conditions, rock cuttings, and core samples.  
Drill cuttings were collected once for every 10 to 20 ft of hole drilled throughout borehole advancement 
and more often in zones of interest.  Cuttings provided nearly real-time information about the formations 
in contact with the drill head, and were valuable for determining how to drill and in defining a sampling 
strategy.   
 
4.3.2.2 Wireline/Geophysical Logging.  Wireline log data provide a more quantitative perspective 
for identification of potential injection zones as well as regional comparisons.  A full suite of wireline 
logs was completed at each test site to obtain a continuous log of the rock formations in the test boring.  
Continuous logs of petrophysical properties were obtained by lowering tools on wireline cables within the 
borehole.  Wireline methods were valuable in identifying potential CO2 injection and confining zones in 
the boring.  Although wireline logs are commonly run in oil and gas wells, a different approach was 
necessary to delineate potential injection and confining zones, particularly for the Northeastern United 
States.  Often times, oil and gas fields are well explored and a simple triple-combo wireline log is all that 
is required to determine whether a well is economical or not.  Conversely, more information is needed to 
determine if a well has sequestration potential.  A triple-combo is a good first step for analyzing the basic 
characteristics of the rocks.  However, many of the target formations within the MRCSP region are poorly 
understood.  Additional analyses, such as geomechanical and geochemical are required to determine 
formation potential.  In addition, sonic logs are often required to help tie in seismic lines.  Logs such as 
image logs, spectroscopy logs, sonic logs and nuclear magnetic resonance tools have been used at all 
MRCSP sites. Interpretation of wireline logs was the main method used to outline stratigraphy in the 
boring.   
 
At each site the wireline tool program was designed to collect information during well drilling and 
completion work.  Formations in the open borehole were logged before placement of casing and cement 
and wireline cement bond logs were run on completed sections of the well to evaluate the completeness of 
the cement job by determining whether voids had been left in the cement.  The majority of wireline work, 
including all sample collection, was concentrated in the production casing zone.  Table 4-1 lists the 
wireline tools used at each of the three Phase II sites. 
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Table 4-1.  List of Wireline Logs Run at Each Phase II Site 

 
 
 

4.3.2.3   Core Analyses.  Core data provide further supportive physical evidence to coincide with 
wireline data.  The rock coring strategy was designed to collect and test cores from potential injection 
zones and key confining zones.  Cores were tested for density, porosity, and permeability using industry 
standard methods (Table 4-2).  Selected cores were also analyzed for mineralogy with petrographic 
analysis methods.  The objective was to determine key hydraulic, mineralogic, geochemical, and 
geomechanical properties of the rock formations.  These parameters are critical in determining the 
potential for CO2 storage at the site and the region in general.   

 
 

Table 4-2.  Comparison of Core Tests Performed for Each Test Site 
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Michigan Basin Site. A total of 180 ft of continuous 3-inch diameter core was collected in four 30 ft core 
runs from depth intervals of 3030 to 3090 ft and 3400 to 3520 ft during drilling the State-Charlton #4-30 
well.  The full cores allow for detailed examination of changes in lithology and extensive testing.  In 
addition, 25 rotary sidewall core plugs were collected with wireline tools after drilling.  Rotary sidewall 
cores are small diameter (1 inch diameter by 2 inch long) core plugs that are collected with a wireline tool 
from the side of the borehole.  These sidewall cores were taken from key intervals identified in the 
wireline logs to supplement the full core.   
 
Conventional core results for the Bass Islands Dolomite interval had an average porosity of 13% and 
permeability of 22 mD (eliminating data for damaged samples suggests average porosity of 12.5% and 
permeability of 12.4).  Cores from the Bois Blanc formation had porosity of 7 to 15%, but permeability 
was less than 1 mD.  This suggests that any porosity present is likely microporosity.   
 
Conventional core tests from confining intervals generally showed porosity of less than 5% with 
permeability less than detection.  Results from rotary sidewall cores generally confirmed the presence of 
multiple additional confining intervals.     
 
Appalachian Basin Site.  A total of 48 rotary sidewall rock cores were collected in the test well.  Core 
points were identified from key injection targets and caprocks based on wireline logs.  Sidewall cores 
were taken at regular intervals in the caprocks and more cores were selected from key storage intervals. 
Core samples were tested for porosity, permeability, and density with standard procedures.  Many of the 
cores were listed as damaged or too short for testing and these results may be unreliable.  Results 
generally showed porosity less than 5% and permeability less than 1 mD for most of the cores.  Sidewall 
cores from the Salina interval had porosity of 5 to 13%, with some indications of permeability more than 
1 mD.  Core test results from the Clinton and Oriskany Formations were difficult to interpret because 
many of these samples were unsuitable for testing.  However, results suggest porosity less than 5% and 
permeability less than 0.1 mD. 
 
Selected cores were also analyzed for mineralogy with petrographic analysis methods.  Thin sections 
were obtained from 14 samples in potential injection and confining zones.  The objectives of the study 
were to determine texture, mineralogy, pore-filling constituents, pore types, and diagenetic features.   
 
East Bend Site. Whole core samples of 86.5 ft (~30 ft from the primary confining zone and two ~30 ft 
sections from the injection zone) and 20 sidewall core samples were successfully collected from the well.  
A comparison of the porosity measured in the whole and sidewall core and the porosity measured via 
wireline logging (density and neutron methods) were made for the injection zone.  Overall, the porosity 
measurements for the core matched fairly well with the wireline results, with some exceptions.  A similar 
comparison was made for permeability values.  The wireline permeabilities generally compared favorably 
with the data generated from the core samples except where the core permeability is relatively low. 
 
A comparison of porosity values from the whole and sidewall core analyses and the wireline logs 
collected in the confining layer also was made.  In all cases, the porosity values determined with the core 
analyses were lower than those measured by the density and neutron wireline logs.  In regard to 
permeability measurements, wireline permeabilities compared favorably with the data generated from the 
core samples; however, there were exceptions where wireline permeabilities were greater by an order of 
magnitude than the permeabilities measured with the core samples.       
 
4.3.3 Hydraulic Reservoir Testing.  A hydraulic analysis was completed on all injection targets to 
design the injection test and select proper equipment for the injection.   The parameters needed for the 
analysis were obtained from the well log data, core testing and/or field testing.  For the Appalachian 
Basin injection test, hydraulic input parameters were based on wireline and sidewall core test data from 
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the test well.  At the Michigan Basin and Cincinnati Arch sites, in addition to well log and full core test 
data, hydraulic tests were conducted to evaluate injection zone properties, such as fracture pressure and 
permeability after the test well had been cased.  Hydraulic testing involved collecting data on brine or 
CO2 injection rates, injection pressures, bottomhole reservoir pressures, and bottomhole temperature in 
the injection and monitoring wells.  This testing is performed after the well was cased and perforated to 
provide hydraulic data for the completed well that will be representative of the hydraulic properties 
during CO2 injection.  The objective of these tests was to investigate maximum injection rates, 
demonstrate storage security, and determine reservoir response to injection.  Equipment for hydraulic 
monitoring included a wellhead flow meter and bottomhole pressure/temperature loggers.  Figure 4-3 
shows results of a step rate test using CO2 as the injection fluid conducted at the Michigan Basin site. 
 
 

 

Figure 4-3.  Step Rate Test Bottomhole Pressures in State-Charlton 4-30 Injection Well 
(The Michigan Basin site was unique because hydraulic reservoir data were collected in the field 
using CO2 as part of the extended mechanical integrity testing.  Data loggers were installed in the 

injection zone of the injection well.) 
 
 

4.4 Lessons Learned 
 

 Both regional and site-specific data are important for evaluating the overall sequestration 
potential.  The region covered by the MRCSP contains a large range of geologic features 
and very little previous characterization has been done on the area in the deeper deep 
saline formations of primary interest for sequestration.   

o At the Michigan Basin Site, the original target injection zone was anticipated to 
include the Sylvania Sandstone, the Bois Blanc Formation, and Bass Islands 
Dolomite formation.  Upon drilling the well, it was determined that the Sylvania 
Sandstone was not present in the well.  The Bass Islands Formation was present and 
had suitable porosity and permeability to be an injection target.  Thus, the actual 
interval for injection was within the Bass Islands Dolomite at 3,442 to 3,515 ft, the 
most permeable section of the target injection zone.  The overlying Bois Blanc 
Formation did not have low enough porosity to be considered a seal; therefore, rocks 
in the overlying Amherstburg-Lucas Formations were considered the immediate 
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overlying confining zone.  As there will always be uncertainties in geologic systems, 
the defining of the Bois Blanc as an intermediate confining zone was important.  
Having a buffer zone between the injection zone and the confining zone allows for 
these geologic heterogeneities.   

o At the Appalachian Basin site, a moderate amount of oil and gas exploration 
information existed, mostly from shallower intervals; however, the deeper units were 
relatively uncertain.  Therefore, the test well (drilled to a depth of about 8,300 ft) 
provided specific geologic formations on the Oriskany Sandstone, the Salina 
Formation, and the Clinton Sandstone, which are located between 5,900 and 8,300 
feet below the surface.  The Salina formation is typically a mixture of evaporite (salt) 
and carbonate rock layers in the Appalachian Basin.  Salt layers were several hundred 
feet thick in the test well at a depth of 6,400 to 7,400 ft.  In the middle of this 
formation, a carbonate sequence was identified with shows of permeability and 
porosity and gas shows indicating moderate porosity and permeability.  This interval 
was identified as a potential injection zone after drilling of the test well.   

o The target reservoir at the Cincinnati Arch Site was the Mt. Simon Sandstone, which 
is an extensive sandstone rock unit that has been historically used for injection of 
industrial and hazardous liquid waste in the MRCSP region.  Geological correlations 
based on nearby wells indicate that the formation is 300 ft thick at a depth interval of 
about 3,200 to 3,500 ft below surface at the site.  The test well at the East Bend site 
reached a total depth of 3,700 ft in July 2009, through the injection zone (the Mt. 
Simon Sandstone) present approximately 3,200 to 3,500 ft bgs.   

 While not always practical due to budget concerns, collecting whole core samples has 
been very valuable for interpreting wireline data, particularly in carbonates. 

 Step-rate injection tests are useful for evaluating injectivity of injection zones.  Step-rate 
tests may be somewhat more difficult to stabilize at lower flow rates in high capacity 
formations. 

 Although the Appalachian Basin site proved to be an uninjectable site, it showed how a 
marginal target can be planned for use in the future if needed.  A significant portion of 
the area covered by the MRCSP contains the lithologic formations seen at the 
Appalachian Basin site.  Therefore, it is good practice to at least become familiar with 
and perform initial testing on the formations that are most common in the region. 
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Section 5.0:  RESERVOIR SIMULATIONS 
 
 
5.1 Overview 
 
Reservoir simulations were completed to evaluate the CO2 storage process.  This exercise provided 
information for the injection permit, system design, monitoring, and injection operations.  Reservoir 
simulations also helped better understand the behavior of CO2 in the subsurface.  Modeling followed a 
progressive process, and the models were improved as additional site specific data were added (Figure°° 
5-1).  At the Michigan Basin site, the model was calibrated to a large amount of monitoring data, thereby 
building confidence in the ability to model CO2 storage (Bacon et al., 2008).  
 
 

 

Figure 5-1.  Example of the Modeling Process for MRCSP Michigan Basin Site 
 
 
Initial reservoir simulation work involved creating a conceptual model of the geologic system.  This 
defined geometry, physical conditions, and features of the deep geologic rock formations.  Based on this, 
a geologic model was developed outlining distribution of key geotechnical parameters such as 
permeability, porosity, mineralogy, and brine geochemistry.  This information was then discretized into a 
numerical model.  For the Appalachian Basin site, relatively simple oil field equations were run based on 
radial flow from a well.  For the other sites, advanced numerical simulations were completed with the 
STOMP-WCSE (Subsurface Transport Over Multiple Phases - Water, CO2, Salt, Energy) computer 
model.  Model runs were completed for various injection scenarios at the site.  The models simulate 
parameters such as reservoir pressure, CO2 saturation, CO2 dissolution, and geochemical changes.     
 
5.2 Using Capacity Estimates for Site Screening 
 
Capacity estimates were used mainly in the site screening process.  Formation maps and capacity 
estimates from Phase I were consulted for the potential sites in the preliminary site evaluation.  This 
research provided an idea of the general suitability of the site for CO2 storage and significance of the 
formations being tested.  Carbon Sequestration Atlas (DOE and NETL, 2008) methodology was used for 
capacity estimates.  A 10 to 15% efficiency factor was assumed for the area around the borehole when 
considering site specific capacity at the injection site.  Because the injection volumes were fairly low for 
these small scale tests (1,000 to 10,000 metric tons CO2), most formations had adequate capacity for 
testing.  For the Appalachian Basin R.E. Burger test site, the capacity equations were considered 
acceptable by Ohio EPA to estimate the area of review for the Underground Injection Control (UIC) 
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permit.  As concluded in the Carbon Sequestration Atlas (DOE and NETL, 2008), capacity numbers do 
not necessarily guarantee the ability to inject CO2 into the deep rock formations at acceptable rates. 
 
5.3   Predicting Plume Migration 
 
The STOMP-WCSE numerical model was used to simulate supercritical CO2 injection at the MRCSP 
Michigan Basin and Cincinnati Arch test sites.  The conceptual model evolved through three different 
stages: 
 

1. The first stage was a very general model developed before the site characterization well 
had been drilled.  A homogeneous formation was assumed as a target for all sites.  This 
model was based on regional data and involved many assumptions.  However, it did 
provide valuable information for planning the injection tests. 

2. The second stage conceptual model was completed after core data were available from 
the characterization well, but before hydraulic tests were performed. 

3. The final conceptual model was revised based on hydraulic test data and actual time-
varying injection rates and temperatures in the injection well.  The STOMP-WCSE 
simulator was validated against observed values of pressure in the injection and 
observation wells. 

 
The MRCSP Phase II sites emphasized integration of modeling with field data.  For the Michigan Basin 
site, a complete post-audit was completed to assess model accuracy.  
 
5.3.1   Numerical Simulator (Michigan Basin and Cincinnati Arch East Bend Sites).  Advanced 
computer models were developed for the Michigan Basin and East Bend test sites.  Numerical simulation 
of CO2 injection into deep geologic reservoirs requires modeling complex, coupled hydrologic, chemical, 
and thermal processes, including multi-fluid flow and transport, partitioning of CO2 into the aqueous 
phase, and chemical interactions with aqueous fluids and rock minerals.  The simulations conducted for 
this investigation were executed with the STOMP-WCSE simulator (White and Oostrom, 2006).  STOMP 
was verified against other codes used for simulation of geologic disposal of CO2 as part of the GeoSeq 
code intercomparison study (Pruess et al., 2002). 
 
Partial differential conservation equations for fluid mass, energy, and salt mass comprise the fundamental 
equations for STOMP-WCSE.  Coefficients within the fundamental equations are related to the primary 
variables through a set of constitutive relations.  The conservation equations for fluid mass and energy are 
solved simultaneously, whereas the salt transport equations are solved sequentially after the coupled flow 
solution.  The fundamental coupled flow equations are solved following an integral volume finite-
difference approach with the nonlinearities in the discretized equations resolved through Newton-
Raphson iteration.  The dominant nonlinear functions within the STOMP simulator are the relative 
permeability-saturation-capillary pressure (k-s-p) relations.  The STOMP simulator allows the user to 
specify these relations through a large variety of popular and classic functions.  Two-phase (gas-aqueous) 
k-s-p relations can be specified with hysteretic or nonhysteretic functions or nonhysteretic tabular data. 
Entrapment of CO2 with imbibing water conditions can be modeled with the hysteretic two-phase k-s-p 
functions.  Two-phase k-s-p relations span both saturated and unsaturated conditions.  The aqueous phase 
is assumed to never completely disappear through extensions to the s-p function below the residual 
saturation and a vapor pressure-lowering scheme.  Supercritical CO2 has the role of a gas in these two-
phase k-s-p relations.  The model also has a reactive transport geochemical version to simulate 
geochemical changes based on equilibrium-conservation-kinetic equations chemistry and reactive 
transport (White and McGrail, 2005). 
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A well model in STOMP-WCSE was used to simulate the injection of supercritical CO2.  A well model is 
defined as a type of source term that extends over multiple grid cells, where the well diameter is smaller 
than the grid cell.  The CO2 injection rate is proportional to the pressure gradient between the well and 
surrounding formation in each grid cell.  A bottomhole pressure is calculated iteratively until either the 
maximum borehole pressure or the desired injection rate is reached. 
 
5.3.2 Analytical Equation (Appalachian Basin).  Since only limited site characterization data 
were available from the Appalachian Basin test site, injection scenarios were investigated with relatively 
simple analytical equations rather than full reservoir models.  Based on the selected injection targets, a 
general hydraulic analysis was completed to provide an understanding of injection test parameters such as 
injection rate, pressure buildup, and pressure falloff.  This information was important to design the 
injection test and select proper equipment for the injection.  The hydraulic analysis was completed on the 
three injection zones: Oriskany, Salina, and Clinton.  The parameters needed for the analysis were 
obtained from the well log data and rotary sidewall core testing.  It should be noted that these equations 
involve many assumptions and the results are only estimates intended to provide general guidance for 
designing reservoir tests and determining decision points for the testing.  Given the variable nature of the 
targeted injection units within the Appalachian Basin and absence of deep wells in the area, which would 
have provided data on permeability and correlation length, it is fairly clear that injection potential is best 
determined through field testing. 
 
A modification of the Horner method was used for the hydraulic analysis, which serves in understanding 
the injection rate pattern that should be followed for injecting CO2 into the FEGENCO #1 test well.  In oil 
and gas reservoirs, Horner analysis is used to determine if pseudo-radial flow developed during pressure 
decline after production or injection tests (Horner, 1951; Earlougher, 1977).  While Horner analysis is 
usually used for production analysis, it was modified to account for pressure caused by injection.  Many 
other variations on this basic equation exist and may be used for analyzing well tests. 
 
5.4   Using Reservoir Simulations to Aid Injection Design, Permitting, 

and Monitoring 
 
Reservoir simulations were used to aid in injection system design.  The simulations provided information 
on important system metrics such as sustainable injection flow rates, injection pressures, CO2 migration 
rates, and other items.  This information shaped the overall injection test duration and schedule.  Initial 
simulations for the Michigan Basin and Cincinnati Arch sites suggested that the target formations were 
less sensitive to injection rates, mainly because they were thick and relatively permeable.  At the 
Cincinnati Arch site, the injection well was completed across only a portion of the Mt. Simon to allow 
more meaningful testing of the formation.  Conversely, at the Appalachian Basin R.E. Burger site, 
injection simulations suggested that a flexible injection plan would be more appropriate due to the low 
permeability nature of the formations.   
 
Reservoir simulations were used to support UIC permitting at all geologic test sites.  Regulators were 
agreeable to using models for the permit.  Reservoir simulations were used to determine the area of 
review for the Cincinnati Arch and Appalachian Basin sites.  Both CO2 saturation and pressure were 
requested for the permit, but it seemed CO2 saturation was viewed as the more critical parameter.  In 
addition, the regulators were interested in the modeled results of long-term CO2 migration.  Models also 
helped provide confidence that the injection system would not affect underground sources of drinking 
water (USDWs).   
 
Simulations were also useful for developing monitoring plans.  Some basic information such as pressure 
buildup rates, CO2 migration extent, and temperature changes were used to develop the monitoring 
program.  For example, at the Michigan basin site it was determined that CO2 breakthrough may not 
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extend to the State-Charlton 3-30A monitoring well, so the well was completed with a deviated boring to 
get it closer to the injection well.  Simulated pressure fall-off was used to determine the proper amount of 
time to monitor the wells post-injection.  Simulated CO2 saturation was compared to changes monitored 
with cross-well and vertical seismic methods.  Additional geomechanical models were developed for the 
Michigan Basin and Cincinnati Arch sites to determine the feasibility of cross-well seismic and vertical 
seismic profiling technologies. 
 
5.5   Calibration and Refinement 
 
After injection tests were completed, the reservoir models were calibrated to field data.  This involved 
modification of certain input parameters to more accurately replicate field observations.  The main 
parameter used to calibrate the models was downhole pressure in the injection well (and observation 
wells).  In model calibration it was apparent that injection projects do not operate at a constant injection 
rate.  Therefore, it was necessary to revise the models to a variable injection rate based on the actual flow 
rates observed at the injection wellheads.   
 
The Michigan Basin site model was calibrated to downhole pressures measured in both the injection well 
and the deep monitoring well for the initial injection.  In model calibration, the permeability distribution 
in the model was scaled from an original average value of 22 to 50 mD, as indicated by reservoir testing 
analysis.  Once this change was completed, the model calibrated nicely to the observed downhole 
pressures in the injection well (Figure 5-2).  Consequently, model calibration was fairly straightforward.  
Since the reservoir test analysis methods and the numerical model are both based on Darcy flow through 
permeable media, it is not surprising that these methods agreed.  The modeled pressure response at the 
monitoring well point was somewhat higher than observed in the field, even after model calibration.  This 
might suggest a feature in the reservoir that was not included in the model.  The model calibrated fairly 
well to temperature changes observed in the field, although not much information was available on 
thermal conductivity of the rocks.  The simulated CO2 distribution in the reservoir was comparable to 
results seen in the cross-well seismic.  However, it was apparent that no monitoring technology has the 
same resolution that is possible from modeling.  For example, the model grid may be specified with 1 ft 
thick layers across the entire thickness of a reservoir, whereas it would not be possible to install 
monitoring wells in this arrangement. 
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Figure 5-2.  Simulated and Observed Pressures in the Injection Well for the 
MRCSP Michigan Basin Test Site 

 
 
Model calibration for the Appalachian Basin site was more of a qualitative process.  Since there was less 
site characterization information at the site, relatively simple analytical equations were used to model the 
injection process.  These equations suggested that rapid pressure buildup may occur while attempting 
injection, which is what happened during field operations.  Some of the analysis did suggest that more 
injectivity may be present in the Salina formation than was observed.  This may be because the 
permeability input into the model was based on selected rotary sidewall core tests.  These core points 
were identified in the most promising zones based on geophysical logs.  As such, they may have been 
optimistic and should not have been applied to the entire reservoir thickness. 
 
The Cincinnati Arch East Bend site followed a similar model calibration process as the Michigan Basin 
site.  Initial simulations were based on a homogeneous reservoir and regional geotechnical parameters for 
the Mt. Simon.  The model was then revised based on test well data and calibrated to injection test data. 
 
5.6   Lessons Learned 
 
Reservoir simulations are a valuable tool for assessing CO2 storage.  At the MRCSP geologic test sites, 
the models provided a great deal of practical information for system design, permitting, and monitoring.  
The simulations were also useful for some less obvious functions including:  
 

 Models help provide a systematic framework for integrating site characterization data.  
Model development is a systematic process.  Thus, the model can reveal data gaps and 
major influences for the geologic system. 

 Simulations are a valuable communication tool.  Graphics and visualization of model 
output can help people better understand CO2 storage.  However, it is important to 
associate the model results to surface features for reference.  Otherwise, simulations may 
appear conceptual and detached from reality.  
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 Reservoir simulations can build confidence in the CO2 storage process.  Models 
demonstrate that the project is thoroughly researched, well designed, and properly 
operated. 

 
In general, the models provided an accurate simulation of the CO2 storage process.  The more site 
characterization data available, the better the solution was.  Simulations also provided research-related 
information on CO2 storage concepts such as geochemical reactions, long-term migration, and trapping 
mechanisms.  Several more technical lessons were also learned regarding reservoir simulation process: 
 

 It was difficult to predict actual field injection rates.  Field injection rates will likely be 
more variable than anticipated in the model simulations. 

 Models were sensitive to reservoir permeability and correlation length.  These parameters 
had significant effect on model results. 

 In more marginal reservoirs, caution should be exercised when using rotary sidewall core 
permeability data as this may overestimate properties of the reservoir. 

 Reservoir test analysis was very useful in calibrating simulations. 

 Most monitoring technologies cannot approach the type of resolution that may be 
achieved with reservoir simulations.  It may be challenging to interpret model output 
against more general monitoring results. 
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Section 6.0:  PERMITTING 
 
 
6.1 Overview 
 
Permits were required to drill the test wells and inject CO2 for the three geologic CO2 sequestration tests.  
Drilling permits were obtained from state oil and gas agencies.  The permit required for CO2 injection was 
a Class 5 UIC permit.  Test sites were spread throughout the region, and different agencies were 
overseeing each site (Table 6-1).  Consequently, each permitting process was different.  At the Michigan 
Basin and Appalachian Basin sites, the test wells were drilled on exploratory drilling permits from state 
oil and gas divisions.  The information from the test wells was used to obtain the actual UIC permit.  At 
the Kentucky site, a UIC permit was required before any drilling could occur. 
 
 

Table 6-1.  Summary of Permit Agencies 

 Appalachian Basin 
R.E. Burger Plant 

Cincinnati Arch 
East Bend Station 

Michigan Basin 
State-Charlton 30/31 

Location Shadyside, OH Rabbit Hash, KY Otsego Co., MI 

State Agency 

Ohio Dept. of Natural 
Resources Division of 

Mineral Resources 
Management- Oil and 

Gas 

Kentucky Dept. of 
Natural Resources 

Division of Oil and Gas 
Conservation 

Michigan Dept. of 
Environmental Quality- 

Oil and Gas 

UIC Agency 
Ohio EPA 

UIC Program 
U.S. EPA Region 4 

UIC Program 
U.S. EPA Region 5 

UIC Program 
UIC Application 
Submittal Date 

January 17, 2008 May 1, 2008 April 18, 2007 

Public Notice Date June 21-July 21, 2008 Nov 18-Dec 18, 2008 July 23-Aug 23, 2007 

Permit Issued Date September 3, 2008 February 26, 2009 December 19, 2007 

Permit to Inject Date September 23, 2008 September 11, 2009 February 18, 2008 

Injection Start Date September 24, 2008 September 20, 2009 February 19, 2008*  

Injection Stop Date November 22, 2008 September 25, 2009 March 8, 2008* 

Plugging and 
Abandonment 

Pending Pending Pending 

*Note: Michigan Basin extended injection completed February 25 through July 9, 2009. 
 
 
6.2 Key Steps in the Regulatory Process 
 
Experiences at the geologic test sites revealed several key steps in the regulatory process.  The permit 
sequence was somewhat different at each site as shown in Figures 6-1 through 6-3.  Key steps in the 
permit process are described as follows. 
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Figure 6-1.  Region 5 EPA Permitting Process for Michigan Basin Test Site, Michigan  
 
 

 
 

Figure 6-2.  Region 4 EPA Permitting Process for Cincinnati Arch Site, Kentucky  

Drilling
Apply to USEPA 
Region 5 for UIC 
Class V Permit

Injection is 
completed

Apply to USEPA
to plug or

convert well

MDOGD 
Permit 
Issued

Develop
Project Plan

Apply to MDOGD
for Oil Production 

Well Permit

Permit 
issued

(or denied)

Internal 
integrity 

demonstrated

Injection is 
authorized 

to 
commence

Public 
Comment 

Period (at least 
30 days) on 

draft decision

Permit 
application 
is reviewed 
by USEPA

USEPA R5 
terminates 

permit (well is 
plugged)

USEPA R5 
converts permit 

UIC Class II)

State issues 
production 

permitMRCSP USEPA R5 MDOGDKey:

Includes coordination with other agencies and 
statutes:

• Endangered Species Act
(U.S. Fish and Wildlife Service)

• National Historic Preservation Act
(Michigan State Historic Preservation Office) 

• Wild and Scenic Rivers Act 

• Coastal Zone Management Act
(Michigan Coastal Management Program

Source: Adapted from material provided by USEPA.

Develop Project 
Plan

Apply to USEPA
Region 4 for

Class V
UIC Permit

Mechanical 
integrity 

demonstrated

Injection is 
authorized to 

commence

Injection is 
completed

Apply to
USEPA R4

to plug well

USEPA 
terminates 
permit (well 
is plugged)

Source: Adapted from material provided by USEPA.

MRCSP USEPA R4 KY DOGCKey:

Permit 
application is 
reviewed by 

USEPA

Drill, assess data 
and complete
well design

Complete well;
coordinate with 

USEPA R4

Permit
issued

(or denied)

Public 
Comment 

Period (at least 
30 days) on 

draft decision

Includes coordination with other agencies 
and statutes:

• Endangered Species Act
(U.S. Fish and Wildlife Service)

• National Historic Preservation Act
(State Historic Preservation Office) 

• Wild and Scenic Rivers Act

• Coastal Zone Management Act
(Coastal Management Program

Coordinate 
with

KY DOGC



 

Best Practice Manual for Phase II Geologic 
Carbon Sequestration Field Demonstration 

37 

 

 

Figure 6-3.  Region 4 EPA Permitting Process for Appalachian Basin Site, Ohio  
 

 
6.2.1   State Oil and Gas Drilling Permit. All states required a permit to drill a deep exploratory 
well through the state oil and gas division.  This permit required a survey platt of the drill site, well 
construction diagram, site restoration plan, blow out prevention, application fee, etc.  These permits were 
fairly standard due to historical oil and gas operations in the region.  
 
6.2.2  Permit Application Preparation. Preparation of the permit package generally took about 
three months.  This package included a description of the geologic setting, injection zones, confining 
zones, well design, monitoring, and many other items.  Each agency had different guidelines for the 
permit application package.  U.S. EPA Region 5 required a relatively simple form with a list of 21 
attachments (A through U) necessary for the permit.  The other permits were based on state/federal code 
of regulations, which were more tedious to address.  The permits were influenced by U.S. EPA Guidance 
Using the Class V Experimental Technology Well Classification for Pilot Geologic Sequestration Projects 
– UIC Program Guidance (UICPG #83) (U.S. EPA, 2007).  However, regulators seemed to default back 
to Class 1 well regulations at times, such as cementing casing strings to the surface.  Permit fees were a 
few hundred dollars each. 
 
6.2.3  Permit Review and Writing. Once the permit application was submitted, each regulatory 
agency performed a technical review and provided comments.  Most EPA comments were minor 
technical details.  After comments were addressed, the EPA permit writer prepared a draft permit.  This 
permit contained a large amount of standard language from the state or federal code of regulations.  In 
addition, some contained unforeseen requirements.  For example, the East Bend permit contained 
requirements for a deep groundwater monitoring well screened in the bottom portion of the drinking 
water zone within 400 ft of the injection well and 2 years of quarterly monitoring of 11 groundwater 
wells, including the new groundwater monitoring well.  
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6.2.4  Public Comment Period. The draft permit was then posted for 30-day public comment.  
This involved posting the permit in local newspaper(s), sending a copy to local libraries, posting it on the 
EPA Web site, and sending permit notices to a distribution list of stakeholders.  At the Michigan Basin 
site, a comment on subsurface trespassing delayed the permit about three months as the permit was sent to 
the U.S. EPA Environmental Appeals Board.  No major comments were received for the other two field 
sites.  
 
6.2.5  Permit to Inject. Before injection was allowed to begin, the EPA agency granted a final 
“permit to inject” letter.  This required a fair amount of field work to demonstrate mechanical integrity of 
the well such as well completion, cement bond log, and mechanical integrity pressure leak-off test.  At 
each site, injection began as soon as possible after receiving the permit to inject. 
 
6.2.6  Site Operations. During operations, monthly reports were sent to EPA agencies summarizing 
injection flow rates, wellhead pressures, and other operational data. 
 
6.2.7  Site Closure. Site closure required sending plugging and abandonment plans for the injection 
well to the EPA agency for approval.  The agencies required plugging the well to surface with normal 
well cement.  Region 4 required quarterly groundwater monitoring in 11 wells for an additional two years 
after injection stopped.   
 
6.3   Lessons learned 
 
Completing the permit process at three separate sites provided many benefits for the MRCSP region.  The 
permit process helped establish CO2 storage applications with UIC regulators.  Regulators seemed 
interested in learning about the technology.  However, they held the relatively small tests to strict 
standards.  The permit itself provided some structure to the overall injection process; some issues could 
be worked through such as an appeal of the Michigan Basin test and monitoring requirements for the East 
Bend test.  Overall lessons learned from permitting the MRCSP Phase II geologic tests are summarized as 
follows: 
 

 It helps to engage the UIC permitting agency early in the process.  This not only makes 
the agency aware of the project, but it also helps in obtaining the proper forms, 
procedures, and regulations. 

 From submitting the application to obtaining the permit, it may take anywhere from 6 to 
more than 12 months to complete the initial EPA UIC permit.  It can be difficult to 
schedule field operations and other project work around the permit process.  In this case, 
only a few weeks were spent injecting CO2 after many months of permit work. 

 After obtaining the UIC permit, a “permit to inject” must be obtained which demonstrates 
the integrity of the injection well with cement bond log, temperature log, step rate 
injection tests, and mechanical integrity leak off tests. 

 UIC permitting programs are focused on protecting groundwater resources.  They may 
require monitoring shallow groundwater resources for indications of CO2 leakage. 

 Based on the advanced computer models of the CO2 injection process, it was concluded 
that the CO2 would not migrate beyond the ¼ mile, which was the default minimum area 
of review in UIC regulations.   

 Permitting decisions often reverted back to standard Class I protocols.  While the 
regulatory agencies seemed more familiar with this policy, it does not necessarily 
facilitate CO2 projects.  For example, the pH of the injection stream was measured 
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because this is a standard Class I procedure (the CO2 stream is not water based so it is 
basically impossible to measure pH). 

 Acquiring a drilling permit for an oil and gas well is much easier than a CO2 injection 
well.  It only took 1 to 2 weeks to acquire a drilling permit, with much less preparation.  
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Section 7.0: CO2 SUPPLY AND HANDLING 
 
 
7.1 CO2 Phase Behavior and Transport Modeling 
 
Battelle has investigated CO2 transport properties and the phase behavior while injecting into 
sequestration wells.  Battelle has also developed an in-house numerical simulation code to model pipeline 
CO2 flow in surface and well pipes.  The code incorporates the National Institute of Standards and 
Technology (NIST) Database 23 for fluid properties, and results have been successfully validated with 
field injection data from the Michigan Basin field demonstration.  
 
A typical transport curve for the wellbore pipe is shown in Figure 7-1, which shows the phase diagram of 
CO2.  Generally, it is desired to keep the CO2 in the supercritical or the liquid phase for CO2 injection and 
transport because these phases offer transport benefits in pipelines and storage benefits in the formation. 
The supercritical and the liquid phases are often called the dense phases because of their higher density 
relative to the gas or the mixed phase gas and liquid region.  
 
 

 
Figure 7-1.  CO2 Phase Diagram Showing a Typical Transport Curve from the 

Wellhead to the Bottomhole for Injection in Gaylord, MI 
 
 
(Note that the injection occurred in the liquid phase and not in the supercritical region.  The relatively 
high densities in the liquid phase helped to boost bottomhole pressure.  Collectively, the supercritical and 
liquid phases are known as the dense phases, and these are of the most interest for long-term 
sequestration.) 
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For pipeline transport, the dense phases (with their higher density) require smaller diameter pipes.  The 
vertical wellbore pipe benefits from a dense phase due to the self-promoted hydrostatic head, which helps 
to increase bottomhole pressure and improve injectivity into the formation.  Bottomhole pressure is fairly 
sensitive to wellhead temperature because higher densities are achievable with lower fluid temperatures.  
In other words, less surface compression is necessary if a lower CO2 wellhead temperature can be 
maintained.  The dense phases typically also offer better transport properties, such as lower viscosity. 
 
High density is desirable not only for pipeline transport, but for the final delivery to the formation.  The 
formation volume required for a specific amount of injected CO2 mass can be thought of as a formation 
storage efficiency.  Formation storage efficiency is much higher for the dense phases as compared to the 
gas phase.  The long-term efficiency is directly controlled by the original formation pressure and 
temperature since after equilibration the injected CO2 will stabilize at a volume governed by these two 
properties (ignoring long-term reaction effects, etc.).  Higher pressures and lower temperatures yield 
smaller volumes of free-phase CO2.  Lower pressures and higher temperatures result in higher volumes.   
 
7.2 CO2 Source and Composition 
 
The CO2 source has varied from project to project.  For example, for the Appalachian Basin site, CO2 was 
initially anticipated to be available from an on-site capture system; however, ultimately liquid CO2 was 
sourced from an industrial gas supplier.  The supplier obtained the CO2 from a natural gas separation 
facility.  After purification, the commercially-delivered food-grade gas achieved levels of 99.99% purity, 
with secondary constituents being on part-per-million levels (hydrocarbons, ethane, moisture, nitrogen, 
etc.).  The CO2 was delivered via road transportation in liquid tankers.  (The Cincinnati Arch site also 
utilized commercially-delivered food-grade gas.) The Michigan injection project utilized CO2 from a 
natural gas separation plant and was locally compressed and piped to the injection well via the existing 
compression and pipeline infrastructure. 
 
7.3   Compression and Pipeline 
 
The experiences to date have involved utilizing existing reciprocating equipment from project partners 
and no new CO2 compressors were sourced for Phase II activities.  Typically, large reciprocating 
compressors are used for applications up to thousands of horsepower; however, much larger flow rates 
usually employ centrifugal turbomachinery.  
 
During the initial planning for the Appalachian Basin site injection, a small, ~100 horsepower (hp), four-
throw, four-stage reciprocating compressor system meeting the injection requirements was selected and 
quoted by several compressor packagers.  The compressor packager integrates the compressor with other 
necessary system components such as an electric motor, a structural mounting skid, intercoolers, a 
lubrication system, and a programmable logic control (PLC) system.  Together with the compressor 
manufacturer the packager provides the startup and technical support for the operation of the compressor.  
Before the packager is approached, it is important to understand the necessary injection and site 
requirements since these will drive the package design.  For example, if large turndown ratios are 
necessary to adjust flow rates, then a variable frequency drive (VFD) may be required for the electric 
motor, or a recycle loop would be needed for the compressor.  Determination of water content in the CO2 
and corrosion estimates will determine whether more expensive stainless steel will be necessary for 
process piping and vessels.  Availability of cooling water will determine if shell and tube heat exchangers 
can be used in lieu of fin-fan type heat exchangers.  Ultimately, the quoted compression package was not 
purchased for the Appalachian Basin site since captured CO2 from the plant was not available during the 
MRCSP project.  Regardless, the preparatory interaction with the compressor manufacturer, the system 
engineering firm, the packagers, and power plant personnel provided useful experience regarding the 
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installation of a compression system.  More information on this compression package is available in the 
Appalachian Burger site report (Battelle, 2009a).  
 
Compression at the Michigan site was achieved via the existing separable reciprocating compressors.  The 
reciprocating compressors in Michigan were driven by 2,250 hp natural gas engines, and the CO2 was 
dehydrated with water separators before each compression stage and a triethylene glycol (TEG) tower. 
The discharge conditions were approximately 1,180 psig at a temperature between 70 and 80 °F, just 
below the supercritical point.  The CO2 was transported using underground pipelines to the injection site.  
The temperatures decreased sufficiently by the wellhead to put the fluid into a liquid phase, which was 
especially noticeable during the winter injection periods.   
 
The Appalachian Basin site utilized a vendor supplied “huff-n-puff” machine, which first pumped the 
liquid CO2 from the on-site storage tanks and then vaporized the fluid to obtain the desired pressure and 
temperature.  Figure 7-2 shows the site layout near the well.  Battelle interfaced an annulus pumping 
system and a coriolis mass flow meter to the huff-n-puff PLC, which controlled the system and recorded 
data. Successful integration of Battelle components with vendor hardware and software was achieved by 
working with the vendor before site setup and during site installation.  
 
 

 
 

Figure 7-2.  CO2 Injection Setup at the R.E. Burger Power Plant 
(To the left is the trailer-mounted annulus fluid injection and maintenance system and in the 

background is the Praxair CO2 injection trailer which includes the heater and  
high pressure CO2 pump.) 
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7.4   Wellhead Instrumentation and Control 
 
The most comprehensive experience with wellhead instrumentation and control during Phase II was at the 
Gaylord, MI injection site.  With the assistance of a Gaylord controls company, Battelle developed and 
implemented an autonomous monitoring and well injection control system that was capable of recording 
injection data, adjusting the annular pressure, and triggering alarm conditions (Figure 7-3).  Alarm 
conditions were broadcast via a satellite link to local field support staff.  The well system consisted of a 
PLC, a display and logging unit for monitoring and storing data, various sensors and control valves, and a 
high pressure annular control system.  The automated system was ideal for remote well monitoring and 
control, and provided continuous service 24 hr a day/7 days a week.  
 
 

 
Figure 7-3.  CO2 Injection Setup at the Gaylord, MI Site 

 
 

Standard oilfield sensors were used to measure pressures and temperatures.  A coriolis mass flow meter 
was used to measure the CO2 mass flow rate and the density.  A pneumatically actuated shutoff valve 
provided well shutoff if the system detected an out of limit condition such as excessive pressure or 
insufficient annular pressure.  The annular pressure was maintained above the CO2 injection pressure in 
order to mitigate any outward leaks from the injection pipe string.  The annular control system consisted 
of two tanks and a high pressure mechanical positive displacement pump.  One tank was used to provide 
clean annular fluid if the annular pressure needed to be boosted, and the other tank was used as a holding 
tank for any controlled fluid releases from the annulus.  Together with the PLC control system, the 
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annular system enabled automated pressure regulation via fluid flow management between the two tanks 
and the annulus.  System status and sensor readings were continuously recorded on site at the well via the 
PLC system. 

 
7.5  Lessons Learned 
 
The automated injection control and recording systems from the Michigan Basin and Appalachian Basin 
sites were essential for properly controlling the system and maintaining the injection within the desired 
operating parameters.  Both of the systems used existing practices and off-the-shelf industrial equipment 
that is readily available.  A sufficient number of sensors is necessary to monitor the desired injection 
parameters and the overall health of the system.  As a minimum, sensors to supply the following 
measurements are suggested: 
 

 CO2 injection mass flow rate (i.e., coriolis mass flow meter) 
 CO2 injection pressure 
 CO2 injection temperature 
 Annular fluid pressure. 

 
The following additional sensors, measurements or systems are useful and would be needed on a case-by-
case basis: 
 

 Measured CO2 density (can be crosschecked with calculation from the pressure and 
temperature and an equation of state).  Some mass flow meters will provide three 
measurements at once: mass flow, density, and temperature 

 CO2 atmospheric sniffers around the well site for detecting leaks 

 Secondary or backup CO2 injection pressure and temperatures  

 Flow rates into and out of the annulus if an annular pumping/release system is installed 

 Annular system sensors (fluid tank levels, tank temperatures, pump fault, etc.) 

 Additional sensors for measurements as needed (control line gas pressure for pneumatic 
valves, etc.) 

 Remote monitoring or alarming link via radio, cellular, or satellite signals 

 Local operator interface for PLC to display system status and sensor readings 

 Uninterruptable power supply for control electronics and sensors. 
 
Once set up, the system must be tested and the sensor outputs must be validated to ensure proper 
operation.  If possible, alarm conditions should be simulated to ensure proper system alerting and 
shutdown.  Local displays on the individual sensors are valuable for troubleshooting and checking 
operational status.  
 
CO2 sequestration operation systems are unique to each site.  A temporary injection period is 
recommended to diagnose and correct any operational issues before long-term injection commences.  
Site-specific checklists or operational documentation should be created for project critical tasks, and 
updated as necessary by field staff as the system reaches maturity.  Once injection commences, regular 
review of injection data, even if cursory, is essential for detecting any system anomalies (faulty sensors, 
erratic readings, etc.).  
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Section 8.0:  WELL DESIGN AND INSTALLATION 
 
 
The MRCSP conducted three geologic field projects in Phase II that involved injection of CO2. Each field 
project was located in one of the three major geologic provinces of the region: the Appalachian Basin, 
Michigan Basin and Cincinnati Arch.  Each field project required the installation of a deep well for 
injection testing.  Each injection well used an individualized design that was primarily dictated by the 
regulatory agency responsible for the test activities at each site.  The design of each well is discussed in 
more detail in the following sections. 
 
8.1 Appalachian Basin (FEGENCO #1) 
   
This project included drilling and characterization of one injection test well on the site of FirstEnergy’s 
R.E. Burger power plant.  The well was permitted by the Ohio Department of Natural Resources (ODNR) 
Mineral Resources Management Division in November 2006 and assigned American Petroleum Institute 
(API) well number 34-013-2-0586-00-00.  The well was drilled to a total depth of 8,384 feet in February 
2007 with associated logging and characterization tests, and was completed with injection casing in 
February 2008.  The injection zones were perforated in September 2008. 
 
8.1.1  Test Well Description.  Site preparation activities were completed in the fall of 2006 and 
included grading the area, digging earthen mud pits, and constructing access roads.   The FEGENCO #1 
well was drilled in a series of smaller boreholes and casing was cemented in place to surface to isolate the 
well from any sources of drinking water.  The shallowest conductor section was drilled with a smaller 
water well rig.  The deep well was drilled with a rotary drilling rig and a combination of air and mud 
circulation. 
 
Conductor Casing.  Initial drilling was completed in December 2006 with a smaller water well drilling 
rig, which is more suited to working with unconsolidated sediments (Figure 8-1).  A 24-inch borehole 
was advanced to a depth of 105 feet bgs through the base of the Ohio River Valley alluvial aquifer into 
bedrock.  A 20-inch conductor casing was then cemented in place to a depth of 83 feet bgs with 175 sacks 
of Class A cement.  Well cuttings indicated the conductor was set within 20 feet of competent shale 
bedrock, isolating the well from the Ohio River Alluvium.  Once the conductor casing was set, the water 
well rig was removed from the site to allow a deep drilling rig to complete the remainder of the drilling 
program. 
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Figure 8-1.  As-built Diagram of the FEGENCO #1 Well 
 
 
Surface Casing.  The deep drilling rig was mobilized to the site in December 2006 and began drilling the 
surface borehole on January 9, 2007.  A 17-1/2 inch borehole was advanced to a depth of 930 feet bgs to 
seal the well from contaminating potential drinking water formations.  The surface casing consisted of 
906 feet of 13-3/8 inch, 48 lb/ft, H-40, short thread and coupling (STC) casing.  This casing string was 
cemented in place from total depth to ground surface with 800 sacks of Class A cement. 
 
Intermediate Casing.  A 12-1/4 inch borehole was advanced to a depth of 1,960 feet bgs using an air 
rotary method for the intermediate casing string.  The borehole was advanced into the Bedford/Huron 
shale in order to case off water producing zones (i.e., Massillon and Sharon Sandstones that could create 
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problems while drilling through shales below this casing point).  Intermediate casing was 1,939 feet of 9-
5/8 inch, 36 lb/ft, STC.  The casing was cemented in place from a total depth to ground surface with a 
lead/tail system.  The lead portion consisted of 400 sacks of 50/50 light poz mix and the tail consisted of 
210 sacks of Class A cement.   
 
Deep Casing.  The 8-3/4 inch borehole for the deep casing string was drilled using an air rotary method to 
a depth of 5,785 feet into the Onondaga Limestone.  This casing string was used to case off the Devonian 
Shales that are prone to swelling and sloughing, and used 5,752 feet of 7 inch, 26 lb/ft, N-80, long thread 
and coupling (LTC) casing.  The deep casing string was cemented from total depth to ground surface.  
Due to the total depth of the borehole and casing, the casing was cemented in two stages to prevent 
damage to the lower cement from the overlying column of cement.  A stage cement tool was set at a depth 
of 1,797 feet bgs.  In addition, the lower stage implemented a lead/tail cement method.  The lead portion 
of the lower stage was completed with 395 sacks of Lite Crete, and the tail was completed with 100 sacks 
of Class A cement.  The upper stage was completed to surface with 255 sacks of Class A cement. 
 
Injection Casing.  The injection borehole was drilled into the Queenston shale with a 6-1/8 inch bit.  The 
initial portion of this borehole was drilled on air; however, salt was encountered at a depth of 6,589 feet 
and drilling was switched to mud circulation.  A total depth of 8,364 feet bgs was reached on February 3, 
2007.       
 
In January 2008, the well was completed with injection casing.  The well was circulated clean with fresh 
drilling mud and additional rotary sidewall cores were collected from the deeper section (6,515 to 
8,332 feet bgs).  The injection casing string was placed to a depth of 8,344 feet bgs using 4-1/2 inch, 11.6 
lb/ft, N-80, LTC casing.  The casing was cemented in two stages with the stage tool set at 4,512 feet bgs.  
The first (lower) stage consisted of 322 sacks of Class A cement.  The second (upper) stage was 
completed to surface with 400 sacks Class A blend with 2% gel.   
 
After the cement was allowed to cure, a cement bond log (Schlumberger’s Isolation Scanner) was 
performed on the injection casing.  The data from the cement bond log from 5,752 feet bgs to total depth 
(8,344 feet bgs) were critically analyzed to determine the quality of the cement behind the injection 
casing string.  Although the cement bond log showed intervals of poor quality cement and some intervals 
of no cement over this section (not unusual for wells this deep) close communication with the regulators, 
Ohio EPA and ODNR/MRM, resulted in consensus that well bore integrity was sufficient for the planned 
injection tests.    
 
8.1.2  Well Completion.  Well completion activities included perforating the injection intervals, 
stimulating the formations with acid, and installing injection tubing.  The three target injection zones were 
penetrated with a perforation gun.  The Clinton-Medina was perforated across an interval of 8,197 to 
8,284 feet bgs.  Due to the fact that no cement was present behind the casing, a shot density of four shots 
was used to perforate this zone.  No acid treatment was performed on this injection zone.  The Salina 
Formation was initially perforated across an interval of 6,740 to 7,026 feet bgs using a shot density of six 
shots per foot.  After perforating the well, 2,500 gallons of 18% HCl was used in an attempt to stimulate 
the formation.  Finally, the Oriskany was perforated across the interval of 5,944 to 5,964 feet bgs. 
 
8.2   Michigan Basin Project in Otsego County (State Charlton #4-30) 
 
A single injection well, the State Charlton #4-30 (API# 21137579160000), was drilled to test injection 
into the Bass Island Dolomite.  The injection well was installed in the State Charlton 30/31 field located 
approximately 10 miles east of the Town of Gaylord, MI.  The scale (60,000 tonnes of CO2 injected) and 
extent of this field project were made possible by leveraging preexisting facilities owned by Core Energy, 
an EOR company out of Traverse City, MI, and DTE Energy, a gas/electric utility out of Detroit, MI.  In 
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addition to the injection and existing nearby Core Energy EOR wells was reopened and completed as a 
monitoring well about 500 ft laterally from the injection well.   
 
8.2.1  Test Well Description.  The State Charlton #4-30 injection test well (Figure 8-2) was drilled 
from November 9 to 30, 2006.  Due to the planned consecutive use as a CO2 injection test well and later 
completion for EOR in the Niagaran Reefs, the well was designed to fulfill both the Underground 
Injection Control (UIC) requirements for Class II and V injection wells.  Additionally, extensive logging, 
rock coring, and other data collection were performed across a number of formations of interest for saline 
CO2 storage that were poorly understood.  
  
Initial site work for the State Charlton #4-30 began in the summer of 2006, and the well was drilled 
between November 9 and November 30, 2006.  Site preparation activities included clearing trees, grading 
of the site, installation of an earthen mud pit, and establishing a base for the drilling rig.  Typical well 
installation methods with several casing strings were employed, and the well was drilled with a rotary 
drilling rig using mud circulation.  However, the conductor casing was driven to a depth of 72 feet.   
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Figure 8-2.  As-built Diagram of the State-Charlton 4-30 Well 
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Conductor Casing.  Initial drilling was started in November 2006 with a surface rig driving the casing to 
a depth of 72 ft bgs.  A 16-inch diameter, 65 lb/ft, H-40 casing was used for the conductor string.  This 
string was installed to prevent washouts of the unconsolidated surficial deposits around the borehole 
while the remainder of the surface borehole was being drilled.  No cement was used on the conductor 
casing because it was driven to the desired depth.   
 
Surface Casing.  An 14-3/4 inch borehole was drilled through glacial drift and thin shale layers to a depth 
of 804 feet bgs for the installation of the surface casing.  The surface casing was completed in the Antrim 
Shale and consisted of 800 feet of 11-3/4 inch, 42 lb/ft, H-30 casing.  The surface casing is used to seal 
the glacial drift and upper drinking water sources.  This casing string was cemented in place from total 
depth to ground surface using 475 sacks of Class H cement.   
 
Intermediate Casing.  A 10-5/8 inch borehole was advanced to a depth of 3,615 feet bgs for the 
intermediate casing string.  An 8-5/8 inch, 32 lb/ft, J-55 casing was installed in the intermediate borehole 
to a depth of 3,604 feet bgs and placed in the Bass Islands Evaporite Formation.  In this area the 
intermediate casing is used to prevent downhole blowouts caused by high pressure zones above the 
Detroit River Group.  This casing string was cemented from total depth to ground surface using 930 sacks 
of Class H cement.   
 
Baker Hughes Segmented Bond Tools and Gamma Ray Logs were run on the 8-5/8 inch casing to ensure 
that a strong seal was established between the casing and the formations.  The log was run from the 
surface to a depth of 3600 feet bgs.  The bottom 400 feet of the cement, primarily the Bois Blanc, was 
competent with over 80% cement.  Over 80% cement is seen from 2910 to 3075 feet.   
 
Injection Casing.  A 7-7/8 inch borehole was drilled to a depth of 5,800 feet bgs into the Niagaran Reef 
Formations.  A 5-1/2 inch liner (15.5 lb/ft, J-55) was used for the injection string.  The liner was placed 
from a depth of 3,538 to 5,800 feet bgs.  Setting the top of the liner at a depth of 3,538 feet allowed for an 
overlap of approximately 66 feet into the intermediate casing.  The injection zone was cemented from 
total depth to the top of the liner.  Approximately 274 sacks of Class H cement were used to seal the 
injection casing.     
 
8.2.2  Well Completion.   The State-Charlton 4-30 well was completed for injection into the Bass 
Island Dolomite in January 2008.  A bridge plug was placed below the injection zone at a depth of 
approximately 3,550 feet and set in place with 10 sacks of sand.  Casing in the injection zone between 
3,442 and 3,515 feet was perforated with a hydraulic tool.  The well was then circulated and cleaned to 
remove any material in the hole.  J-55 seamless tubing with a diameter of 2 7/8 inch was installed with a 
retrievable nickel plated packer at a depth of approximately 3,440 feet.  The packer was set and pressure 
tested.  The annular space was filled with dense brine from the well and the wellhead secured with a 
wellhead fitting capable of gauging pressures in the tubing and annular space.  During operation, 
methanol was added to the annular fluid to prevent freezing near ground surface.   
 
8.3   Cincinnati Arch (Duke Energy #1) 
 
The test site for the Cincinnati Arch project was the Duke Energy East Bend Generating Station, located 
in Boone County, near Rabbit Hash, Kentucky.  This well was completed to a depth of 3,564 feet bgs 
with the Mt. Simon Sandstone as the injection target.  The well was identified as the Duke Energy #1 well 
(UIC Permit #KYV0048, and Kentucky Well Permit #105821).  The UIC permit was issued through U.S. 
EPA Region 4.  
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8.3.1  Test Well Description.  The Duke Energy #1 well was installed in a two-week period 
between June 23, 2009 and July 9, 2009.  Site preparation was conducted prior to drilling the well and 
included minimal grading and limited removal of vegetation.  Three casing strings were used in the 
completion of the well at the East Bend site including: a conductor, surface, and deep (injection) casing 
strings.  Figure 8-3 displays a completion diagram for the well.   
 
 

 
Figure 8-3.  As-built Diagram of the Duke Energy #1 Well 
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Conductor Casing.  An 11-3/4 inch diameter casing (H-40, 32 lb/ft, STC) was used for the conductor 
string.  The conductor casing was placed to a depth of 164 feet bgs inside a 14-3/4 inch borehole drilled to 
a depth of 187 feet bgs.  The conductor casing was completed across the Ohio River alluvium present at 
the site from the ground surface to 155 feet bgs.  The conductor casing was cemented from the bottom of 
the borehole (186 feet bgs) to ground surface using 175 sacks of Class A cement with an additive of 5% 
CaCl2 cement for a yield of 1.18 feet3/sack. 
 
Surface Casing.  An 8-5/8 inch diameter casing (J-55, 24 lb/ft, STC) was used for the surface string, and 
the surface casing was placed to a depth of 900 feet bgs inside an 11-inch borehole drilled to a depth of 
972 feet bgs.  The bottom of the casing was set at 900 feet bgs to prevent contamination of the drinking 
water aquifers.  The surface casing was cemented from a depth of 972 feet to ground surface using a lead 
and tail design.  The lead slurry was Unifill Light, a proprietary, lightweight cement composed of 65% 
Class A cement and 35% light Poz [pozzolan] cement.  This mixture provided a relatively lightweight 
cement used to prevent infiltration of the cement into porous geologic formations.  A total of 130 sacks of 
Unifill light with 3% CaCl2 and 6% gel was used in the lead slurry with a yield of 1.52 feet3/sack.  The 
tail slurry was composed of 120 sacks of Class A cement with 3% CaCl2 and a yield of 1.18 feet3/sack.   
 
Injection Casing.  The injection casing was set just below the bottom of the Mt. Simon Sandstone at a 
depth of 3,564 feet bgs.  A 5-1/2 inch diameter casing (J-55, 17 lb/ft, STC) was used for the deep casing, 
and the casing was placed inside a 7-7/8 inch borehole drilled to a depth of 3,700 feet bgs.  A two-stage 
cement job was used for the deep casing string with the stage tool set at a depth of 1,843 feet bgs to limit 
the hydrostatic pressure of the cement on the geologic formation and prevent intrusion of the cement into 
the formations.  The first (upper) stage extended from 3,700 to 1,843 feet bgs, and the second (lower) 
stage was used to cement from 1,843 to approximately 200 feet bgs.  Additionally, a lead and tail design 
was used for the first stage.  The lead slurry of the first stage and the entire second stage were a 
composition of 50/50 Class A/Poz mix with 10% salt (NaCl) and 2% gel with a yield of 1.29 cubic 
ft/sack.  The tail slurry of the first stage was Unitropic, a proprietary cement with thixotropic properties to 
prevent invasion of the cement into the Mt. Simon Sandstone.  A total of 100 sacks of Unitropic cement 
with a yield of 1.61 cubic ft/sack were used in the tail of the first stage. 
 
8.3.2  Well Completion.  Prior to perforating the well, 500 gallons of 15% hydrochloric acid (HCl) 
were placed in the well across the interval to be perforated (3,410 to 3,510 feet bgs).  The acid was 
pumped into the well through the tubing at a rate of 2 barrels/min.  The tubing was removed from the well 
before perforating.  
 
The well was perforated between the depths of 3,410 and 3,510 feet bgs to allow communication between 
the well casing and the selected injection interval.  Three intervals, totaling 84 feet between the depths of 
3,410 and 3,510 feet bgs, were perforated including 3,410 to 3,450, 3,456 to 3,474, and 3,484 to 
3,510 feet bgs.  The most productive zones (highest permeability and porosity) of the Mt. Simon 
Sandstone were selected for perforating.  Relatively short intervals between 3,410 and 3,510 feet bgs were 
left unperforated to allow for the isolation of discrete intervals of the reservoir for hydraulic testing.  The 
unperforated casing also allowed a place to set the retrievable packers and bridge plugs.  Heavy-duty 
perforating guns (Baker-Atlas Predator) were used to perforate the casing of the East Bend well.  These 
guns are capable of penetrating up to 48 inches into bedrock outside the casing.  A shot density of four 
shots per foot was used for each interval.   
 
Following the perforation of the well, the well was acidized and testing using perforation balls.  The acid 
spotted before perforating was pushed into the formation by pumping 800 gallons of 8.9 lb/gal brine 
solution at 8 to 10 gallons per minute.  During pumping, the tubing pressures at the wellhead reached a 
maximum of 1,000 pounds per square inch (psi) suggesting that the perforations were not completely 
open.  The pressures produced during pumping suggested that the acid placed in the well was either spent 
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or had been pushed away from the perforated zone.  Therefore, an additional 500 gallons of acid (15% 
HCl) was pushed into the formation using an 8.9 lb/gal brine at a rate of 85 gallons per minute.  A total of 
approximately 250 gallons of brine was pumped into the well, displacing 250 of acid into the formation.  
During injection, the tubing pressure at the wellhead increased to approximately 2,400 psi before a 
pressure break was observed, indicating that some of the perforations had opened.  Following the break, 
pressures stabilized at 1,550 psi until injection ceased.   
 
With communication confirmed, 115 perforation balls were pumped into the well with an additional 2,500 
gallons of brine at a flow rate of 85 gallons per minute to open additional perforations.  Limited pressure 
response was observed during the use of the perforation balls, suggesting that many perforations were 
already open prior to using the perforation balls.  A total of 3,550 gallons of brine and acid were injected 
into the formation prior to swabbing. 
 
8.4  Lessons Learned 
 
In order to conduct three exploratory CO2 injection tests into isolated deep saline formations in each of 
the three major geologic provinces of the MRCSP region within the limited time and budget of Phase II, 
close attention was paid to cost effective and efficient site selection and well design for all three field 
projects.  Lessons learned in that process include the following: 
 

 Close coordination and regular communication with the regulators was critical to project 
success not only for moving the permitting process itself along, but also for key decisions 
on well design, materials selection, well construction, and well closing. 

 Close collaboration with the industry participants at each of the sites (Core Energy and 
DTE Energy for the Michigan Basin site, FirstEnergy for the Appalachian Basin site, and 
Duke Energy for the East Bend site) was critical. 

o Each of the three field projects was conducted on land where the participants had pre-
existing access.  This greatly facilitated site access and permitting. 

o In the Michigan Basin project, pre-existing facilities owned by either Core Energy 
(compression, pipeline, and well pad) or DTE Energy (gas processing plant used a 
source of CO2) were leveraged for the MRCSP test. 

 Given the limited intended use of the wells, carbon rather than stainless steel was used in 
all three projects for casing strings.  This decision was also supported in part by Core 
Energy’s successful track record of using carbon steel for casings and other well 
materials in their CO2 based EOR business. 

 Casings diameters were kept at a minimum to minimize cost consistent with tool access 
requirements for logging and MVA activities planned at each site. 

 
When drilling exploratory wells into areas of complex and relatively unknown geology (especially the 
case for the Appalachian Basin site) flexibility is needed in both budget and schedule.  Close 
communication with the regulator (mentioned above) is also especially important in these cases to assure 
that the well is completed according to approved requirements. 
 
Market demand for drilling equipment and other drilling related services can significantly impact cost and 
schedule.  The Appalachian Basin (Burger) well was drilled during a period of unprecedented high world 
oil prices and thus high market demand for drilling services. The Cincinnati Arch site was implemented 
later, during a period of lower oil prices and, thus, lower demand for drilling services.  These somewhat 
unpredictable market forces affected the cost associated with implementation at each site. 
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The regulatory driven requirement to cement all casing strings essentially back to surface increases well 
cost not only because of the extra materials and labor required but also because it prohibits recovery and 
reuse of used casing, which is common in the oil and gas industry.  Also, at the Appalachian Basin site, 
after closing the well a very low leakage of natural gas was detected between the intermediate and deep 
casings.  Cementing all strings to surface limited the options for controlling the leak and ultimately 
required the permanent placement of a vent pipe at the well when abandoned.  Shrinkage of cement 
combined with differential expansion and contraction between casing and cement is believed to contribute 
to the potential for such leaks.  Being able to pull used casing strings and cement the entire borehole back 
to surface, as is typically done in oil and gas practice, might reduce the potential for such leakage.   
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Section 9.0:  MONITORING THE CO2 INJECTION 
 
 
9.1   Overview 
 
The objective of monitoring is to assess the status of CO2 from the capture facility to the storage 
reservoir, including transport to the injection facility, injection in a deep well, and storage of the injected 
CO2 in the deep geologic reservoir.  Various stages of the capture and injection process can be examined 
with a high degree of accuracy using tools of technology.  CO2 monitoring technologies have advanced 
over the past 10 years as geologic sequestration has progressed from a research topic to field applications.  
Recently, methods have been grouped into the category of MVA (NETL, 2009).  This categorization 
refers to monitoring not only the injectate but indicators of leakage, system stability, and reservoir 
characteristics.   
 
Monitoring technologies were chosen one of two ways.  First, monitoring techniques to meet the UIC 
permit requirements were implemented.  For example, pressure and temperature monitoring is often 
required by regulators for any underground injection project.  Secondly, techniques were chosen based on 
the size and scope of the demonstration.  Many of the technologies used for monitoring have been 
adopted from oil-field, environmental, or deep-well injection applications.  Additionally, some 
monitoring techniques are new methods designed to take advantage of the distinct properties of 
supercritical CO2.  Deep monitoring wells (that penetrate the injection zone) were only utilized at the 
Michigan Basin site because this site already had existing nearby wells that could be used to monitor the 
injection reservoir.  These monitoring wells proved useful for crosswell seismic operations, microseismic 
operations, fluid sampling, and pressure and temperature measurements.   
 
In this section, both new and proven CO2 monitoring methods that were used in MRCSP Phase II 
operations are discussed and evaluated.   
 
9.2   Monitoring Activities 
 
Monitoring activities are grouped according to when they were implemented (NETL, 2009).  Pre-
operational monitoring refers to the time period prior to injection of CO2; active injection refers to the 
period of injection; closure refers to the time period after injection but prior to plugging the injection well; 
and post-closure is the period after the injection well has been plugged and abandoned.  Each category of 
monitoring is discussed below along with the associated monitoring methods applicable to Phase II.  
Table 9-1 summarizes the monitoring methods employed at each of the three Phase II sites for each phase 
of the demonstration. 
 
Pre-Operational.  The majority of data collected prior to CO2 injection is used for baseline 
characterization.  These data are then stored and used later for comparison to future conditions.  The goal 
is to perform initial baseline tests as needed that should show a measurable change when CO2 is 
introduced to the reservoir environment.   
 
Active Injection.  While injection is taking place, many aspects of the monitoring program are happening 
simultaneously.  Many of the parameters listed Table 9-1 deal with leakage indicators in the well (annulus 
pressure, temperature, etc.), although some address issues of injectate consistency and pipeline transport 
(composition and flowrate).  MRCSP Phase II operations went further and collected data beyond the 
wellbore using pulsed neutron capture (PNC) tools.   
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Table 9-1.  List of Monitoring Methods Used at Each Phase II MRCSP Site 

Michigan Basin (Otsego County) 

Monitoring Method 

Phase 

Pre-
Operational 

Active 
Injection 

Post-
Injection 

Post-
Closure 

Injection Flow Meter   X     
Surface Pressure/Temperature Gauges X X X   
Downhole Pressure/Temperature Gauges X X X   
Wireline Logging (Pulsed Neutron Capture) X   X   
Reservoir Brine Sampling X X X   
Near-Wellbore Atmospheric Monitoring   X X   
Crosswell Seismic Survey X   X   
Microseismic (Passive) Survey X X X   
Perfluorocarbon Tracer (PFT) Study X X X   

Appalachian Basin (R.E. Burger) 

Monitoring Method 

Phase 

Pre-
Operational 

Active 
Injection 

Post-
Injection 

Post-
Closure 

Injection Flow Meter   X     
Surface Pressure/Temperature Gauges X X X   
Downhole Pressure/Temperature Gauges X X X   
Wireline (Pulsed Neutron Capture) X       
Reservoir Brine Sampling X       
Near-Wellbore Atmospheric Monitoring   X     

Cincinnati Arch (East Bend) 

Monitoring Method 

Phase 

Pre-
Operational 

Active 
Injection 

Post-
Injection 

Post-
Closure 

Injection Flow Meter   X     
Surface Pressure/Temperature Gauges X X X   
Downhole Pressure/Temperature Gauges X X X   
Wireline (Pulsed Neutron Capture) X       
Reservoir Brine Sampling X       
Vertical Seismic Profile (VSP) X       
Shallow Groundwater Sampling X X X X 

 
 
Closure.  One of the most important aspects of CO2 sequestration is determining the long-term behavior 
of the formation after injection has ended.  Upon cessation of injection, the wells have been pressure 
tested (e.g., fall-off test) wherein the well is shut in and the pressure response is monitored.  Temperature 
readings are also compared to baseline and active injection records.   
 
Many of the same tests performed prior to injection are repeated such as crosswell seismic, PNC, and 
reservoir fluid sampling.  The comparison of the two (before and after) datasets helps to describe the CO2 
plume extent and the mechanisms of migration and injection. 
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Post-Closure.  Once the injection well and monitoring wells have been plugged and abandoned the 
project is in its post-closure phase.  As shown in Table 9-1, post-closure monitoring was mainly limited to 
the Cincinnati Arch site, at which two years of quarterly shallow groundwater monitoring will be 
performed as was dictated by EPA Region 4 UIC Permit requirements.   
 
9.3    Assessment of Various Monitoring Techniques 
 
This subsection provides a preliminary assessment of the monitoring methods and technologies used 
during Phase II.  Some lessons learned are included below.   
 
Injection Flow Meter (Surface Monitoring).  Wellhead monitoring provided fundamental information 
necessary for UIC permitting on injection rates, wellhead pressure, and the properties of the injected CO2.  
A meter was installed at the surface to measure pressure, temperature, density and mass flow of the CO2 
in real time as it is injected.  Monitoring injectate flow at the surface using an inline flow meter provides 
necessary data for calculating the injected volume and monitoring surface delivery systems.  A flow meter 
should also record temperature and pressure of the injectate stream at regular intervals to allow for density 
calculations.  The original Michigan Basin injection test and the Cincinnati Arch test used turbine flow 
meters.  At the Appalachian Basin and the extended Michigan Basin sites coriolis meters were used to 
measure the injectate flow at the surface.  Coriolis mass flow meters, which incorporate technology that 
measures fluid density and mass flow directly, were preferred over the orifice flow meters.  Coriolis 
meters have great accuracy over a wide range of flow rates and fluid states, which is especially desirable 
for compressible fluids like CO2.    
 
All aspects of the surface monitoring system should be tested before the project proceeds into full 
operation.  Tangentially related to this, spare parts should be stored locally to minimize downtime in the 
event of a system malfunction either in a testing phase or while in operation.    
 
Alarms appear to be suitable for sites where an onsite operator is not present at all times.  In the case of 
the Michigan Basin site, problems or errors from various sensors would cause the CO2 compressor to shut 
down, which would in turn relay an alarm signal to the appropriate personnel. 
 
Downhole Pressure/Temperature Gauges.  Downhole gauges provided a continuous record of pressure 
and temperature conditions in the injection zone during testing.  The EPA UIC program did not explicitly 
require downhole pressure monitoring during injection; only wellhead pressure measurements were 
required to ensure maximum allowable surface injection pressures were not exceeded.  However, 
downhole pressure and temperature data can be analyzed to evaluate reservoir performance, leakage, and 
geologic features in the storage zone.  Downhole measurements of pressure and temperature were also 
useful for refining injection models.  For the MRCSP Phase II tests, dedicated downhole 
pressure/temperature loggers were run in both injection and monitoring wells.  The downhole instruments 
used for Phase II operations were memory devices that stored temperature and pressure data.  
Periodically, the data loggers were removed from the well and the information they collected was 
downloaded for analysis. Downhole gauges were run at various sampling intervals.  Data from initial well 
treatment requires a small sampling interval (<1 minute) as pressures are changing rapidly in the 
reservoir.  However, later in the test only minor changes occurred and coarser sampling intervals (>5 
minutes) were adequate.   
 
Downhole pressure and temperature gauge maintenance is an important part of monitoring.  Gauges 
require recalibration every year per EPA UIC program requirements.  O-rings should be replaced every 
time the gauges are pulled from the well and should be lubricated.  The gauge carriers should be filled 
with corrosion inhibitor fluid. 
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Furthermore, housing material for downhole gauges should be considered.  Inconel gauge housing is 
recommended for downhole monitoring instruments in CO2 environments.  Inconel is a nickel-chrome 
alloy that is more resistant to acidic environments.  The gauges run at the test sites showed very minimal 
evidence of corrosion.   
 
Wireline Logging (Pulsed Neutron Capture).  Wireline logging is a proven and mature technology for 
monitoring the subsurface, useful for detecting the condition of the well and ensuring that the well itself 
does not provide a leakage pathway for CO2 (NETL, 2009).  As discussed in Section 4.1.1, although 
wireline logging is a common oilfield technique, some of these techniques may have a different 
application for sequestration.  PNC tools, in particular, were used at every Phase II site as a monitoring 
instrument to track fluid changes near the wellbore.  The tool makes measurements of the formation 
capture cross section, called sigma.  Different chemical elements have different sigma values, allowing 
for a determination of the rock fluid chemistry.  Comparison of baseline logs taken prior to injection and 
logs taken after injection made it possible to highlight zones where CO2 was present, assuming the rock 
matrix has remained the same.   
 
Reservoir Brine Sampling.  The overall objective of geochemical investigations of supercritical CO2 
conducted pre- and post-injection is to enhance understanding of the interactions between rock media, 
formation fluids, and injected CO2 and interpreting the fate and transport of the injected CO2 in deep 
formations.  At the Michigan site, a baseline and post-injection brine sampling was conducted.  Baseline 
brine sampling was conducted at the test well after the well was swabbed.  Formation fluid samples were 
collected from a depth of approximately 3,450 ft bgs.  Almost 6 L of formation fluid samples were 
collected in a span of 3 hours in 500 mL plastic bottles.  Field pH measurements were conducted on all of 
the collected samples.  Samples were transported to an analytical laboratory for off-site analysis of 
anions, cations, alkalinity, dissolved silica and total dissolved solids.  
 
Some brine samples were filtered using 0.45 µm syringe filters onsite during sampling for metal analysis. 
Field filtration is not a requirement for metal analysis; however, a preserved, filtered sample for metal 
analysis was collected to deduce whether it should be a standard practice for future sampling events.  The 
metal analysis results showed no major differences between the samples that were filtered onsite and on 
the samples that were filtered at the laboratory.  Brine samples sent to the analytical laboratory also were 
thoroughly checked for any metal crystallization due to changes in the temperature and pressure.  No such 
crystallization was observed in any pre- or post-injection samples. 
 
Data received from the laboratory were evaluated for quality before use in evaluations. Analytes, 
generally reported in mg/L, were converted to milliequivalents per liter (meq/L) to perform a charge 
balance calculation.  The sum of the anions (A) and sum of the cations (C) should balance each other.  
Any deviation from zero is attributable to analytical error.  Thus, a charge balance calculation, as shown 
by the equation below, is a convenient means to assess data quality.   
 

   Charge Balance (%) =  
AC

AC




 100 

 
Samples having a charge balance within ±10% are regarded as being of good quality.  Data for samples 
that did not meet this quality control criterion were flagged as suspect.  Charge balances were conducted 
using major cations and anions: Na+, K+, Ca+2, Mg+2, HCO3

-, SO4
-2, and Cl-.  Most brine samples from the 

Michigan Basin area passed this criterion except one sample collected during post-injection sampling, 
which is likely to be a contaminated sample. 
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Reservoir brine samples were collected at the Appalachian Basin site prior to injection.  However, due to 
an unexpectedly low pH, it was determined that the samples were not representative of reservoir 
conditions. 
 
Brine samples were collected at the Cincinnati Arch site prior to injection.  However, pH levels in the 
samples did not stabilize, meaning they are not representative of reservoir conditions.   
 
Near-Wellbore Atmospheric Monitoring.  Gas sniffers were installed around the injection well as a 
safety precaution to alert bystanders to any release of CO2 higher than atmospheric levels.  No release was 
detected.  
 
Crosswell Seismic Survey.  Crosswell seismic is a technique to compare the velocity and amplitude 
changes to the injection interval from the introduction of CO2.  A post-injection survey is compared to 
one run prior to injection and any observed changes can be attributed to the CO2.  Crosswell seismic 
surveys require two wells of similar depth that are generally less than 2,000 ft from one another.  In Phase 
II operations, only the Michigan Basin site utilized nearby monitoring wells and as such was the only site 
to perform crosswell seismic surveys.  Crosswell seismic surveys produce high resolution 2-D images of 
the area between the two wellbores, which helps to image the CO2 travel pathways as well as to identify 
plume extension after injection.  At the Michigan Basin site, a baseline survey was taken prior to the 
initial injection test, after the initial injection test and after the second, larger injection test.  In this 
manner, it was possible to see emerging trends in the CO2 plume as it expanded away from the injection 
well.   
 
Microseismic (Passive) Survey.  Microseismic (passive) survey measures microseismic events caused by 
reservoir stresses induced by CO2 injection.  Also referred to as acoustic emissions, measurements of 
these injection indicators have been taken only at the Michigan Basin site for Phase II operations.  Two 
arrays with 12 sensitive geophones each were lowered into monitoring wells and data were collected 
before, during, and after injection. Analysis of the data could reveal areas where the pressure pulse 
stressed the formation enough to create small energy releases.  In addition, these arrays helped to verify 
seal integrity.    
 
Vertical Seismic Profile.  VSP refers to measurements made in a vertical wellbore using geophones 
inside the wellbore and a source at the surface near the well.  This method has only been used at the 
Cincinnati Arch site for Phase II monitoring.  Before undertaking the survey, modeling was performed to 
estimate lateral and vertical resolution at the injection and confining zones and to design the survey.  A 
seismic array consisting of several geophones was lowered into the injection well prior to injection.  A 
vibroseis truck then vibrated at specific surface locations around the well.  These baseline measurements 
taken at the site can be compared later to measurements taken after injection to image the CO2 plume.  
However, there is currently no plan to execute a post-injection vertical seismic profile at the site.   
 
Perfluorocarbon Tracer (PFT) Study.  Perfluorocarbon tracers (PFTs) have been used for tracking the 
injection behavior of CO2 as it is injected into the reservoir.  PFTs were used only at the Michigan Basin 
site for Phase II operations.  Working with NETL, PFTs were introduced into the injection stream and 
atmospheric and soil gas samples were periodically taken and tested for the tracer for evidence of 
potential leakage.  The tracer survey revealed that no detectable amount (> one part per quadrillion) of 
PFTs due to leakage or migration was detected.   
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Shallow Groundwater Sampling.  Shallow groundwater sampling was used only at the Cincinnati Arch 
site.  At this site, nine existing nearby shallow wells that penetrate the drinking water aquifer were 
identified.  In addition, a relatively deeper groundwater monitoring well was installed within 400 ft of the 
injection well.  The EPA UIC permit required that two baseline fluid samples be taken from each of the 
wells prior to injection operations, at least weekly fluid samples taken during injection operations and 
quarterly fluid samples to be taken for at least two years upon cessation of injection.  Fluid samples taken 
from drinking water zones should identify whether or not CO2 is migrating vertically from the reservoir 
into the aquifer.  The main objective of this monitoring technique is to provide public assurance; it is not 
expected that raised levels of CO2 attributable to injection operations will be detected.  Results were not 
available at the time this report was prepared.    
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