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Executive Summary

Carbon dioxide (CO,) capture and storage (CCS) is one
of several promising emission-reduction strategies that
can be used to help stabilize and reduce CO, emissions
in the atmosphere while maintaining America’s energy
independence. The U.S. Department of Energy’s (DOE)
National Energy Technology Laboratory (NETL)
has been actively researching and developing CCS
technologies. The purpose of the DOE Carbon Storage
Program is to demonstrate that CO, can be economically,
successfully, and securely stored permanently in a manner
that is compliant with the best engineering and geological
practices; Federal, state, and local regulations; and in the
best interests of local and regional stakeholders.

In a typical CCS project, CO, is captured at an
anthropogenic source, transported to a suitable location,
and injected into deep geologic formations for permanent
storage in saline and hydrocarbon bearing formations.
Wells are a critical component of any CCS project; they
will be drilled and completed for multiple purposes,
including: exploring the suitability of geologic formations;
injecting CO,; monitoring the behavior and location of
injected CO,; and, in the case of CO, utilization through
enhanced oil recovery (EOR), producing hydrocarbons
from the injection zone.

Executive Summary I

The purpose of this report is to share lessons learned
regarding site-specific management activities for
carbon storage well systems. This manual builds on
the experiences of the Regional Carbon Sequestration
Partnerships (RCSPs) and acquired knowledge from
the petroleum industry and other private industries that
have been actively drilling wells for more than 100 years.
Specifically, this manual focuses on management
activities related to the planning, permitting, design,
drilling, implementation, and decommissioning of wells
for geologic storage (GS) projects.

A key lesson and common theme reiterated throughout
the seven DOE Best Practice Manuals (BPMs) is that
each project site is unique. This means that each CCS
project needs to be designed to address specific site
characteristics, and should involve an integrated team
of experts from multiple technical (e.g., scientific and
engineering) and nontechnical (e.g., legal, economic,
communications) disciplines. Additionally, works during
the characterization, siting, and implementation phases
of projects are iterative; the results from previously
completed tasks are analyzed and used to make decisions
going forward. This means that as data comes in, the
conceptual model of the site is revised and updated to
allow better future decisions.
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1.0 Introduction

Carbon dioxide (CO,) capture and storage (CCS) is one
of several promising emission-reduction strategies that
can be used to help stabilize and reduce CO, emissions
in the atmosphere while maintaining America’s energy
independence. It is estimated in the 2010 Carbon
Sequestration Atlas that the potential geologic storage
(GS) resources within the United States and Canada
are great enough to store more than 1,800 billion metric
tons of CO,, roughly enough capacity to store the
annual amount of CO, currently emitted from stationary
sources in the United States for at least 500 years.! The
U.S. Department of Energy’s (DOE) National Energy
Technology Laboratory (NETL) has been actively
researching and developing CCS technologies. The
purpose of the DOE Carbon Storage Program is to
demonstrate that CO, can be economically, successfully,
and securely stored permanently in a manner that is
compliant with the best engineering and geological
practices; Federal, state, and local regulations; and in the
best interests of local and regional stakeholders.

In a typical CCS project, CO, is captured at an
anthropogenic source, transported to a suitable location,
and injected into deep geologic formations for permanent
storage in saline and hydrocarbon bearing formations. The
GS portion of these projects is analogous to exploration
and production activities of the petroleum and other
injection industries. Much of our knowledge is based on
the experience drawn from these industries. Wells are a
critical component of any CCS project; they will be drilled
and completed for multiple purposes, including: exploring
the suitability of geologic formations; injecting CO,;
monitoring the behavior and location of injected CO,; and,
in the case of CO, utilization for GS through enhanced oil
recovery (EOR) and enhanced coalbed methane (ECBM),
producing fluids and gasses from the injection zone.

The purpose of this report is to share lessons learned
regarding site-specific management activities for
carbon storage well systems. This manual builds on
the experiences of the Regional Carbon Sequestration
Partnerships (RCSPs) and acquired knowledge from
the petroleum industry and other private industries

1.0 Introduction I

that have been actively drilling wells for more than
100 years. Specifically, this manual focuses on the
planning, permitting, design, drilling, implementation,
and decommissioning of wells for GS projects. It is the
seventh in a series of best practices manuals (BPMs) and
builds on the frameworks developed collectively in the
previous manuals. Integration of the material presented
in the entire series of manuals?, listed below, will provide
the most benefit to the reader:

e Monitoring, Verification, and Accounting (MVA) of
CO, Stored in Deep Geologic Formations (referred to
herein as the MVA Manual)

* Public Outreach and Education for Carbon Storage
Projects (referred to herein as the Outreach Manual)

* Site Screening, Site Selection, and Initial
Characterization for Storage of CO, in Deep Geologic
Formations (referred to herein as the SSIC Manual)

* Geologic Storage Formation Classifications (referred
to herein as the Classification Manual)

* Risk Analysis and Simulation for Geologic Storage of
CO, (referred to herein as the RAS Manual)

* Terrestrial Sequestration and Carbon Dioxide

A key lesson and common theme reiterated throughout
the seven DOE BPMs is that each project site is unique.
Practical CCS projects are designed to address specific site
characteristics and involve an integrated team of experts
from multiple technical (e.g., scientific and engineering)
and nontechnical (e.g., legal, economic, communications)
disciplines. As with the previous manuals, many technical
and nontechnical aspects of CCS projects discussed in the
BPMs are interdependent. CCS projects are implemented
through an iterative process, so new information gained
could impact decisions made in several different areas.
For example, early site screening efforts inform decisions
to drill test wells, and information from test wells inform
site selection and injection and monitoring designs.
Building on lessons learned from the petroleum industry
and the RCSPs’ efforts to date, this manual makes

1U.S. DOE/NETL, Carbon Sequestration Atlas of the United States and Canada, 2010, third edition.

2These Best Practices Manuals can be found online at NETL’s Carbon Sequestration Program Reference Shelf website:

http://www.netl.doe.gov/technologies/carbon_seq/refshelf/refshelf.html.
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DOE’s RCSP Initiative

The RCSP Initiative includes the participation of more than 400 government, industry, university, and
research organizations. It was initiated in 2003 with the RCSPs’ Characterization Phase, which was followed
by the Validation Phase. Building on lessons learned from small-scale injection projects completed
during the Validation Phase, the Initiative is now in the Development Phase. This final phase involves
the planning and implementation of large-scale injection projects, which will lay the foundation for
future demonstration and commercialization of CCS technologies. Lessons from the RCSP Initiative and
the Carbon Storage’s Program’s Core R&D component have contributed to the development of practical
experience with CCS technologies, human capital, active stakeholder networks, inputs to regulatory
policy development, regional training, and the development of BPMs.
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frequent reference to additional guidance and standards.
The reader is encouraged to review these references for
a more complete understanding of the best practices for
wells in this manual.

This manual provides the reader with an overview of
the management activities typically associated with
CCS projects and is intended for those involved in the
development and implementation of CCS projects,
governmental agencies, and other non-governmental
organizations (NGOs). This manual is not intended to
provide the detailed information necessary to develop

CCS wells, but rather to assist those involved in CCS
projects to develop an understanding of what to expect
as a project unfolds, and the types of expertise that need
to be included in the project team. Figure 1-1 presents a
brief overview of these activities by stage, starting with
pre-injection planning and spanning the life of a project
through post-injection operations. Each of these boxes
represents a section in this document. To the side of
each box is a brief indication of the activities involved
at each stage; these are discussed in further detail in the
remaining chapters of this manual.



Injection Design
Project Cost Revisions
Permitting

Well Drilling
Formation Evaluation
Well Construction
Well Testing

Post-injection MVA
Well Closure
Site Closure

Site

A

Injection
Operations

Drilling And
Completion
Operations

y

ost-Injectio

Operations

1.0 Introduction I

Site Security & Access
Well & Facility Layout
Well Pad Preparation

Baseline Monitoring
System Completion
Injection

Figure 1-1: Overview of Major Well Management Activities by Stage of Project Development

Chapter 2, Refining the Detailed Site Development
Plan, outlines the major elements that need to be
considered before site work begins, including injection
design, project cost revisions, and permitting.

Chapter 3, Site Preparation, outlines the elements of
site preparation, including site access and security,
facility and well locations, site grading, injection and
well system preparation, and onsite pipelines.

Chapter 4, Drilling and Completion Operations,
includes a summary of typical drilling equipment,
well installation and materials, well completion, and
further well development.

Chapter 5, Injection Operations, includes an
overview of standard equipment, enhanced recovery,
monitoring, and optimization.

Chapter 6, Post-Injection Operations, describes
activities that include long-term MVA, plugging and
abandonment of both injection and monitoring wells,
and site closure.

Chapter 7 is a conclusion.

* The Appendices include more detailed information
on the following topics:

A.

B.

Compilation of Key Well Drilling and
Construction Information for RCSP Test Sites

Sample Authorization for Expenditure (AFE)
from the Petroleum Industry

. U.S. Environmental Protection Agency’s (EPA)

Underground Injection Control (UIC) Program
Contact Information by State

. Oil and Gas Contact Information by State
. References for Different Aspects of Well

Drilling and Construction

Produced Water Disposal Options

This BPM builds on the decades of petroleum industry
commercial practices with oil and gas exploration and
production. As additional CCS-specific knowledge is
gained through the Development Phase of the RCSP
Initiative, the best practices described here will continue
to be refined in later versions of the manual.
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2.0 Refining a Detailed
Site Development Plan

The planning associated with field work is a critical part of
the storage project; the time and effort involved could be
significant. Wells are interconnected with various aspects
of a project, including: characterization, monitoring,
regulatory compliance, and public acceptance (see the
Outreach Manual). These various interconnections can
affect the design, construction, and operation of wells. A
Site Development Plan, as referenced in the SSIC Manual,
describes the project layout and major project activities,
including site assessment, projected costs, injection
design, and regulatory compliance. As a Qualified Site
is developed for storage, the Site Development Plan is
typically refined with additional information gained during
characterization. The process depicted in Figure 2-1
highlights the aspects associated with refining a Site
Development Plan to make it a Detailed Site Development
Plan. Data collected to provide an assessment and initial
site characterization can be used to address three key
areas: (1) injection design, (2) project cost revision, and
(3) permitting, which are critical components of field
implementation. Appendix A provides an overview of the
key well drilling and construction information for the test
wells from the RCSP Program.

Permitting

When assessing a site, the amount of existing data and
the related uncertainties could vary widely from project
to project. For example, in a mature oil field there would
likely be significant site-specific data available and, as
a result, fewer uncertainties about subsurface geologic
properties. However, on the other end of the spectrum,
some potential sites may have only a few existing wells
within the basin, little site-specific data, and therefore
greater uncertainties about the geologic properties of
the site. During Site Screening and Site Selection, an
operator can use existing information to develop an Initial
Site Development Plan with preliminary estimates of the
areal size needed to accommodate the project, required
infrastructure (types and number of wells, compression,
pipelines), and associated costs. While these preliminary
estimates may be sufficient for maturing a project to
a Qualified Site (see SSIC Manual), they may not be
sufficient for doing the more detailed planning and
budgeting required to develop a GS site. Therefore,
before proceeding with site planning, an operator will
typically evaluate the site characterization efforts to
date, and determine if additional data and analyses are
required. It should be understood that not all projects
may need to conduct additional site characterization
work at this stage, but the need for additional analyses
should be assessed.

Project Cost
Revisions

Figure 2-1: Key Aspects to Refine in the Detailed Site Development Plan



2.1 Assess Initial Site Characterization

A Qualified Site has likely completed the initial numerical
models used to predict injection scenarios for plume
migration (see the RAS Manual). These initial models are
based primarily on readily available, but not necessarily
free, data including:

* State Oil & Gas Commissions and Geologic Surveys
data repositories of well log data, drilling records,
cores, well tests, production, and geologic mapping.

 Existing site-specific information from previous
drilling projects at or near the site (i.e., oil or gas
wells, previous injection pilot projects, etc.).

* Private studies performed by the oil and gas industry;
this may include existing seismic surveys.

¢ Published documents, such as the Phase I and Phase
II geologic studies performed in conjunction with
the RCSPs or available from various geological
and engineering professional societies (American
Association of Petroleum Geologists, etc.).

Models developed during the Site Screening and Site
Selection stages could have a high degree of uncertainty
depending on the amount and quality of the data. This
level of data certainty might be sufficient for development
of the initial Site Development Plan; however, it may not
be sufficient for the detailed planning needed in advance
of actual site work. Therefore, a formal data gap analysis
could be conducted to identify data gaps or deficiencies
and identify if there is a need for further characterization.
At the same time, it may be useful to use a risk assessment
and sensitivity analysis to gauge the importance of
each component of missing information. As a result of
these assessments, the operator may consider drilling
exploratory or stratigraphic wells to address the identified
data deficiencies. However, it may not be feasible to
collect all the data necessary to completely address the
identified data gaps. If the potential importance of this
data is significant, it should be factored into the Risk
Analysis and project budget contingencies.

The importance of certain data gaps will change
throughout the project maturation process. For example,
early in the project, the lack of whole core data might be
compensated for by drawing rock properties from existing
geophysical and electric logs and using those logs to fill
in the missing geologic characteristics. In reference to one
of their RCSP tests, the Midwest Geologic Sequestration

2.0 Refining a Detailed Site Development Plan I

Consortium (MGSC) stated: “The ideal geologic model
would be based on data that are both representative of the
target zone and widely distributed throughout the study
area. Given the scarcity of core data in the Owens facies,
compared with the wide availability of electric logs, the
use of log data as an estimator of rock properties was
applied (Midwest Geological Sequestration Consortium,
2009).” Once the data gaps are gauged for their importance
to the project at that stage, steps must be taken to perform
any additional investigations to eliminate or reduce the
gaps which are critical to the project’s success at that
stage. Upon completion of the assessment, an iterative
step could be performed to update the Risk Analysis and
determine impacts on project budget. Once the assessment
is complete, the project operator is now ready to move
forward on the planning necessary to prepare for site work.
This would include injection design, revising project costs,
and addressing permitting.

Midwest Geologic Sequestration Consortium (MGSC)

Using Historical Information as a Baseline for
the Site Characterization and Development
of the Injection Design

MGSC relied heavily on the regional Phase | and Phase Il
assessment results for understanding the likely geologic
characteristics they would encounter at their lllinois test
site near Decatur.

Regional geology contained within these assessments
provided critical information in planning/designing the
well, including casing points and core intervals, given
that no nearby wells existed.

Thedrilling program was based on the drilling experience
from a nearby gas storage field, local seismic surveys,
and regional structure maps based on wells penetrating
the top of the Mt. Simon Formation. Because the nearest
wells drilled to the base of the Mt. Simon were more
than 35 miles from the site, inadequate geologic control
was available to confidently select an extensive whole
core program. Consequently, a more aggressive coring
program was instituted in order to obtain sidewall rotary
cores from a wireline conveyed tool for geologic samples/
data. A much more involved whole core program was
later implemented for the verification well so that MGSC
could pick whole core intervals based on the injection
well’s well logs.

Although there was not enough local information
contained within the historical information and drilling
studies, MGSC was able to refine the scope of their
required characterization to fill specific data gaps.
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2.2 Injection Design

An Injection Design addresses the overall plan for
injecting the planned volume of CO, at an injection site.
It is based on, and linked to, the reservoir or numerical
simulation (see the RAS Manual) developed during SSIC
efforts and continuously updated as new information is
obtained and analyzed. It includes the design of both the
layout of the injection field and design of the associated
facilities. Specifically, the Injection Design should focus
on well placement within the injection field and necessary
layout for equipment related to operations, maintenance,
and safety requirements. The placement of wells in the
injection field should be based on modeling scenarios
that incorporate inputs from the subsurface analysis to
determine optimum locations for both monitoring and
injection wells throughout the extent of the field.

2.2.1 Injection Field Layout

The injection field layout should consider all elements
necessary for an injection field to operate, including, but
not limited to: source and method of CO, transportation,
compression facilities, and wells. The placement of
wells in an injection field should be based on subsurface
analyses and models used to optimize performance of
the storage operation, including the storage capacity,
injectivity, and security of the site.

These models take into consideration existing wells and
appropriate spacing between injection and monitoring
wells. Well placement could also be affected by issues
other than subsurface conditions, such as site access and
security, other site conditions (e.g., at the surface), and
monitoring plans. Placements of injection wells could
impact storage performance, installation scheduling, and
project costs. Operational redundancy of injection wells
can help provide for continuous flow of CO, by diverting
flow to alternative injection wells when needed. Several
considerations for the injection field layout are identified
below:

* Reservoir Properties (Depth, Porosity, Permeability,
Thickness, and Architecture)

» Existing Wells

* Proper Well Design and Spacing for Optimization
of the Storage Reservoir (Capacity, Injectivity, and
Containment)

 Casings Set Points and their Depths
* Site Access and Security
* Site Conditions

* Monitoring Plans

This manual will focus briefly on considerations for
existing wells and proposed well spacing.

Existing Wells

There are often numerous advantages to utilizing mature
well fields as potential carbon storage sites. As discussed in
the SSIC Manual, knowledge available from existing wells
reduces the cost and uncertainty of site characterization.
In some cases, it may be possible to rework existing wells
so that they can be used in the CCS projects. Existing
wells may have recent logs available that can provide
information related to the integrity of the well. Analysis of
these wells can determine if they are in good condition or
could be relatively easily reworked for use in a CCS project.
Additional wireline logs may also confirm the suitability
of the formation for CO, injection. Furthermore, the fact
that wellbore stability has been maintained for an extended
time provides added confidence in the well construction.

Internal and external mechanical integrity tests (MITs)
are employed, and oftentimes mandatory per Federal
Regulations, to identify problems related to wellbore
integrity that could lead to movement of injected fluids
out of the injection zone. If a problem is identified, various
remediation activities can be undertaken to repair the
identified problem (e.g., a cement squeeze job can be used
to insert additional cement into voids between the casing
and the formation to provide an adequate barrier to fluid
movement). Koplos et.al., describes a variety of MITs and
related wellbore failure rates, types, and consequences for
a variety of UIC well classifications.> The requirements
for MITs for injection wells are included in the UIC
regulations at CFR 40 146.8.

Well Design and Spacing

Well design and spacing considerations are made to
optimize the performance of the injection and storage
operations. In some instances there may be restrictions
which impact the well design or spacing, or that require
the project to avoid certain environmentally sensitive
and/or populated areas. Horizontal wells, which could

3Koplos, J.; et al. “UIC Program Mechanical Integrity Testing: Lessons for Carbon Capture and Storage?” 5" Annual CCS Conference.
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lead to additional costs, may be necessary to limit
disturbances at the surface while maintaining injectivity
and access to formation capacity.

It is useful to run model scenarios to develop optimal
well-spacing plans based on reservoir properties. Such
modeling could evaluate the potential for plume migration
interference by assessing the aerial extent of the CO,
plume and the pressure front, and by predicting the fate
and stability of injected CO, based on the planned project
parameters and reservoir geologic properties. Several
different industry-accepted numerical simulation models
are available for injection modeling studies. Some of
these have specific CO, plug-ins to aid in modeling
and simulation of CO, injection. The model limitations
and assumptions should be thoroughly reviewed prior
to selecting the reservoir simulation tool to determine
what is most suitable to a given project. Additional
discussion of available models and applications to RCSP
pilot field tests is found in the RAS Manual. Proper
well spacing, using these simulation models, mitigates
potential increase in formation pressure, which could
also decrease the efficiency of the injection.

2.2.2 Facility Design

Facility design should be site-specific with different
equipment, operations and maintenance (O&M) needs,
and safety provisions. Factors that could impact facility
design include CO, delivery method, the size of critical
pieces of equipment, maintenance needs for that
equipment, the number of onsite employees, expected
site visits, and other factors.

The location of the CO, source will play a major role in the
project planning. If the injection operation is within close
proximity to the CO, source, pipeline costs and potential
public acceptance concerns may be greatly reduced.
MGSC indicated that a major consideration at their Illinois
test facility was the possibility of capturing an existing,
nearly pure stream of CO, and drilling an injection well
within the same facility. When choosing the location of the
injection facility, the location of the source or distance from
an existing or planned CO, pipeline should be evaluated.
This can be a major component of the total projects costs,
due to cost of pipelines and potential compression that
could be required for transmission of the CO,,.
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2.3 Project Cost Revisions

The second key areatobe addressed in the Site Development
Plan is to update and revise the project costs that were
estimated during the initial stages of project evaluation. An
in-depth revision of project costs will iteratively consider
the cost implications of significant design decisions for
the implementation activities throughout the life of the
project. Having a complete understanding of the potential
costs will reduce the risk of underfunding the project,
which may result in cost overruns or increased risk to
project success. Table 2-1 highlights well-related cost
considerations for CCS projects that should be carefully
assessed for various stages of a planned CCS project.

To accurately estimate project costs listed in Table 2-1, the
operator will need to integrate various types of information
in each stage of the project. A specialized contractor or
consultant may be helpful in developing detailed cost
estimates. For example, the Southeast Regional Carbon
Sequestration Partnership (SECARB) used consultants
for estimating their costs at their Black Warrior test site.

The AFE is a typical form that is used to develop an
estimate for drilling costs that account for drill depth and
casing points, completion and/or abandonment costs,
drilling rig rates, fuel costs, drilling pipe and bits, casing
cement, logging, coring, and testing, to name a few (See
Appendix B for a sample AFE used in the petroleum
industry). However, it is worth noting that currently,
because the CCS industry is small, costs associated with
drilling and testing wells are driven by the “supply and
demand” associated with the petroleum industry and,
hence, will be dynamic. An operator may want to plan for
cost contingencies for the main project costs included in
Table 2-1. Site- and project-specific costs will vary with
the geology, permitting requirements, and geographic
characteristics. They may also vary based on external
factors such as ancillary demand for drilling equipment
or supplies. MGSC, for example, experienced increased
costs and a shortage of supplies and services due to a
boom in the oil industry for the Illinois Basin area.

The U.S. EPA developed a “Geologic CO, Sequestration
Technology Cost Analysis” to assess the current best
estimates (in 2010) of the cost components associated
with compliance with the UIC Class VI regulations.*
Additionally, DOE is currently developing tools to help
estimate the cost of CO, storage as part of a CCS project.

4 U.S. EPA, “Geologic CO, Sequestration: Technology and Cost Analysis,” Office of Water (4606-M) EPA 816-R10-008, November 2010. Accessed
online, 11/7/2011 at: http://water.epa.gov/type/groundwater/uic/class6/upload/geologicco2sequestrationtechnologyandcostanalysisnov2010.pdf.
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Table 2-1: Major Cost Elements by Project Stage

Detailed Site St reseraien Well Drilling and Injection Operation Post-Injection
Development Plan Completion Operations
Permitting and Site grading Drilling rig Well pad Monitoring
bonding Surface infrastructure costs (including maintenance equipment
Well cost estimates (roads, pipelines, scheduling) for site- Mechanical integrity maintenance and
(including fences, security) specific conditions and testing replacement
exploration wells, Well pad Weather constraints Pressure falloff Well plugging and
if needed) construction and Injection and testing reporting

Acquisition of
data for site
characterization
Modeling
Obtaining detailed
cost estimates

for site-specific
equipment
modifications,
rental equipment,
construction (and
related temporary)
costs

Estimating
scheduling impacts
and developing
contingencies

preparation
Weather constraints
Water supply

monitoring well
drilling

Injection and
monitoring well
completions

Drill casing and
tubing, cement,
wellheads, downhole
safety shutoff valve,
packer(s), and all
other associated
equipment

Injection pumps and
other associated
equipment

Fluid and cuttings
disposal

Injection data
monitoring and
management
Evaluation of
integrity of

abandoned/plugged

wells that penetrate
the confining

zone - mitigation if
necessary
Equipment
maintenance and
replacement

Power

Labor

Well development
Weather constraints

Equipment and
facilities removal
Site restoration
Closure activities

- Waste management
« Monitoring well O&M
+ Injection well O&M

Some specific cost considerations worth noting include:

e Permitting: As part of the permit application, the
operator may need to develop plans for well MITs,
monitoring, well plugging and abandonment, and site
closure.

Site Preparation: The operator could tender contracts
for a variety of site preparation costs, including
equipment and construction of well pads, containment
ponds, access roads, buildings, utilities, and other
related infrastructure. Construction of a pipeline
from the source area to the injection wells could be a
significant portion of the total project costs.

Drilling: The drilling costs are typically a major
portion of the project costs and depend on the local
geology, the well design, depth of the well, the type
of drill rig used, and the location of the well. For
example, deep wells which are far away from major
roads and in remote locations will be more expensive
than wells that are shallow and/or are in easily

accessible locations. Drilling characterization wells
will consume a significant amount of resources,
but they are critical to understanding the regional
geology and provide details for future site activities.
If feasible, it is recommended that operators retain
as much flexibility as possible in determining the
ultimate purpose for new wellbores (e.g., injection
wells or monitoring wells). RCSP experience shows
that it can be more economic to determine the
suitability of a location before committing to the full
suite of regulatory obligations necessary to complete
a well for injection. Consideration should be given to
utilizing existing depleted oil or gas wells for injection
or monitoring; however, because most existing wells
will not have long string casings that are cemented to
the surface, it may not be possible to retrofit them for
injection, and plugging and abandoning these wells
may need to be considered instead. Also, if operators
intend to transition a Class II well into a Class VI
well, they should consider, in advance, the potential
requirements for this conversion. Section § 144.19 of



the UIC Class VI regulations describe the factors that
must be considered in this transition. They include
the extent to which there is an increase in reservoir
pressure or injection rates, a change in production
rates, the distance from underground sources of
drinking water (USDWs), the suitability of the area
of review (AoR), abandoned wells, project plans, the
characteristics of the CO, that will be injected, and any
other site-specific factors that could have an impact.’

Completion: Well completion costs may prove to
be a large factor in the project budget due to the
importance of the casing and cement in the injection
well. Completion costs will be dependent on the
purpose of the well, technical specifications, and
requirements of the EPA UIC Program.® In addition,
any costs associated with well stimulation will need to
be included.

Site Operations: The main operations costs for wells
at an injection site are from the costs of power and
labor. The cost of power associated with the injection
operation will be dependent upon the geographic
location and the source of power, which could be a
significant cost. The labor requirements of the injection
operations will directly correlate with the monitoring
plan and the level of automation associated with the
injection facility.

Well Preparation and Waste Management: After
well completion activities are completed, the well
or borehole should be “cleaned-up” to ensure proper
injectivity. The technique for maintaining the injectivity
of the injection zone throughout the borehole and at the
injection point is referred to as well stimulation or well
development. Various well development methods that
can be implemented range from pumping the borehole
to remove sediment and to reduce the turbidity of
the water, to adding chemicals or acids to clean up
the injection zone. The associated costs of materials,
equipment, disposal of waste products, and labor will
have to be considered. Additionally, other mechanical
methods for preparing a well, such as using pressurized
water or air, will require a source of water/air,
equipment, and labor to implement the development.
During the drilling process, the primary type of waste
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generated will be the drilling fluids and cuttings;
however, some municipal wastes will be generated
(potentially including excess soil and biomass).

Monitoring and Maintenance: These costs will be
affected by the duration of the time required to keep
the well(s) open, the costs of monitoring equipment,
the integrity of equipment in the wells, and routine
maintenance needs. The types and equipment for
surface, near-surface, and subsurface monitoring of
CO,, as required by regulations, will have an impact
on a storage project’s budget. The complexity of the
monitoring equipment, climate of the area, expected
replacement rate, and amount of routine monitoring that
is required will directly affect the project monitoring
and should be planned for accordingly. Some
considerations include the potential for replacement of
monitoring equipment, technological improvements,
and best practices. Maintenance of the monitoring
equipment will vary depending on the length of the
monitoring program and could be impacted by the
recent UIC Class VI and Mandatory Reporting of
Greenhouse Gas Rules, which require extended
periods of post-injection monitoring. Manufacturers of
the monitoring equipment can be contacted to get an
idea on the expected life expectancy of the equipment.

Post-Injection Operations: Costs associated with
post-injection operations include monitoring equipment
and site maintenance, well plugging and reporting,
equipment and facilities removal, and site restoration.
The technical requirements for these activities are likely
to be included in the permit for injection so the operator
should consult the appropriate regulations to anticipate
such requirements. Since EPA UIC Class VI guidelines
require post-injection monitoring for a default period of
50 years, this cost can be significant.

5See 40 CFR 144.19, found online at: http://www.gpo.gov/fdsys/pkg/FR-2010-12-10/pdf/2010-29954.pdf.

6 Please see the EPA UIC Program website for additional information: http://water.epa.gov/type/groundwater/uic/index.cfm.
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2.4 Permitting

The third key area to be discussed in the Detailed Site
Characterization Plan is activities and costs associated
with the well permitting processes. A lesson learned from
the RCSPs was that developing a thorough understanding
of the various permitting processes and allowing adequate
time and budget to complete the processes was critical
to executing the project and maintaining a budget and
schedule. Projects will require some combination of well
and facility permits from Federal, state, and local agencies.’
Regarding permitting, the RCSPs also learned that
including regulatory officials early in the planning process
typically reduced the time required to ultimately obtain the
permits. Furthermore, RCSPs also needed to obtain local
(county and municipal) permits for certain characterization
activities such as 3-D seismic acquisition. Although there
are various types of permits to be obtained, this section will
focus primarily on the injection well permitting process,
followed by general discussion on other permits, and
closing with information on some site-specific project

plans that may be required to obtain permits.
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2.4.1 Injection Well Permitting

Any well used for the purpose of injection of fluids into
the subsurface requires a UIC permit. The permitting
organization may either be a state agency or a regional
office of the U.S. EPA, depending on the location of the
well. Figure 2-2 shows the territories where UIC permits
are administered by either the state or EPA. The Federal
UIC Program classifies wells into six different categories,
including a recently approved Class VI category that
specifically covers CO, injection wells. Previous injection
wells for the RCSP small-scale injections have been
permitted as either Class I (wells injecting non-hazardous
industrial and municipal wastes under USDWs),
Class II (wells related to oil and gas production), or Class V
(experimental wells). Each well classification has different
criteria and requirements that should be carefully reviewed
and incorporated into the injection design as appropriate.
The operator should contact the local permitting authority
to help determine the correct permit for the application.
The time required to complete and receive approval for the
UIC permit can be considerable and may involve public

- State Program

Joint State/ EPA
Program

- Joint Tribal/ EPA

Program

- EPA Program

. Puerto Rico

. Virgin Islands
. American Samoa

. Guam

Figure 2-2: UIC Permitting Authority for UIC Class I-V ; as of 2011, no states have
obtained primacy for Class VI and that status is not indicated on this map. ¢

7 CCS projects receiving Federal funding will also have to undergo a review under the National Environmental Policy Act (NEPA).

8 Depending on the nature of the project, an environmental survey and impact assessment may be required. A sample copy of the NEPA
Questionnaire can be found at the following site: http://www.netl.doe.gov/business/forms/451_1-1-3.pdf.
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hearings and review by the State Historic Preservation
Office (SHPO) and Native American tribes, all of which
can take several months and should be planned for within
the project schedule (Advanced Resources International,
Inc., 2010). For example, the permit approval timeframe
for three SECARB projects ranged from 3 months for a
Class II permit to 12 months for a Class V permit.

Table 2-2: Typical Injection Permit
Information Provided by RCSPs

Information Typically Provided by RCSPs*

Geologic Information

« Injection Depth and Formation

- Lithological Description

» Lower-Most USDW

- Testing of Multiple Sources of Groundwater
« Model of Potential Plume Development

Well Design and Construction

« AoR Delineation and Justification

« Legal Description of Land Ownership

« Proof of Notification of Injection Intent to Affected
Parties in the Region

« Third Party Certifications for Injection and Construction

« Construction details on all wells within the AoR and
remediation action taken to improve these wells, if
necessary

Description of Surface Equipment

« Proposed Equipment to be Installed

+ Equipment Sizing and Location Calculations

+ Proposed Average and Maximum Daily Rate of Fluids to
be Injected

+ Proposed Average and Maximum Surface Injection
Pressure

- Potential Fracture Pressure Determination

Monitoring Systems

« Continuous Sampling of Multiple Neighboring Drinking
Water Wells

+ Proposed Injection Monitoring Plan Equipment

+ Post-Injection Long-Term Monitoring Plan and Equipment

Logging and Testing Results

« Geophysical Data Supporting Location of Injection Zone
and Caprocks and Absence of Resolvable Faults

« Modeling of AoR Throughout Pre-Injection, Injection,
and Long-Term Post-Injection

* Check with regulatory agencies for further requisites.
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The UICregulations outline the data that needs to be included
in the application in order to obtain the permit. Table 2-2
presents standard information that was presented by
various RCSP projects for UIC permitting. Further
project information may be required based on site location
and project specifics. The newly approved EPA rule for UIC
well Class VI is incorporated in the Federal rules governing
all UIC wells in 40 CFR Parts 124, 144, 145, 146, and 147.

2.4.2 Additional Permits

Permits to drill characterization or monitoring wells
may need to follow state oil and gas drilling regulations.
The wells may be permitted as exploratory boreholes. A
drilling permit application typically requires the following
main items:

 Description of well type and target formation.
* Casing and tubing program.

* Blow out prevention plan.

* Surface owner and coal owner waiver.

* Construction and restoration plan.

* Deep well safety plan.

* Drilling site survey plat/mylar plat.

* Operator surety or blanket bond.

* Application fee for deep well.

During drilling, the periodic inspections by oil and gas
regulators may be completed as necessary to certify
items such as blow out prevention, casing runs, well
completion, etc. Well completion activities may require
additional well work permits.

The well and surface facilities construction may require a
grading (earth-moving) permit and an approved rainwater
runoff, erosion, and sediment control plan which are
usually available through state, county, and local agencies.
MGSC used standard methods such as silt fences and hay
bales at their Illinois test site. Following the construction,
the grounds were re-vegetated. For a proposed West Coast
Regional Carbon Sequestration Partnership (WESTCARB)
project in northern California, county-issued grading and
drilling permits would not allow earth-moving or heavy
equipment operations during the rainy winter months.
These requirements also need to be accounted for when
developing the project budget and schedule.
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Permits related to potential discharges of produced water
to groundwater may be required. Further, if it is expected
that there will be a significant amount of produced water,
the project could be considered a point source and be
subject to the Federal National Pollutant Discharge
Elimination System (NPDES) Program. It is important
to fully understand what permits will be required for a
project and allocate a realistic amount of time to obtain
them.

In addition to the permits discussed above, the Plains
CO, Reduction (PCOR) Partnership and SECARB
had to obtain aquifer exemption permits from Federal
regulatory authorities. General requirements may include:
determination of the aquifer water quality before and after
CO, injection, estimation of the distance of the exempted
aquifer from public water supplies, and an analysis of
future water supply needs within the area.

Some states may also require additional information after
the injection permit is obtained, before final permission
to inject is given. For example, SECARB reported that
an additional MIT, to determine that the CO, could be
safely injected, was required by EPA. MGSC indicated
that it was necessary to submit a well completion report
that described the data collected during drilling and the
results of a step-rate test to determine fracture gradient.

A listing of Federal and state contacts related to CO,
injection is a good starting point to confirm the types
of permits which may be required for a particular
project. A summary of these contacts are referenced in
Appendix C and Appendix D. Appendix E provides a
list of references for various stages of a project.

2.4.3 Supporting Project Plans

As part of the Class VI permit application, an operator
may be required to submit site-specific project plans
to address produced water use and disposal, closure,
post-injection monitoring, mitigation, and remediation.

Produced Water

Fluids produced from oil and gas wells normally
contain various concentrations of produced water. Water
from deep geologic formations typically contains high
concentrations of salts, in some cases orders of magnitude
greater than seawater, and typically cannot be discharged

to the surface. When considering GS of CO, for the
enhanced production of oil and gas, the production well
activity may need to be a consideration for supporting
project plans. Normally produced water in oil and gas
operations is either piped or hauled offsite for reinjection
to a permitted injection well. CCS EOR projects are
likely to have existing infrastructure for produced
water; however, geochemical effects of CO, injection
should be considered as part of project planning. Further
information concerning treatment, reuse, and disposal of
produced water can be found in Appendix F.

Closure and Post-Injection Monitoring

An approved plugging and abandonment plan should
be completed prior to issuance of the UIC permit
(Riestenberg, et al., 2009). Chapter 5.0 in the MVA BPM
introduces the monitoring objectives for closure and
post-closure that will have to be considered as part of the
project/ M VA plan.

A typical MVA plan for CO, injection into a saline
formation could potentially include atmospheric
monitoring, shallow geophysical surveys, gas sampling,
USDW monitoring, groundwater and geochemical
modeling, testing, tracking, cased hole well logging,
reservoir brine and groundwater monitoring, corrosion
monitoring and MITs of the well materials, fall-off
pressure testing, injection and observed pressure, and
rate monitoring. According to the approved UIC Class
VI requirements, the extent of the MVA plan should be
approved by the Regional UIC Program Director.

Mitigation

A mitigation plan needs to identify, in terms of
likelihood and severity, and address the potential

risks and potential failures that may occur or have the
possibility of occurring. A remedial work and safety
plan should be prepared to allow for mitigating steps
to be taken by the project team prior to any release. By
having this detailed plan, in the event of an emergency,
an effective and organized response can be implemented
in a timely manner. All personnel that work and visit
the site should have an understanding of the potential
risks and understand the appropriate/available response
actions. It is recommended that the plan should be
shared with the local emergency response agencies so
that they have a clear understanding of the project and
are prepared to respond appropriately if needed.
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Site preparation activities for GS projects should be
scaled to the stage and size of the project. As a project
site is developed, the size of the affected area, or
“footprint,” will likely change. In most of the RCSP
Validation or small-scale projects, CO, was delivered by
tanker truck rather than dedicated pipeline. The facility
footprint remained similar in size during both drilling
and injection operations to accommodate tanker trucks
and limited onsite CO, storage. In contrast, a few of the
small-scale injection projects that were coincident with
oil and natural gas operations accessed dedicated CO,
pipelines and had a smaller footprint during operations
than during Site Preparation and Drilling. Large-scale
injection projects can have multiple configurations
(i.e., an injection facility might include a dedicated
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CO, pipeline leading to one injection well), or it could
include a dedicated pipeline, compression facilities, and
multiple injection and monitoring wells spaced over
several miles. However, the facility footprint in these
large projects could be smaller than the well pad used for
drilling and completion, depending on the configuration.

This chapter discusses some of the general site preparation
activities necessary to prepare a site to become a CO,
injection facility. As shown in Figure 3-1, these activities
include: (1) site security and access, (2) well and facility
layout, and (3) well pad preparation. Concluding this
chapter is a section reviewing typical facility layouts
based on experience from the RCSPs.

It is important to note that although this section presents
the site preparation activities in a linear fashion, many of
them may occur in parallel with each other.

ablishing Site Secur
and Access

v

Well Location
Considerations

l

Surface Equipment
Configuration

Well Pad

Preparation

Layouts

Figure 3-1: Generalized Flow Diagram Illustrating the Site Preparation Process
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3.1 Establishing Site Security
and Access

During active operations, a secure site will ensure the
safety of the public as well as the workers. Although well
drilling is a conventional industrial practice, it involves
heavy equipment which must be operated by trained
personnel. A secure site typically consists of surrounding
the work area with fences, gates, and signs. Video
surveillance cameras could be installed to monitor the
critical areas of the site (CO, tanks, wellhead, injection
equipment, etc.).

When planning a site, the operator should consider
how equipment and materials will be transported to and
within the site. If necessary, bollards could also be used
for protection of equipment and pedestrians from vehicle
traffic to and from the site. It is also advantageous to
utilize existing public road infrastructure whenever
feasible to limit disturbance to the environment. Road
usage is typically required during almost every phase
of the injection project for transporting equipment and
materials to the site. The degree of usage will likely
vary and typically be heaviest during the construction/
drilling phase. In addition, during small-scale injections
additional usage could be required for truck delivery of
CO,. Operators should work with permitting agencies
and local municipalities to determine if roads being
used will have additional requirements such as highway
occupancy permits, road bonding, or weight and usage
restrictions.

Planning Around Road Use Restrictions

Though it is advantageous to utilize existing road
infrastructure, it may not always be feasible to do so.
In the case of the MGSC EOR pilot project located at
the Owens #1 site in lllinois, the Co, for injection was
delivered by truck. Bulk delivery by truckis often the only
feasible option for small-scale test projects. The nearest
roads, however, were not rated to handle the weight
of the delivery truck on the access road leading to the
Owens #1 site located approximately a quarter-mile
(400 meters) from the paved township road. Therefore,
the injection equipment was located adjacent to the
township road and a 1,280-foot (391-meter) pipeline
was constructed to transport the CO, to the well
(Midwest Geological Sequestration Consortium, 2009).

Within the site boundary, the road requirements will
likely change throughout the life of a project. During
the installation and construction activities, the roads can
typically be gravel roads which can handle the loads of
heavy equipment, such as drilling rigs, well completion,
and site construction equipment. When the project moves
into the injection operation stage, the need for such routine
heavy vehicular access could change. For small-scale pilot
tests involving truck transport of CO,, the volume of truck
traffic will increase during the injection operations. In
this case, there could be an increase in vehicular traffic;
therefore, delivery entrance and exit points should be in
separate locations to avoid truck turnaround and provide
for efficient access and egress. For large-scale projects,
delivery of CO, would mostlikely be via pipeline; therefore,
there will only be an occasional need for heavy equipment
such as workover rigs, logging trucks, or Vibroseis (seismic
acquisition) trucks to access the site.

In some instances, existing roads are not available and
a new road has to be constructed. A new road should be
designed in accordance with Federal, state, and local
regulations and industry standards. When siting and
constructing a new road, consideration of environmental
impact is important. Factors of concern include erosion;
excessive disturbance; fugitive dust and air pollution;
and impacts to wetlands, natural waters, and the
proximity to sensitive pieces of equipment. The design,
layout, construction, and maintenance practices should
be tailored to minimize these potential impacts.

3.2 Well and Facility Layout

The overall footprint of injection facilities will depend
on the specific operational requirements of the project.
Like many oil and gas operations, CO, injection well
facilities should be constructed to minimize aesthetic
(in the case of a higher visibility location) or spatial (in
the case of a farmland location) impacts. The individual
layout of these facilities should be designed in a manner
that promotes safe, efficient work practices and provides
for adequate movement and transportation around the
work areas. In some cases, the injection facility may
be located near existing oil and gas or other industrial
operations, such as power generation facilities. In these
cases, it can be advantageous to share some of the
existing infrastructure.

Three types of surveys and assessments that may be
conducted when developing the site include a topographic
survey, geotechnical survey, and an environmental



resource assessment. In addition, there may be separate
information requirements for the drilling of a well that
are imposed by the state. This information varies by state,
but typically includes a location survey, drilling surveys,
well completions, a drilling program (e.g., cement and
mud), and other plans and information. These could be
independent requirements separate from the information
requirements for surface facilities described below.

3.2.1 Topographic Survey

A topographic survey is performed to gather data on
manmade and natural features of the land surrounding
a potential site, in turn producing a topographic map.
The survey should be large enough to include the extent
of grading, sediment controls, and any road work that
will likely be required. This data is then analyzed to
select a location that provides for a reasonable cut and
fill balance—thus reducing the need for offsite borrow
or disposal activities. It is recommended that when
possible, the well pads should be located in areas that
require the least amount of fill or excavation while
providing a suitable injection point entrance to the target
storage formation. In addition, drainage issues and
wetland impacts must be considered, especially in low
lying areas. Topographic mapping can also be used in
the preliminary design of the well pad area since the pad
construction typically requires terrain alteration.

3.2.2 Geotechnical Survey

Prior to initiating the design and placement of the
injection facilities and access roads, a full geotechnical
characterization study could be completed. A
geotechnical survey acquires information about the
physical characteristics of soil and rocks and is typically
required for siting heavy equipment such as compressor
stations. This survey includes identifying different soil
types and conducting standard penetration tests (SPTs)
and blow counts at locations usually on a predetermined
grid. Blow counts are a common geotechnical testing
method used to evaluate the shear strength of soils
as part of a foundation design. This information can
be used to assess site stability and help determine the
design measures that will be required. The weights and
operating requirements for all components of the injection
facility should be examined and included as part of the
geotechnical assessment. For example, reciprocating
compressors may require substantial excavation and
concrete for foundations and potentially require piling.
Excavation equipment, equipment weights, footers, and

3.0 Site Preparation I

piling requirements will have an effect on geotechnical
stability that must not be overlooked.

3.2.3 Environmental Assessment

Environmental assessments are typically performed to
locate wetlands, water features, endangered species, and
other environmental features of concern. To the extent
practicable, any water resources or wetlands features
should be avoided when selecting well and access road
locations. An environmental assessment usually identifies
the environmental features of concern in relation to the
proposed well location, the well pad layout, the access
road, and the well pad area. The topographic survey
(described above) can be used to develop the site grading
plan and erosion and sedimentation control plan. To the
extent practicable, the well pad and access road should
be located to minimize environmental impacts (e.g., to
streams, wetlands, etc.). The local officials may require
formal environmental assessments if the site receives
Federal funds (the National Environmental Policy Act
[NEPAY]), is located on Federal or tribal land (NEPA), or if
the state has additional requirements (e.g., the California
Environmental Quality Act [CEQA] in California). The
project should check with local officials to determine
any additional requirements.

3.2.4 Well Location Considerations

The location of the injection well(s) should be based
on subsurface geology; however, physical surface well
locations may be influenced by a number of factors,
including site topography, access, geotechnical, and
environmental constraints, as well as the presence of
existing wells and their potential for use (as in EOR
projects), and existing surface infrastructure.

For large-scale carbon storage projects, multiple injection
wells will likely be required. The information gathered
during site characterization can be integrated into models
to customize the drilling design of the injection well(s)
and to determine the well spacing and configuration
within a field to optimize injection. It may be possible
to place injection wells within relative close proximity
to one another, particularly if directional drilling is
used or CO, is injected into multiple stacked storage
formations. The popularity of well designs consisting
of multiple horizontal lateral wells, stemming from one
main injection well pad, is a common petroleum industry
practice. This method allows for multiple injection
points into a large reservoir from one surface source. The
design takes advantage of much-improved directional
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drilling methods to create a larger injection profile
while benefiting from lower costs due to reduced field
equipment and materials. Although multiple lateral wells
were developed more than 50 years ago, interest in this
design for the purpose of CO, injection and natural gas
recovery has recently increased. Multilateral wells can
be used in cases with limited surface access while still
taking advantage of subsurface carbon storage potential.
These cases require significant modeling to maintain
adequate reservoir conditions and minimal impact to
adjacent formations.

Several aspects must be taken into consideration when
designing multiple well placements. MGSC stated that
some of the advantages of placing the injection wells
within close proximity to each other include access, data
acquisition, and easier collection of monitoring data.
During the drilling and installation, real-time design
decisions can be made based on the information obtained
during earlier well(s) construction. This information
can be used to update the conceptual site models and
optimize drilling at other locations.

3.2.5 Planning Surface Equipment Configuration

The required facility size should be dependent upon
the characteristics of the injection process such as the
amount of CO, to be stored, planned injection rate,
depth, and pressure. These characteristics shall dictate
the size and selection of the injection equipment, piping,
compressors, and CO, storage tank(s) if needed. Once
selection of the equipment is completed, the operator
typically configures the site to industry standards with
an emphasis on safety. Valve controls should be placed to
allow for safe and practical startup, O&M, and shutdown.
Pressure relief valves are generally located to prevent
personnel injury and equipment damage. Additionally,
the facility’s piping system should be designed to
eliminate the potential for trapped CO, liquid to change
phase and contribute to fatigue in the line.

Climate conditions at the injection site should be carefully
considered during the design of the injection facilities and
scheduling of field activities. Extreme temperatures and
weather can cause problems with some of the equipment
and facility operations. Support buildings might need to
be constructed to protect equipment and electronics from
the elements.

The principal utility for the surface equipment onsite
during injection is typically electrical service. The
type of electric service required could depend on the
demands of compressors, other injection equipment,
and onsite facilities. For a short-term pilot test project,
portable diesel-powered generators could most likely
provide the most economical supply of power. Backup
diesel generators may also be required to allow for
potential generator mechanical failures and maintenance.
Generators may also be used as backup power supplies
for large-scale injection operations.

Forlarge-scale projects, adedicated power line/drop might
be required to meet the energy requirements. Depending
on the location of the injection site and availability of
the power supply, natural gas-operated compressors
may be a viable and economic option. Depending on
the injection facility and staffing requirements, water,
sewer, and natural gas service may also be needed for
support personnel. For any buried service line, the
location should be planned to avoid any potential future
excavation. The location of the underground utilities
should be indicated at the ground surface and included
on all as-built drawings. If an overhead line is used, the
path should not hinder the passage of large vehicles and
drill rigs, nor should they be located over any wellhead.

Some CO, injection pilot tests and facilities have made use
of inline CO, heaters. These heaters are typically powered
by propane, which can be stored in onsite tanks. The size
of these tanks should be sized based on the demand of
the heater. If propane tanks are used, the placement of the
tanks would be dictated, in part, by the local fire ordnances.

When the planning and design for the surface layout has
been completed, construction of the injection facility
can be initiated. During this time a set of “redline” plans
should be located onsite. These plans are typically updated
weekly to make note of any changes to the original design.
The term “redline” is used in the construction industry for
a set of plans that are written on, typically in red, to indicate
changes that were made in the field. Upon completion of
the facility construction, changes to the original plans
are typically verified by the site engineer, and properly
surveyed, and an updated set of as-built design drawings
should be generated for the operator in conjunction with
the original redline plans.



3.3 Well Pad Preparation

The prospective well location will require a surface pad
be prepared to accommodate the drilling operations
(including the drill rig, logging equipment [if needed],
trucking, completions operations, etc.). The size and
orientation of the pad will vary from project to project
and typically depend on the type of rig that is used,
plans for source water and produced water management,
the proposed layout of the site, topographical and
geotechnical constraints, environmental constraints,
and future maintenance and access needs. MGSC
constructed a drilling pad that was 200 feet by 150 feet at
the Decatur Site because it was to hold both an injection
well and a well with a permanent geophone array;
however, the SECARB Black Warrior Site was able to
use a pad that was 100 feet by 100 feet. The ideal well
pad would not take up any extra space than is required
by the operations and would require little excavation or
fill to construct. Following these guides should help to
protect the environment while keeping construction costs
to a minimum (Lyons & Plisga, 2005).

Typical well pads are designed with particular attention
given to the ability of the pad to fully support the drilling
rig and well casing pipe, but also for drainage and fluid
collection during drilling operations. In many cases,
precipitation or fluids generated on the pad are treated
as waste products and should be collected and stored in
onsite ponds or tanks. A good practice would be to divert
all off-pad precipitation and runoff away from the pad to
prevent the generation of any unnecessary waste.

Prior to well pad construction, the operator would
have already performed all the surveying, testing, and
permitting necessary to initiate well pad construction.
Typically, the first step of constructing the well pad
is to clear any unnecessary vegetation. Next, the top
soil should be stripped and stockpiled for later use in
reclamation after the operations are complete. The area
is then leveled, sometimes requiring excess excavation or
fill; however, as previously discussed, proper balancing
of the cut-fill is usually preferred. The geotechnical
requirements of the anticipated drilling operations
and injection facilities will dictate the specifics of the
required excavation/fill plan.

3.0 Site Preparation I

Once the pad area is leveled, it should be graded to divert
water to drainage ditches and/or dedicated holding ponds.
Typically, other dedicated ponds, pits, or lagoons are
used to store water for drilling mud and other operational
requirements and for drill cuttings. The design of the well
pad and associated pits and ponds should be consistent
with pertinent state and Federal regulations and drilling
permit requirements.

3.4 Typical Facility Layouts

As previously mentioned, the facility layouts may
differ depending on the stage of the project. Once site
preparation is completed, a drilling plan will most likely
be implemented. At this point, the site could consist of
a drilling rig, mud pit(s), pipe rack, onsite office or job
trailer, parking area, and portable toilet facilities (unless
long-term permanent facilities are necessary). For
each site, space requirements for well construction, rig
footprint, drilling fluid system, and workover activities,
such as removing and replacing tubing or packers,
will need to be considered. For smaller facilities, a
continuous gravel pad may prove to be a viable option
for reducing mud during wet weather and keeping the
work area relatively free of excess vegetation. MGSC
opted to place a gravel pad around the Owens #l
portable separator, office trailer, and parking area. The
CO, tanker delivery area was also lined with gravel
(Midwest Geological Sequestration Consortium, 2009).
Figure 3-2 is an example of a drilling layout from an
RCSP pilot test project.

Figure 3-2: Example of a Facility Layout During Drilling
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During injection operations, the site will include injection
well(s), injection equipment, and the monitoring
equipment. Depending upon the site-specific conditions,
the injection equipment may be placed in a separate
location away from the injection well(s). The surface

footprint of injection and monitoring wells as shown
in Figure 3-3 and Figure 3-4 is much smaller than the
drilling footprint from Figure 3-2. The monitoring well
shown (yellow) in Figure 3-4 is a typical groundwater
monitoring well.

Figure 3-3: Example of an Injection Well

Figure 3-4: Example of a Groundwater Monitoring Well

(Note: The monitoring well is yellow and in the foreground; the tanks in the background are
used for fluid and commercial product storage and are unrelated to the monitoring program.)



3.4.1 Examples of Small-Scale Injection Layout

Injection equipment used by MGSC, shown in Figure 3-5,
included a 60-ton storage tank, a propane-fired in-line
heater (used to warm the CO, to avoid thermal shock to
the tubulars and reservoir), and an injection pump skid
(with specifications of up to 1,200 pounds per square inch
[psi] surface pressure and 5.4 tons per hour pumping rate)
(Midwest Geological Sequestration Consortium, 2009).
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This equipment was configured for operation as shown
in Figure 3-6 and Figure 3-7. Carbon dioxide from
the storage tank was pumped to the skid and further
compressed, heated, and piped into the injection well. The
monitoring equipment adjacent to the injection well was
used to keep an eye on the injection process. Several CO,
sensors and groundwater monitoring wells were located
nearby to track the CO, plume and detect potential leaks.
Another schematic of the injection equipment and site
layout for an RCSP small-scale injection is depicted in
Figure 3-8. Notice that the entire injection equipment is
contained on top of a large trailer for easy transportation
and operation.

r = ™

Figure 3-5: Example of Injection Equipment

(Midwest Geological Sequestration Consortium, 2009)
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Figure 3 6: Side View of Injection Equipment Layout at MGSC Tanquary CO, Injection Pilot Project
(Illinois Basin: Tanquary CO, [Coal] Injection Pilot, Scott M. Frailey, ISGS. Presented at “Coal-Seq VII,” March 8, 2011, Houston, Texas)
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Figure 3-7: Aerial View of Injection Equipment Layout at MGSC Tanquary CO, Injection Pilot Project
(INinois Basin: Tanquary CO, [Coal] Injection Pilot, Scott M. Frailey, ISGS. Presented at “Coal-Seq VII,” March 8, 2011, Houston, Texas)



“ 3.0 Site Preparation

] Drive motor with
Hydraulic controls

< 19 MM BTU for heater fan
. CO; Heater Trnplex Pump
10,000 pSI max

1000 Gallon Fuel
Storage, with
Webasto for cold
operation

Hookups for
auxiliary pressure (¢
transducers (2)
Hoses for air actuated
valves. 5 valves can
be operated remotely

Control Room Trailer

Y
/ Cat 5 cable
Liouid FI Wellhead
CO2 storage Vessels €02 Pump Skid Iquid Flow —»
(500to 600 tons) CO2 Hard line

T~

Figure 3 8: Injection Equipment Arrangement for East Bend CO, Test

(FINAL REPORT: “CQO, Injection Test in the Cambrian-Age Mt. Simon Formation, Duke Energy East Bend Generating Station,
Boon County, Kentucky.” By: Battelle, for MRCSP, NETL)



4.0 Drilling and Completion
Operations

The activities discussed throughout this chapter focus on
the implementation of drilling and completion operations
for wells.” These activities are typically planned early and
documented in a drilling and completion plan. Moving
forward with drilling operations, it is assumed that the
operator has obtained approval from the appropriate
regulatory agencies for specific plans and schedules for
each operation, including drilling, logging, and well
completion. As previously mentioned, each project
injection site will be unique and have specific drilling

Re-evaluate
Project
Plans

A

Suitable
Results?
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and completion procedures based on site-specific
conditions. The information presented in this chapter is
not all inclusive, but tries to introduce to the reader general
discussion on topics affecting activities such as: (1) well
drilling, (2) logging and formation evaluation, (3) well
construction, (4) well completion, and (5) well evaluation,
as well as some key information gained from the RCSPs.
It has been stressed throughout this manual that the steps
involved in developing and implementing CCS projects
are usually iterative, and this is particularly the case in
well drilling and completion, as indicated in Figure 4-1.
Appendix A provides an overview of some of the design
specs for wells in the RCSP Program.

Well Drilling

Formation
Evaluation

Revise / Update
Drilling Plan

ell Construct

Well
Testing

Is Well

Suitable?

Continue
Project

Figure 4-1: Key Steps and Decisions in Drilling and Well Completion Process

9 Note: This manual refers primarily to onshore wells, not offshore wells, unless specifically indicated.
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Figure 4-1 presents generalized flow diagram of the key
steps and decisions involved in drilling and completing
injection and monitoring wells for carbon storage. Well
drilling activities begin with a determination of the
equipment, drilling method, and material to be used for
each well based on site-specific characteristics gathered
from previous investigations if available. Once these
determinations have been made, the drilling rig and
support equipment can be set-up and the borehole(s)
can be drilled. During the drilling process, information
regarding the subsurface is acquired through use of
mudlogging, coring, and logging tools. After drilling is
finished, a complete formation evaluation is conducted
to characterize the stratigraphy and lithology of the
injection and confining zones. The evaluation could
include, but not be limited to, a more advanced suite of
logging tools, additional sidewall cores, drill stem, and
reservoir fluid tests. Once all the subsurface information
has been collected and analyzed, the operator will need
to determine if the injection and confining zone rock
properties are suitable for carbon storage. If the results
of the evaluation, of the borehole data, are not suitable,
then the drilling and completion plan will have to be re-
evaluated. If the results are suitable, adjustments still
may be required and, as appropriate, the well completion
program can be revised.

The process then continues with well construction,
including the placement of casing, cement, and wellhead
equipment. The completion of the well will overlap with
the drilling process, particularly in wells with multiple
strings of casing. Once the well has been completed, it
can be developed to produce fluids for analysis and, if
necessary, stimulation can be applied as permitted. A key
step in well design and construction is the selection of
perforation zones. The location of these zones could have
a significant impact on the effectiveness of the injection
and efficient use of the reservoir. It is likely that the
permits will require that the well be tested for leakage,
MIT, and cement bond log (CBL) to ensure that it has
been properly completed and to evaluate the properties
of the target zone for the injection of CO,. If the results
of the testing are not suitable, more well development
and/or stimulation may be required.

If adeep monitoring well will be located near the intended
injection well, there may be justification for drilling and
installing the monitoring well first. The information
obtained during its drilling can be used to modify the
location and design of injection well(s), which are more
costly to drill and install. The required time for the drilling

and completion operations will depend on the depth of
the target formations, the geology of the subsurface,
the number of injection and monitoring wells, and the
type(s) of wells constructed. The remainder of this
chapter elaborates on these activities.

4.1 Well Drilling

Once the site pad is completed, the well drilling activities
begin with the mobilization and installation of a drilling
rig and support equipment at the site. There are a variety
of drilling methods that can be utilized to address site-
specific conditions. Different drilling stages may require
separate drilling methods, personnel, and equipment
depending on the pre-injection plans and schedule. Part
of the drilling process involves material handling of
waste and drill cuttings as a means of minimizing the
environmental impact.

Some states require drillers to be licensed as a company
and/or as individuals, and some states require individuals
with certifications to man the rigs. It is important to
review the state licensing laws for drilling operations. In
order to assure safe operations, optimize data collection,
and minimize the risk of cost overruns, it is advantageous
to work with experienced drillers and associated service
companies. The RCSP experience showed that the
involvement of qualified professionals with specific
expertise in drilling and familiarity with the region and
the local subsurface geology was an important factor to
smooth drilling operations. Local experts and companies
having knowledge of the region was useful in optimizing
drilling, determining depths of target formations, and
avoiding/ anticipating and preparing for potential drilling
hazards. A list of reference material concerning several
aspects of the drilling and completion process has been
provided in Appendix E to further assist operators in
selecting drilling support.

4.1.1 Equipment

The equipment used during drilling operations includes
not only the drilling rig and equipment, but also a
variety of supporting equipment. Figure 4-2 provides a
general diagram of an onshore drilling rig, highlighting
equipment and components that are part of the drilling
process. The drilling rig and equipment must be suited
to optimize drilling, completion, and operation of the
well. The type of drilling rig should be selected based
on site-specific factors, such as the layout of the drilling
pad, drilling method to be used, depth of well to be



drilled, type of rock to be encountered, and well casing
requirements. The time required to set-up a drilling rig
will vary depending on the type of rig.

There are various types of rigs that can be used to drill
injection and monitoring wells. Large drilling rigs
generally come in three types based on height: a “single,”
“double,” or a “triple” derrick. These designations refer
to the number of drill-pipe joints that a rig can pull intact
from the hole before a break (disassembly of the drill-
pipe joints from one another) is necessary. For example,
a single would require that each joint be broken from
the drill string as it is removed from the hole. Likewise,
a triple would be able to remove three drill pipe joints
prior to breaking from the drill string. Deep boreholes
can be drilled faster using a rig that allows you to pull out
multiple drill-pipe joints from the hole without breaking
each one. Less breaks resultin less required labor and time

4.0 Drilling and Completion Operations I

during “tripping” in and out drill pipe, which ultimately
results in lower operating costs. Although operation costs
may be less for a triple, the mobilization, daily rate, and
set-up cost for the larger drill rig is typically much higher
than for a rig with a single-height derrick.

Each joint of drill pipe can vary in length from 10 to
30 feet; however, deeper well drilling typically uses
30-foot joints. The drill pipes are constructed of steel or
hardened aluminum and are hollow to allow circulation
of cuttings and drilling fluids. The ends of drill pipes are
equipped with female and male threaded fittings (box
and pin) so that additional joints can be added during
advancement of the borehole. The threads are tapered to
allow the joints to be broken. The majority of the drill
string is made up of the drill pipe, which is typically held
in tension to minimize the tendency to buckle under its
own weight. For deep holes, backpressure may also be
applied to relieve some of the weight on the bits.

Legend
1. Mud tank 17. Pipe rack (floor)
2. Shale shakers 18. Swivel (on newer rigs this may
3. Suction line (mud pump) be replaced by a top drive)
4. Mud pump 19. Kelly drive
5. Motor or power source 20. Rotary table
6. Vibrating hose 21. Drill floor
7. Draw-works 22. Bell nipple
8. Standpipe 23. Blowout preventer (BOP)
9. Kelly hose Annular
10. Goose-neck 24. Blowout preventers (BOPs)
11. Traveling block pipe ram & shear ram
12. Drill line 25. Drill string
13. Crown block 26. Drill bit
14. Derrick 27. Casing head
15. Monkey board 28. Flow line

. Stand (of drill pipe)

Figure 4-2: Example of a Mud Rotary Drilling Rig

(http://upload.wikimedia.org/wikipedia/commons/8/80/0il_Rig_NT8.jpg)

(List created by TetraTech based on: http://en.wikipedia.org/wiki/File:Oil_Rig_NT8.jpg)
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Dirill collars, as shown is Figure 4-3, are used to connect
the drill bit to the drill pipe. They are thicker and heavier
than the drill pipe and can vary in length. The drill collar
is used to add additional weight and to stabilize the
drilling string. Drill collars come in a range of diameters
and weights for different applications.

As indicated in Figure 4-2, the ancillary equipment and
support structures required to support drilling operations
could include:

* Fuel sources (diesel, electricity).
* Drilling mud and additives.

* Water supply.

* Recirculation pit (mud pit).
 Cuttings handling equipment.

* Support trucks.

* Trailers for personnel work space.

The layout of the support equipment will vary based on
the size and shape of the drilling pad. The rig should be
placed so that support equipment and support structures

can be accessed easily without obstruction to the drilling
operations. The layout should also include considerations
for health and safety of the drilling and support staff.
Additionally, the field equipment layout should be site-
specific and comply with individual project needs.

For mud rotary drilling, a mud pit may need to be
constructed near the drill rig to contain the drilling mud
for recirculation through the drilling string. A shale
shaker will separate the cuttings from the returned mud
during drilling. Alternatively, temporary storage tanks
may be used—and may be mandated—for a closed-loop
drilling fluid system so that the drilling fluid and cuttings
can be contained for offsite disposal.

The size of the mud pits, which are almost always lined,
varies based on need and factors, such as depth of well,
borehole size, volume of mud, cutting volume, etc. For
example, a 35-foot by 100-foot pit was used at MGSC’s
Illinois Basin-Decatur test site, and a 10-foot by 20-foot
pit was used at SECARB’s Black Warrior test site.
Depending on the volume of water needed to support
drilling operations (e.g., for drilling mud), source
water and flowback water impoundments may also be
necessary.

Figure 4-3: Drill Collars Which Provide Drilling Stability and Weight to the Drill String

(http://www.glossary.oilfield.slb.com/Displaylmage.cfm?ID=318)

(Courtesy of TetraTech)
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4.1.2 Drilling Methods

Current drilling methods for CCS are the same as
those that have been developed and currently are
used in the petroleum industry. Because of this,
operators are able to capitalize on the lessons learned
throughout the history of the petroleum industry
for drilling wells. Several factors contribute to the
selection of a site-specific drilling method, including:

* Borehole depth.

* Expected lithologies, thicknesses, and associated.
properties of penetrated materials.

* Anticipated borehole diameters.

* Project budget/schedule.
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There are various methods used to drill wells, and
some of their advantages, challenges, and applications
have been provided in Table 4-1. In some instances, a
combination of more than one drilling method can be
used for a well. It is advantageous for the operator to
consult regional drilling experts to know when one or
more drilling method can be implemented. Some of the
drilling methods listed in Table 4-1 are more common
than others, and the discussion following the table will
focus on the more common methods.

Percussion Drilling

Percussion drilling methods are divided into two primary
types: cable tool and air hammer drilling. The cable tool
drilling is an out-of-date method and is rarely used for
anything other than shallow water-well drilling, if used
at all. The second percussion method, air hammer, is a
faster method that uses an air hammer bit.

Table 4-1: Common Drilling Methods

Method Comments Application
Cable Tool . - Shallow water wells. Could be
. Very simple process, but limited by . L
Percussion . . utilized for shallow monitoring wells
Air Hammer equipment and formation. in CCS
Hollow-Stem Overburden drilling, temporary
. Fast, but limited to certain geologies. Slow | casing through unconsolidated
Auger Solid-Stem o : . .
drilling, relatively cheaper. materials. Setting shallow wells for
Bucket monitoring.
Air
Direct Mud
) - Fast, can overcome most drilling Shallow to deep well drilling,
Rotary Reverse Circulation | ¢onditions. Most common method for vertical or horizontal. Injection and
wells several thousand feet and deeper. monitoring wells.
Directional
Possibly faster process, ideal for directional
Coiled Tubing drilling. Specialized equipment and Horizontal drilling.
operator needed.
Reduced materials may result in smaller
Slimhole footprint and cost savings. Issues with High angle or horizontal drilling.
drilling torque and collar strength.

*(Modified from a TetraTech table)
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Pneumatic hammer drilling uses pressurized air that is
directed to the tool through the drill pipe. The compressed
air powers a “hammer” action on the bottom of the borehole
while the bit is slowly turned. This pulverizes the rock into
chips. The cuttings (chips) generated by the air hammer
are brought to the surface using the compressed air as it
leaves the drill bit and returns to the surface through the
annular space between the drill rods and the borehole.
Some secondary fracturing can occur around the borehole
from the hammer action, which may enhance the near-
hole porosity and permeability. The wells at the SECARB
Black Warrior test site were drilled using an air hammer
method to depths of up to 3,510 feet. Advances in this
drilling technique have extended its applicability to depths
of approximately 4,000 feet. Typically, the technique is
limited to geologically hard rock areas in formations that
have significant integrity and where excessive formation-
produced water is not a problem.

Drilling with air requires the use of an air compressor. The
size of the compressor(s) is important; larger compressors
are required for deeper depths, large diameter holes, and
for high specific gravity materials. Air hammer drilling is
efficient and can be cost-effective because it is typically
faster than other drilling methods. However, drilling
depths are limited due to the required pressures and
volumes of air needed to bring the cuttings to the surface. If
significant amounts of water are generated from geologic
units that have not been cased off, the accumulation of
water will inhibit the return of the air and the cuttings.
Additionally, if small amounts of water are encountered
during drilling through fine grained geologic units such as
shale, the fine dust can combine with the water and cause
“caking” in the annular space between the drill stem and
the borehole wall. If not removed, the “caking” can inhibit
the airflow, cutting removal and possibly cause the drill
stem to become stuck in the hole. Furthermore, if the hole
is to be open-hole logged, it will have to be circulated with
some sort of liquid drilling fluid to enable proper running,
testing, and subsequent cementing of the borehole.

Rotary Drilling

This drilling method is the most common in the oil and gas
industry and includes four different techniques: air, direct
mud, reverse circulation, and directional. This method
of drilling utilizes one of two kinds of drilling bits: fixed
cutter bits (Figure 4-4) and tricone bits (Figure 4-5).
Fixed cutter bits include stationary carbide tipped cutting
edges, sometimes imbedded with industrial grade
diamonds, commonly called Polycrystalline Diamond

Compact (PDC) bits. Tricone bits are equipped with holes
between the cutting edges that allow air or cutting fluids to
pass through to remove the cuttings from the hole as it is
turned. The rotation speed will vary depending on the type
of rock to be drilled.

Figure 4-4: Fixed Cutter Drilling Bits

(http://origin-images.ttnet.net/en/
stockboard/00/66/22/45/662245.jpg)

Figure 4-5: Example of Tricone Rotary Drill Bit

(http://origin-images.ttnet.net/en/
stockboard/00/66/22/45/662245.jpg)
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Triconed bits are equipped with coned-shaped cutting
wheels that rotate while the drill bit is rotated. The
cone-shaped cutting wheels used for deeper formations
are typically made of hardened steel with carbide or
industrial grade diamond nubs. When turned, the
cutting wheels grind and break the rock. Like the fixed-
headed bits, holes/jets are located around the cutting
wheels that allow drilling fluids or air to pass through to
remove the cuttings from the hole.

Additional cutting wheels are typically added to the
sides of the bits to assist with borehole reaming and for
larger diameter holes. These bits can be used in soft to
hard rocks.

Auger Drilling

There are principally three different types of auger that are
commonly used: (1) large diameter bucket; (2) solid-stem
auger; and (3) hollow-stem auger. In general, their use is
limited to un-consolidated geology and shallow injection
or monitoring wells. The advantage to using augers is
their cost in relation to other drilling methods.

Coiled Tubing

This relatively new drilling method consists of using
coiled tubing (CT) as the main drill string rather than
inflexible steel drill pipe. CT drilling can be much faster
than percussion drilling because it does not require adding
or breaking joints of pipe. This technique uses a downhole
mud motor rather than drilling bits and rotating tables. It is
commonly used for horizontal or directional well drilling
since the string is flexible and allows for greater control and
precision during drilling. Using this technique, a well can
be drilled without increasing the formation pressure and is
used when a well isunderbalanced or initial over-pressuring
is not desired. The downhole drilling components, aside
from the motor, may contain Measurement While Drilling
(MWD) devices including formation pressure, gamma
ray, resistivity, and geosteering readings, which may aid
in determining formation conditions after the material
has been penetrated. Additionally, CT drilling requires a
smaller footprint than percussion drilling.

While CT has the advantage of a smaller footprint, it
requires a more extensive construction and drilling plan
to accommodate specific equipment, depending on well
conditions (depth, pressure, desired drilling direction, etc.),
and special blowout preventers (BOPs) and safety valves.

4.0 Drilling and Completion Operations I

Slimhole Drilling

This drilling method gets its name from the finished
borehole size which is smaller than the standard borehole
size (typically greater than 6.5 inches in diameter).
The advantages of slimhole drilling can include cost
reduction and decreased environmental impact. A
smaller borehole will have an even smaller footprint and
will require less fluid circulation, as well as materials
for casing and cementing. Studies have shown that this
method results in decreased drilling time and requires
smaller drilling crews and less operational equipment. A
few disadvantages to slimhole drilling include reduced
drilling torque due to the smaller equipment. Smaller
collars and bits may require greater energy to penetrate
certain formations. Additionally, collar strength and
weight may become an issue with respect to deep well
drilling. Certain coring, formation testing, and well
logging tools may not be compatible with a smaller
borehole diameter, such that data collection plans may
need to be adjusted before a slimhole drilling program
is initiated.

4.1.3 Drilling Fluids

Fluid-enhanced drilling, although typically slower
than air, is more widely used for deep drilling. Drilling
fluids fall into three groups and include water-, oil-, and
synthetic-based fluids (Lake, 2006). The most common
drilling fluid is water-based, but the other fluids offer
characteristics that may work better in certain situations or
with certain geologic units. Maintaining the permeability
of the formation is critical when drilling into the target
injection zone. A proper drilling fluid should be selected
that will not react with the formation. Drilling fluids
could potentially cause precipitates to form when the
geochemical make-up of the formation and the formation
water comingle with the drilling fluids. The production
of precipitates could cause a significant reduction of the
permeability of a target injection formation.

Water-Based Fluids: Fresh water, sea water, or brine can
be used as a drilling fluid. Depending on the borehole
and geologic conditions, bentonite may be added to the
water to help lift the cuttings to the surface, to reduce
fluid loss, or to help maintain the hydrostatic pressure in
the borehole to prevent cave-in.

Oil-Based Fluids: Oil-based fluids can include a mixture
of oils or oils and water. The oils can include diesel fuel,
mineral oil, or low-toxicity linear paraffins (Lake, 2006).
These fluids were designed to control clays that swell
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and slough into the hole when drilling with water-based
fluids. The increased lubrication characteristics of the oil-
based fluids can also assist in removal of stuck tools and
increase penetration rates. Typically, the oil-based fluids
include 10 to 20 percent fresh water, sea water, or brine.
For long intervals of shale, an all-oil fluid may be used.

One disadvantage of using these types of drilling fluids
is the potential for environmental impacts to water
supplies in the subsurface and at the surface. As a result,
oil-based fluids should not be used near potential potable
water aquifers, and the cuttings and drilling fluids must
be properly handled and disposed of in an approved
manner. In general, oil-based fluids are not preferred for
CCS injection or monitoring wells, but may be necessary
under certain geologic conditions.

Svnthetic-Based Fluids: In order to reduce the potential
environmental impacts caused from oil-based fluids,
yet still take advantage of the positive attributes, a
synthetic-based fluid may be used. Like oil-based fluids,
synthetic-based fluids are used to maximize penetration
rate, increase the lubricating qualities in directional wells,
and minimize wellbore stability problems associated with
certain formations (Lake, 2006).

4.1.4 Materials Handling

There are four areas of materials handling that need to
be addressed during drilling operations: drilling fluids,
waste water, produced water, and drill cuttings. All of
these materials need to be properly managed and disposed
of during the operations. Table 4-2 presents several
recommendations for material/waste reduction, disposal,

Table 4-2: Residual Waste Management Considerations

Water Reduction Strategies Disposal Options Beneficial Reuse Potential
Category
Smaller Diameter Burial Recycling/Reprocessing Oil- and Synthetic-Based
Wellbores Muds
Multiple Bores from Single I
Wellhead Land Application
Drilling | yse Air Bioremediation
Fluids - - .
Advgnced Mud Processing Salt Cavern Disposal Enhanced Mud Recovery from Drilling Equipment
Equipment Technology
Thermal Treatment
Advanced Mud Formulas
Commercial Disposal
w Grading to Divert Rain Injection Well Disposal Underground Injection for Future Use
aste -
Water Around and Away Evaporation
Water from Pad Underground Injection for Increased Oil Recovery
Offsite Commercial Disposal
Discharge (Generally Prohibited Except | Underground Injection for Hydrological Purposes
Under Effluent Limitation Guidelines for | (i.e., Controlling Subsidence, Blocking Salt Water
Agriculture and Wildlife Subcategory) Intrusions, Augmenting Ground Water/Stream Flows)
Underground Injection Underground Injection for Increased Oil Recovery
Produced Evaporation Industrial Use
Water Agricultural Use
Domestic Use
Offsite Commercial Disposal
Road De-icing
Erosion Control (Following Separation and Treatment)
smaller Diameter Onsite Burial Fill Material
Wellbores
Drill Closer Spacing of Landfill Disposal Daily Cover of Landfills
(i Consecutive Casing Strings
Cuttings - — -
Slimhole Drilling Slurry Injection Concrete and Brick Filler/Aggregate
. . - Commercial Disposal Options — . .
Coiled Tubing Drilling Including Salt Cavern Disposal Encapsulation and Use as Road Foundation




and potential re-use based on industry best practices.
Regulatory agencies typically approve material handling
plans and can aid in determining specific reduction,
disposal, and potential reuse procedures for a specific site.

Drilling Fluids

There are several strategies for reducing the volume of
drilling fluids necessary for drilling. These include opting
for smaller boreholes, using air drilling methods, and
employing advanced drilling mud formulas and recovery
options. Once collected, some spent drilling mud may
be reusable if collected and processed using advanced
recovery equipment. If drilling mud cannot be reused, then
it must be disposed of or treated in an approved manner.

Waste Water

The primary mode for reducing waste water is to grade
the site to avert water runoff. Waste water is usually
disposed of in disposal wells, allowed to evaporate, or
moved offsite for commercial treatment and/or disposal.

Produced Water

Produced water is also in many cases handled as waste
water that is generated as a result of the drilling activities.
These can be managed through one of three broad
approaches: waste minimization, beneficial reuse, and
disposal. It is important to note, however, that legal liability
remains with the company who produced the waste
initially, regardless of its final disposition (ANL, 2009a).
Detailed approaches for drilling fluid waste management
are available in Appendix F.

Drill Cuttings

It is important to calculate expected volumes of drill
cuttings and to have a plan for their handling and
disposal. A significant amount of drill cuttings can
be generated, particularly in large diameter and deep
boreholes. Since there are potentially a large amount of
cuttings, an efficient handling system will be required to
minimize disruption of the drilling progress.

The volume of cuttings is not necessarily equal to the
volume of the hole created by the drilling. It will depend
on the drilling method selected and the geologic material
being penetrated. Typically, air rotary methods produce
larger volumes of dust that has to be handled to prevent
dispersal (usually with a misting system). Fluid drilling
methods will typically produce larger volumes of cuttings
than air rotary methods because the cuttings are captured
by the drilling fluids.
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The cuttings are separated from the drilling fluids using
a “Shale Shaker.” They are removed and dried while the
drilling fluid is re-circulated into the borehole. During
this process, course and fine cuttings are produced. Since
the coarse cuttings are comprised of ground rock with
some coating of drilling fluid, they can be of beneficial
use; however, analytical testing of the material may be
required to ensure that any contamination present is
below regulatory levels. They can be used as road base
or fill material. If no specific beneficial onsite use can
be established, the cuttings may have to be transported
offsite to a landfill for daily cover or may be used as
backfill at other sites. Local and state requirements and
restrictions may place restrictions on offsite use and
should be investigated during site planning.

4.1.5 Potential Drilling Issues

As with any technology, drilling operations, even though
thoroughly planned, can encounter problems in the borehole
that can result in significant downtime and delays in the
completion of wells. Two common borehole problems are
when the drilling tools get stuck or lost due to:

* Properties of the geologic units.

* Effectiveness of drilling fluids.

* Loss of circulation.

* Insufficient drill cutting recovery.
* Mechanical problems.

* Human error.

The subsurface geologic units being drilled are complex,
and sometimes the drilling process introduces materials
that may alter properties of the rocks resulting in a slight
shift or swell in the borehole. This slight shift or swell
could cause the drilling tools to become stuck, and if this
occurs at a significant depth, the borehole might have
to be abandoned. If the drilling fluids are not properly
maintained, the borehole may become plugged, causing
loss of circulation. Loss of circulation can also be caused
by “takes,” where the drilling fluids enter fractures or
voids and are not returned to the surface. When this
happens, cuttings can accumulate in the annular space
or the borehole wall can collapse, making it difficult to
turn or remove the drill stem. If periodic adjustments
to the drilling fluids are not made when appropriate,
cuttings may not be recovered, causing accumulation
in the borehole. Mechanical problems with any of the
equipment can also bind the drill stem in the borehole,
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such as a mechanical breakdown of the drill bit or a
bent drill pipe. Human error can be reduced by using
experienced drillers who can foresee problems before
they occur and make the proper adjustments.

‘When tools become lost in the borehole, due to mechanical
problems or human error, those tools have to be “fished”
or retrieved from the borehole. Retrieving tools in deep
boreholes can be difficult and time consuming. Several
techniques have been developed over the years to help
correct problems when they occur. Figure 4-6 illustrates
some examples of fishing tools that may be implemented
to capture lost tools.

Failure to remove or recover lost tools can lead to
significant increased costs, especially if the loss occurs
deep in the borehole or near completion. Failure to
recover the tools will require the drilling of a new hole,
which may include re-siting of the well, or kicking off
and redirecting the boring from above the stuck tool. In
addition to the cost of the lost tools and fishing efforts,
additional costs will also be incurred for proper closure
of an unsuccessful borehole.
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4.2 Formation Evaluation

Formation evaluation is conducted to test the physical and
chemical properties of the rock formations. These tests
include logging and testing of the geologic formations
encountered to confirm the suitability of the geology at
the site. The span and complexity of the logging and
testing program is site-specific and the types of data
gathered are dependent on locally available geologic
information and regulatory mandates. Geologic
information is collected at various times throughout the
drilling process. Mud logs are run to collect formation
and fluid characteristics of the subsurface. Core samples
are used to collect information on the injection and
confining zones. Drill stem tests (DSTs), reservoir
tests, open-hole tests, and logging operations are used
to determine downhole conditions and collect critical
geologic and fluid information as discussed below.

4.2.1 Logging

Mud logging and fluid characterization analyses are
commonly performed during drilling. These techniques
allow a near real-time observation of the current
formation being drilled via the cuttings recovered from
the circulated drilling fluid. The analysis is also used to
confirm the presence and depth of the various expected
lithologies within the confining and injection zones.
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Figure 4-6: Various Fishing Tools that May be Used to Retrieve Lost Tools
(Tarton Controls, Inc., 2005)



Data collected and interpreted with logging tools
provides an understanding of subsurface formation rock
and reservoir properties. This understanding allows for
the identification and analysis of depths and conditions
for potential injection zones where entrapment of CO, is
potentially feasible.

Table 4-3 shows several examples of logs performed by
RCSP pilot projects. Figure 4-7 shows an example of
an open-hole wireline log. More detailed information
regarding these logging methods can be found in the
MVA Manual and in the DOE document: “Evaluation of
Geophysical Technologies for Application to CCS.”

Logging packages, which have been developed to suit
the needs of the petroleum industry, are also applicable
to CO, storage projects. A variety of technologies exist
which are useful for geological characterization, validation
or correction of existing or vintage data, and monitoring
CO, movement within the subsurface. While many logging
service providers offer similar technologies, specific
measurement applications can vary between individual
geophysical tools and among service providers. A typical
standard log suit often includes Gamma Ray, Resistivity,
Density, Neutron Porosity, Caliper, Spontaneous Potential,
and often times a Sonic log.
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Advanced logging packages are also available from
several logging companies and serve a much more
specific purpose in augmenting the standard logging
suite. A magnetic resonance log, for example, may serve
to determine free moveable water within a formation,
a formation imaging tool can be used to identify faults
and fractures, and a capture spectroscopy log can detect
elemental concentrations in the subsurface which can
be used to analyze mineralogical concentrations within
a formation. Oftentimes, advanced logging packages
may require additional processing and/or supplementary
information for interpretation. More detailed information
regarding these logging methods can be found in the DOE
document: “Evaluation of Geophysical Technologies for
Application to CCS.’1°

Logging can be conducted after the casing is cemented in
place to assess the cement-to-formation and cement-to-
casing bond quality. The log commonly utilized to assess
these bonds is known as a CBL and will be discussed
further under the Well Evaluation step. Formation and
cement imaging, porosity, density, and CBLs are several
types of data used to confirm that the casing and cement
are properly set. Other logging instruments are designed
to identify fluid flow pathways behind the casing or to
assess the integrity of the casing itself. Cased hole logs

Table 4-3: Some Examples of Open-Hole Logs Performed by RCSP Projects

Logging Data Channels

Common Applications*#

Density Formation Density, Calculated Porosity

Neutron Compensated Total Porosity

Caliper Borehole Diameter and Rugosity

Sonic Primary and Secondary Porosity, Calculated Pore Size Dist.

Micro Imaging

Fractures and Micro Resistivity

Resistivity

Deep Formation Resistivity

Magnetic Resonance

Presence of Movable Fluid Within Formation

Elemental Capture

Presence of Multiple Elements Within Formation

Gamma Ray

Formation Natural Gamma Ray

* Further applications are possible through data processing and modeling.
# See MVA Manual for further details concerning logging tools.

10U.S. NETL, Evaluation Of Geophysical Technologies For Application To CCS Final Topical Report;

Cooperative Agreement No.: DE-FC26-08NT43291, (2011).
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are also utilized to correlate the depth of the injection
zones with other open-hole measurements. It is noted
that various factors can affect the performance and
reliability of geophysical logs. For example, a washed
out or rugous borehole will have a significant effect
on many pad-type geophysical tool readings, such as a
density log.

Logs of adjacent (or offset) wells within a study area
are routinely performed to correlate injection and
confining zones, determine an area’s initial pre-injection
conditions, and to help determine the variability and
anisotropy expected to be encountered within the study
area. This pre-injection data are used to help model and

estimate future plume migration or reactions caused by
the presence of entrapped CO,. Monitoring wells are
often logged and routinely checked for detection of CO,
migration and formation integrity during the lifetime of the
injection project. Figure 4-8 shows how open-hole logs
may be correlated to develop a stratigraphic cross-section.
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Figure 4-7: Example of an Open-Hole Wireline Log
(SECARB, Final Report: Plant Daniel Project Closure Report, Volume 1 of 2, 2010)
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4.2.2 Coring

Core samples, specifically whole rock cores, can provide
data on both the confining and injection formations.
Cores allow for physical and chemical inspection and
analysis of key properties of the zones being considered
for storage. Chemical core analysis may help predict
potential long-term reactions due to CO, injection. There
is a provision in the U.S. EPA Class VI UIC permit which
indicates that regulators can request information about
the geologic properties of sealing formations. Therefore,
it is recommended that regulators be contacted during
the development of a coring program.

Coring Techniques

There are three methods of collecting rock cores. The first
two methods, conventional coring and wireline coring,
both require the use of a core barrel that can be 10 to 60
feet in length. The core barrel is equipped with a diamond
studded bit that is hollow in the center (Figure 4-9). As
the drill string is rotated, fluid is circulated through the
center of the drill pipe and core barrel to cool the bit and
remove the cuttings. As the drill string is advanced, it
cuts the rock and the core sample slides up the center of
the barrel into an inner barrel or sleeve with a retaining
device. There are a number of core barrel types that
range in diameter from one to six inches.

For conventional coring, the core barrel (typical cores
are 10 to 30 feet in length but can be longer) is attached
to the end of the drill string and lowered to the bottom
of the hole. Once the run has been completed (the
length of the core barrel has been drilled), the drill
string is removed from the borehole and the core is
extracted from the barrel assembly either onsite or at
the core analysis laboratory. This method requires an
appropriate amount of rig time because the drill string
has to be removed from the hole (tripped out) to retrieve
each interval of drilled core.

Wireline coring is similar to the conventional coring,
except that the inner core barrel is retrieved without
removing the entire drill string. Once the run has been
completed, a “messenger” attached to the end of a
wire cable is sent down the interior of the drill string.
When it reaches the top of the core barrel, it unlocks
and attaches itself to the inner core barrel. The wire is
retrieved and the inner barrel is brought to the surface.
Once the core has been extracted, the inner barrel can
be sent back down the drill string to collect another
sample. This method is effective in deep boreholes where
several consecutive runs are required. This method can
significantly reduce drilling times because the drill stem
does not have to be removed to retrieve each core.

Figure 4-9: Core Bits

(http://en.wikipedia.org/wiki/File:Diamondcorebits.jpg)
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The third coring method is sidewall coring. This method
involves a rotary bit or percussion coring tool that
is lowered into the borehole to selective depths after
the borehole has been drilled. A small core (typically
around one-inch diameter) is collected from the side of
the borehole and the core sample is stored in the tool
so multiple samples can be collected from each run. For
example, the Midwest Regional Carbon Sequestration
Partnership (MRCSP) collected 48 sidewall core samples
at the R.E. Burger Site in two sampling runs. One benefit
of this method is that it allows for the economical
collection of rock samples from multiple levels in the
well after a basic logging suite has been collected. In
addition, it is an economical method to assess formations
that have not been encountered before. Sidewall cores
can be targeted, for example, for specific porous intervals
that may represent a potential injection zone. A limitation
of the method is that the core is not continuous, so small-
scale changes in lithology could be missed. Oftentimes
it is beneficial to run a microimaging log to supplement
sidewall core data. Another limitation of sidewall coring
is that the small sample size can increase the uncertainty
in some laboratory measurements of rock properties.

4.2.3 Drill Stem Testing

Well tests that are conducted with the drill string still
in the hole are referred to as drill stem tests or DSTs.
DSTs are performed to determine the types of fluids in
the formation and to estimate production, injectivity,
formation pressure, permeability, and relative formation
damage. More specifically, DSTs are used to:

 Evaluate the formations of interest before casing and
completing the well so that these costs can be avoided
if formation properties turn out to be unsatisfactory.
WESTCARB used this approach at the Cholla well in
northeastern Arizona. A DST showed that the target
reservoir formation had negligible permeability, so
the well was abandoned without incurring most of the
casing and completion costs (Myer, et al., 2010).

* Test the well with minimal environmental impacts at
the surface because there is little or no release of fluids.

* Collect data that can be used to standardize and
correlate with logs that are run in the wellbore.

4.0 Drilling and Completion Operations I

A DST uses temporary downhole packers to isolate
the zone of interest. Valves control the production of
reservoir fluids into the drill pipe and to control the
flow time. Following the test, the equipment is retrieved
from the well. The analysis of the test results is typically
undertaken using generally available software packages
or standard methods published in reservoir engineering
textbooks.

4.2.4 Reservoir Fluid Testing

Samples collected from the well are typically sent to a
laboratory for analysis and fluid characterization. Field
service companies may also provide field laboratory
equipment to achieve immediate results. MGSC
contracted a field service company to run a DST in
a formation above the targeted storage reservoir to
determine order-of-magnitude total dissolved solids
(TDSs).

Typically, fluid samples are retrieved and maintained
under in-situ conditions and then analyzed at the
laboratory. Some tools have built-in downhole fluid
analysis capabilities which were primarily developed
to determine when a representative fluid sample,
uncontaminated by drilling fluids, was present in the
flow line prior to sampling. Typically, they consist of
optical spectrometry, resistivity measurements, and
fluorescence, which has the ability of compositional
analysis and hydrocarbon typing but are only able to
see limited elements when compared to laboratory
testing. In-situ fluid properties can also be determined
using advanced downhole tools. This process allows
for near laboratory-quality fluid analysis directly in the
formation. Typical properties of interest are fluid density/
viscosity, chemical composition (TDSs, presence of
CO,, sulfur, etc.), fluid pressure, and temperature.
The subject of reservoir fluid chemistry has received
considerable attention given its impact on the efficacy of
EOR operations.!!

Important issues in fluid testing for reservoirs under
consideration for carbon storage include fluid-compatibility
effects, the products of reactions (e.g., emulsions and
scales), and the precipitation of the dissolved solids
(e.g., salt). The testing of the reservoir fluids is crucial for
determining potential workovers/treatments that may be

11 Mullins, O.C., 2008, The physics of reservoir fluids — Discovery through downhole fluid analysis: ISBN — 10097885302-4 is a an excellent

reference for downhole fluid analysis.
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required to maintain the operating efficiency of an injection
well(s). Additionally, fluid analysis results can be utilized
by models to better determine scenarios for injection and
post-injection. Potential issues with injection pressure, CO,
dissolution, and plume distribution can be assessed prior to
injection operations based on the results of fluid testing.

4.2.5 Open-Hole Testing

Open-hole tests are used to develop injection parameters
and strategy. Common methods include DSTs, wire-line
formation tests, and step-rate injection tests. DSTs and
wire-line formation tests can be utilized to calculate
the reservoir pressures in potential injection formations.
Step-rate injection tests go a step further and can be
employed to determine the fluid-formation pressures
expected during injection. In this approach, brine or
a native formation fluid is injected at increasing rates
and pressure increases are monitored in the well and
injection lines (and possibly nearby monitoring wells).
By monitoring the change in formation backpressure, it
is also possible to determine permeability parameters.
For additional information, see Matthews and/or
Earlougher.'>13

4.2.6 Evaluating the Suitability of the Formation

After the borehole is drilled and the appropriate suite
of tests has been conducted and analyzed, the operator
reaches a decision point (indicated by the first red
decision point in Figure 4-1) regarding the suitability of
the potential reservoir for the intended project purpose.
If the results indicate changes in the Detailed Site
Development Plan are warranted, the operator should
decide whether to proceed with the project and if so,
make the appropriate changes before going onto the next
phase, Well Construction. This is an important decision
point and could lead to costly delays if not thoroughly
carried out.

4.3 Well Construction

This section focuses on casing strings, cementing, and
wellhead equipment. Well construction practices in
CCS are similar to or based upon standard practices in
the petroleum industry even though there are different
regulatory requirements. The new EPA UIC Program
construction requirements include standard construction
and performance requirements for Class VI wells for
injection of CO,." Well construction and completion
costs may prove to be a large factor in the project due
to casing and cement in the injection well. Completion
costs will be dependent on the purpose of the well,
technical specifications, and requirements of the EPA
UIC Program.'® In addition, any costs associated with
well stimulation will need to be included.

Table 4-4 presents a summary of some American Petroleum
Institute (API) and American Society for Testing and
Materials (ASTM) Well Construction Specifications. API
specifications cover all aspects of well construction, but
ASTM only covers aspecification for the type of well cement.
Several private companies have developed guidelines and
manuals for well construction and intervention.

In general, materials selected for the construction of CO,
injection wells (e.g., casing, tubing, cement, completion
hardware) need to be non-reactive to the native groundwater
or brines. In addition, they must be non-reactive to the
CO, stream or any acid-gas impurities being injected, and
to the CO,-saturated reservoir fluid. The following section
describes some of the common well materials.

4.3.1 Casing Strings

Installation of casing strings occurs at discrete points
during the well construction process. Casing strings
are used to maintain borehole integrity during drilling,
assist in the drilling process, and protect against
unwanted migration of fluids and gases (e.g., into
shallow groundwater). Casing strings are installed in
a telescoping fashion, from the largest diameter at the

12 Matthews, C.S., Russell, D.G., 1967, Pressure buildup and flow tests in wells: SPE Henry L. Doherty Series Monograph,

v. 1, ISBN 978-0-89520-200-0.

13Earlougher, R.C., 1977, Advances in well test analysis: SPE Henry L. Doherty Series Monograph, v. 5,

ISBN 978-0-89520-204-8.

14 A detailed discussion of the six existing UIC well classes is available on EPA’s UIC website (http://water.epa.gov/type/groundwater/uic/

wells.cfm).

15 Please see the EPA UIC Program website for additional information: http://water.epa.gov/type/groundwater/uic/index.cfm.
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Table 4-4: APl and ASTM Well Construction Specifications

API Specification ASTM Specification Construction Application
5CT Casing and Tubing
5L Line Pipe
6A Wellhead and Christmas Tree Equipment
6D Pipeline Valves
10A C150 Well Cement
10D Bow-Spring Casing Centralizers

surface to the smallest diameter at the greatest depth.
The number of required casing strings is dependent on
the geologic formations being penetrated, the depth
of the well, and by state and Federal regulations. It is
important to have accurate geological information so
that the proper number of casing strings can be included
in the well design prior to drilling.

Typically, the first casing, known as the conductor casing,
is set to a shallow depth and is large to prevent the collapse
of the loose soil near the surface during drilling operations,
prevent surface erosion caused by drilling fluids, and
provide strength for installation of wellhead equipment.
This initial casing needs to have a large enough diameter to
accommodate the additional concentric casing strings that
will be installed as the well is completed. The second casing,
the surface casing, is set deeper (hundreds to thousands of
feet) with the primary purpose of isolating USDWs from
deeper formations. Once the borehole is advanced through
the overburden material, the casing is placed in the hole
and cemented in place from the bottom up in the annular
space between the casing and the borehole. Once the
cement has cured, drilling with a smaller diameter bit can
continue through the surface casing.

Intermediate casing is used to prevent hole collapse in
weak formations, isolate different zones that may have
different pressures and water chemistry, and to allow
different density drilling fluids to control lower formations.
Although EPA establishes casing material requirements
as part of their groundwater protection efforts, the casing
grade should be carefully selected by a drilling engineer
based on geologic conditions. A variety of materials,
alloys, and coatings are available to address corrosion of
well casings and tubing. Injection casing and tubing are
classified by API type of steel (H-Q) and minimum yield
pressure (40-125+ thousand pounds per square inch). In
general, higher grades of steel are designed for deeper

wells, higher temperatures, higher pressures, and corrosion
resistance. Many grades of steel are designed to be more
ductile to prevent brittle failure from hydrogen sulfide
(H,S) gas, also known as “sour gas.”

Carbon dioxide is referred to as “sweet gas” when
encountered in the oil and gas industry and can cause
pitting and pinhole leaks in casing, joints, tubing, and
packers. Typically, an API grade of L-80 or greater is used
for these applications. If the nitrogen dioxide (NO,) and
sulfur dioxide (SO,) result in a similar acidic corrosion
process, then the same grade of steel may be sufficient
for these compounds as well. Other options for corrosion
resistance include alloy plating (nickel, chrome, etc.),
polymer coatings, stainless steel, and fiberglass casing.
These options are typically more expensive and more
difficult to handle in the field and are susceptible to damage.
Many operators use common steel grades (J-55) with few
problems, so long as they produce or inject relatively pure
CO,. Some EOR fields encounter significant corrosion
when injecting water alternative CO, gas. The partnerships
used many different grades of casing to meet the various
conditions in which wells were located.

Each successive casing interval is cemented in place as
described above and drilling continues with progressively
smaller and smaller bits. Stabilizers, or “centralizers,”’
are installed around the casing, particularly at depth, to
keep the casing string centered in the hole. If stabilizers/
centralizers are not used, the casing string could rest along
the borehole walls and prevent a proper seal with cement.
The lack of stabilizers/centralizers may also result in
difficulties with insertion and retrieval of the drilling tools.

The final string of well casing, the injection casing, inner
casingstring,or “longstringcasing,”’isrunintoth