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ABSTRACT
Objective:
Total oil in place estimates for the Bakken Formation range from a minimum of 32 billion barrels (Bbbl)
to over 400 Bbbl. Most estimates for primary recovery range from 3% to 5%. With such low primary
recovery factors and such a large resource, small improvements in productivity could increase North
Dakota’s technically recoverable oil by billions of barrels. The Energy & Environmental Research Center
(EERC) proposes a research program to evaluate the use of CO; to increase the ultimate recovery of
Bakken oil. The objective is to use new and existing reservoir characterization and laboratory data
integrated with reservoir modeling to determine the viability of CO, for enhanced oil recovery (EOR) in
the Bakken Formation. The ultimate goal of the project is to generate previously unavailable knowledge
enabling informed decisions by operators regarding the use of CO, for EOR in the Bakken Formation.
Expected Results:
The results of the proposed work will provide insight regarding relationships between Bakken oil, key
reservoir attributes, and CO, under reservoir conditions toward the effecient use of CO, for EOR.
Duration:
The duration of the proposed project will be 15 months (February 1, 2012, to April 30, 2013).
Total Project Cost:
The total cost of the project is $1,350,000. The amount requested from the Oil and Gas Research Council
(OGRC) is $450,000. Cofunding in the form of cash will be provided as follows: U.S. Department of
Energy (DOE) = $450,000, and combination of cash and in-kind cofunding totaling at least $450,000
from a consortium of Bakken producers, including Marathon Oil Company, Denbury Resources Inc., and
TAQA North Ltd.
Participants:
Participants include the EERC, DOE, and to date Marathon Oil Company, Denbury Resources Inc., and

TAQA North Ltd.



PROJECT DESCRIPTION
Objectives:
Total oil in place reserve estimates for the Bakken Formation range from a minimum of 32 billion barrels
(Bbbl) to over 400 Bbbl. Most estimates for primary recovery range from approximately 3% to 5%
(LeFever and Helms, 2008). With such low primary recovery factors associated with this massive
resource, even small improvements in productivity will add billions of barrels to the recoverable resource.
The Energy & Environmental Research Center (EERC) intends to evaluate strategies for improving the
ultimate recovery of oil from the Bakken petroleum system. Specifically, the objective of the proposed
project is to use new and existing reservoir characterization and laboratory analytical data (e.g., core
analyses, well logs, oil analyses, etc.) and state-of-the-art modeling to determine the viability of using
CO, for enhanced oil recovery (EOR) in the Bakken Formation. The ultimate goal of the proposed project
is to generate previously unavailable data and technical insight that will enable operators to make
informed decisions regarding the use of CO,-based technologies for Bakken EOR. If positive results are
achieved, then the application of those results can have a significant positive effect on the ultimate
recovery of oil from North Dakota’s vast Bakken resources.
Methodology:
To achieve the objectives of the project, the EERC will form a consortium with initial members Marathon
Oil Company, Denbury Resources Inc., TAQA North Ltd., the North Dakota Oil and Gas Research
Council (OGRC), and the U.S. Department of Energy (DOE). Letters of support received as of the date of
submission are provided in Appendix A. Additional members will be solicited over the next 30-60 days.
The EERC, in close cooperation with its operating partners, will conduct a suite of activities to evaluate
the petrophysical characteristics and reservoir fluids of selected Bakken reservoirs with respect to their
interaction with CO,. References cited in this proposal are presented in Appendix B. The activities will be

organized within two tasks, as follows.



Task 1 — Detailed Characterization of Selected Bakken Fields. Detailed knowledge of reservoir
properties (e.g., lithology, total organic carbon [TOC], water saturation, mineralogy, natural fractures,
shale thickness, etc.) can be used to identify and exploit relationships between those properties and
productivity (Sorensen and others, 2010). For example, the relationship between water saturation and
production may help identify areas amenable to CO, EOR. Figure 1 shows the results of previous EERC
work to examine that relationship. Similarly, data describing reservoir fluid and rock properties for a
given location are crucial for predicting the effectiveness of any EOR scheme (Klins, 1984). Task 1 will
focus on characterizing a minimum of three Bakken study pools (as determined by the participating
operators) from the perspective of EOR. The concept of the project is to evaluate potential CO, EOR
schemes in at least two different Bakken system regimes: 1) thermally immature, structurally controlled
reservoirs such as those that occur in the northern-tier counties of North Dakota and 2) reservoirs in the
thermally mature portion of the Bakken near the center of the basin. Table 1 summarizes the key activities

to be conducted under Task 1.

Figure 1. 15-month cumulative oil production (left) compared to water saturation (right).



Table 1 - Summary of Task 1 Activities and the Anticipated Resulting Data Sets

Task 1 Activities Resulting Data Sets

Core-Based Lithofacies and Fracture 0 Detailed measurements and descriptions of macroscopic

Studies (descriptive, nondestructive attributes (e.g., depositional and postdepositional features,
evaluations of up to 10 wells per study fossils, fractures, etc.) of slabbed core samples.

pool) o0 Classification of lithofacies based on depositional environments.
Core-Based Petrographic Studies (three | o  Detailed descriptions of mineral assemblages, rock fabric,

to five wells per study pool, with three fossils, and microstructure (including microfractures) through

to five thin sections per well to cover the use of standard optical techniques.

the key lithofacies) o Verification and validation of mineral assemblages using X-ray

diffraction (XRD) and/or scanning electron microscopy (SEM)
analytical techniques.

Relative Permeability Testing of Core | o Generation of CO,/water/oil relative permeability curves for a
(maximum three per study pool) selected zone of the reservoir.

Comparison of Core to Well Log Data | o Correlation of log responses to key petrophysical attributes.

Integration of New Core/Log Data with | o  Application of geomechanical, mineralogical, and other data
Previously Generated Data Sets generated by previous EERC research activities toward the
evaluation of the selected fields.

Static Geological Model Development | o Creation of isopach maps and cross sections of key lithofacies.
(two to three fields will be selected) 0 Creation of a 3-D static model of the field or area of interest.

Task 2 — Examination of the Use of CO, for EOR in the Bakken. The challenges of EOR within the
Bakken have to do with the mobility of traditional fluids (i.e., reservoir fluids and injected water vs. CO,,
polymers, or surfactants) through natural or induced fractures relative to very low matrix permeability,
and the aversion of exposing swelling clays to water, which can reduce permeability and damage the
formation. Further, the oil-wet nature of much of the Bakken system will dramatically minimize the
effectiveness and utility of water flooding. With these issues in mind, the use of CO, as a fluid for EOR in
the Bakken may be effective. To predict the performance of CO, EOR in the Bakken, the EERC will
conduct a suite of experimental and modeling activities to help quantify phase behavior and fluid
properties under reservoir conditions. The data generated by Task 2 activities will be integrated with data
and static models generated in Task 1 to conduct dynamic simulation modeling for at least two Bakken
reservoirs. Table 2 summarizes the activities to be conducted under Task 2.

Anticipated Results:

While the use of CO, in conventional reservoirs is a widely applied and well understood practice (Jarrell

and others, 2002), its use for EOR in tight oil reservoirs is a relatively new concept. In conventional




Table 2 - Summary of Task 2 Activities and the Anticipated Resulting Data Sets

Task 2 Activities Resulting Experimental Materials and/or Data Sets
Acquisition of Reservoir Fluids 0 Crude oil samples from the selected study pools for use in
(to be provided by operators) analytical and experimental activities.
Laboratory Determination of Key | o  Standard fluid properties, including formation volume factor
Bakken Oil Properties Relevant to for gas and oil, viscosity for gas and oil, and solution gas-to-oil
CO,-Based EOR ratio (GOR)

o Oil composition

0 API (American Petroleum Institute) gravity

0 Thermodynamic minimum miscibility pressure (MMP)

o0 Crude oil swelling

o Crude oil viscosity reduction

0 Single- and multiple-contact phase volumes
Dynamic Modeling 0 Phase equilibrium modeling of the reservoir fluid/CO, system

under relevant conditions.
0 Core scale simulations based on Task 1 and 2 data.

reservoirs, vertical heterogeneity and relative permeability characteristics can have a significant effect on
the effectiveness of an EOR scheme, and fracture networks are considered to be detrimental to EOR
operations (Jarrell and others, 2002). In tight oil reservoirs such as the Bakken, which rely on a sustained
fracture network for the bulk of their productivity, the conventional notions of positive and negative
attributes may or may not apply. The results of the proposed work will provide insight regarding the
relationships of the Bakken system and injected CO, under reservoir conditions.

The Bakken Formation comprises a series of complex lithofacies with variable distribution and
properties. Vertical heterogeneity in the Bakken is directly tied to the occurrence and nature of those
lithofacies. Understanding the presence and nature of fractures within and across the various lithofacies is
also critical to developing an accurate model of a Bakken reservoir and predicting the effectiveness of
CO; injection for EOR. Detailed descriptions of core will allow for the identification and quantification of
facies and fracture distribution within a given area. Petrographic analyses of rock thin sections will help
to improve the basic understanding of the petrographic properties that contribute to the productivity of a
reservoir. The knowledge gained from studies of lithofacies and attendant petrographic properties will
provide guidance in the assessment of reservoirs with respect to the application of CO,-based EOR

techniques, particularly when applied to the development of static geologic models.




The proposed activities will yield data such as MMP, oil swelling and viscosity reduction, and single-
and multiple-contact phase volumes. These will be generated by applying standard pressure—volume-
temperature (PVT) studies and the vanishing interfacial tension (VIT) technique to Bakken oil samples.
Because understanding the pressure regime of a reservoir is a critical component in predicting the
effectiveness of CO, for EOR, and areas of the Bakken are known to be overpressured (Meissner, 1978),
the EERC will also mine publicly available well files and other data sources to develop detailed maps of
the pressure regime within the Bakken system. Taken as a whole, the data generated will provide the
critical information necessary to evaluate the viability of CO, for EOR in the Bakken Formation.
Facilities:

Testing will be conducted at the EERC’s Applied Geology Laboratory (AGL), Natural Materials
Analytical Research Laboratory (NMARL), and Analytical Research Laboratory (ARL). The AGL
conducts geomechanical, petrographic, geochemical, and customized core sample-related experiments
designed to solve targeted problems in the oil and gas industry. The NMARL includes XRD, x-ray
fluorescence (XRF) and SEM systems. The ARL conducts wet-chemistry and advanced trace elemental
analyses. The EERC’s experienced staff encompass the geology, chemistry, physics, and engineering
disciplines. These laboratories have decades of experience and have been instrumental in conducting a
broad range of research to support previous Bakken research activities and reservoir condition
experimental work in support of the EERC’s Plains CO, Reduction (PCOR) Partnership Program.
Resources:

The project team includes personnel from the EERC. Cost share committed to date for the project will be
provided by Marathon Oil Company, Denbury Resources Inc., TAQA North Ltd., and DOE through its
Cooperative Research and Development Partnership Program with the EERC. The proposed methodology
has been designed to achieve the project objectives while allowing the flexibility to perform research and
analysis-based findings that could influence the scope of laboratory testing and modeling. The project

team will work closely with OGRC and other project partners through project meetings and quarterly



reporting to ensure project quality and timeliness. The educational contribution of the project will be
fulfilled by a number of conference presentations and publications, including for the Society of Petroleum
Engineers (SPE), for the Williston Basin Petroleum Conference, and public reporting to DOE and OGRC.
Techniques to Be Used, Their Availability and Capability:

Core-based lithofacies and fracture studies will be conducted on slabbed core samples that are readily
available for examination at the North Dakota Geological Survey Core Library (NDGS-CL) in Grand
Forks. All core-based analytical activities (including petrographic studies and relative permeability
testing) will be conducted at the EERC. Specifically, the EERC will use currently available thin-section
manufacturing equipment, optical microscopes, relative permeability testing equipment, and XRD and
SEM systems (see Appendix C for detailed description of relevant EERC capabilities).

The EERC will experimentally determine MMP for recombined live oil with 99.9% pure CO, at
reservoir temperature using the VIT technique according to the methods described by Saini and Rao
(2010), provided in Appendix D. Recombined live oil for the MMP testing will be generated by an
experienced commercial laboratory using Bakken oil samples. The VIT technique relies on the
measurements of gas/oil interfacial tension (IFT) at several pressures and reservoir temperature. A high-
pressure, high-temperature optical cell (HPHTOC) apparatus will be used to perform the VIT technique.
The EERC will fabricate a HPHTOC apparatus for the purpose of this project.

Static and dynamic modeling activities will be conducted using industry standard software. The
modeling activities will be conducted on computer hardware currently existing at the EERC. Modeling
hardware at the EERC includes a high-performance computer cluster that is designed and dedicated to
serve the needs of advanced reservoir modeling and simulations.

Environmental and Economic Impacts while Project Is Under Way:

No significant environmental or economic impacts are anticipated as a result of these activities.
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Ultimate Technological and Economic Impacts:
The North Dakota Department of Mineral Resources estimates that original oil in place (OOIP) for the
Bakken petroleum system (including the Three Forks) is approximately 170 Bbbl. If the application of
CO, for EOR could improve the recovery factor by a modest 1.1%, that improvement in recovery would
translate to an additional 1.87 Bbbl of oil production from the Bakken/Three Forks. Assuming an average
oil price of $80/bbl, this would equate to approximately $150 billion worth of oil.
Why the Project Is Needed:
While the facts of current productivity in the Bakken system are bullish and appear sustainable for at least
the coming decade, maximizing the productivity of the Bakken system and prolonging the productive life
of the play are essential to maintaining long-term economic growth of the oil industry in North Dakota.
Already in Montana, the prolific production fields of EIm Coulee are rapidly approaching bubble point. In
essence, without a qualified EOR strategy, the bountiful oil resource of the Bakken system will not be
fully realized. The tight, unconventional nature of the Bakken system requires innovative approaches to
EOR, and the proposed research activities are necessary to expand the critical knowledge base regarding
the potential use of CO,. The results of the project will provide industry and the state of North Dakota
with a foundation for developing a pathway to efficiently and economically improve Bakken oil recovery.
STANDARDS OF SUCCESS
Success will be measured according to the timely achievement of project milestones and development of
deliverables that meet the goals of the project. The value to North Dakota is improved understanding of
the Bakken with respect to future EOR and potentially improved oil production from the Bakken. Results
may directly influence industry practices and lead to improved oil recovery, with a potential of over
1 Bbbl of incremental recovery. It has been estimated that a 10-to-20 year life span for the Bakken play in
North Dakota will equate to 3000 to 3500 long-term jobs (Helms, 2010). Successful development of EOR
technologies for the Bakken play would extend the life span of those jobs for at least another decade.

Commercial use of the project’s results will rely not only on the nature of those results, but also on the
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availability of commercial CO,. While current CO, supplies in the Williston Basin are limited, projects to
bring additional CO, to the EOR marketplace are in various stages of development, with the Boundary
Dam power plant in southeastern Saskatchewan scheduled to begin capturing over 1 million tons/year of
CO, in 2013. Success of the project will also be based on the development of previously unavailable data
sets and production of technical documents for public dissemination. The EERC will produce high-
quality publications to be downloadable from the OGRC Web site and technical publications peer-
reviewed by organizations such as SPE targeted to the oil and gas audience.
BACKGROUND/QUALIFICATIONS
Resumes of key personnel are provided in Appendix D. James Sorensen, EERC Senior Research
Manager, will be the project manager and a co-principal investigator (P1) on the project. Darren Schmidt,
EERC Senior Research Advisor and Professional Engineer, will serve as the other co-PI. Other key
personnel include Charles Gorecki (Senior Research Manager, static and dynamic modeling leader),
Steven Smith (Research Manager, leader of the EERC AGL), Dr. Dayanand Saini (Research Engineer,
MMP testing leader) and John Harju (EERC Associate Director for Research).

The EERC is a high-tech, nonprofit branch of the University of North Dakota (UND). The EERC
operates like a business; conducts research, development, demonstration, and commercialization
activities; and is dedicated to moving promising technologies out of the laboratory and into the
commercial marketplace. The EERC’s oil and gas experience is housed within its Center for Oil and Gas
and the PCOR Partnership. The Center for Oil and Gas is a specialized technical group at the EERC
focusing on design and implementation of new approaches to the exploration, development, and
production of oil and gas. Practicing under the long-standing EERC philosophy of collaboration and an
interdisciplinary approach, the group’s success is based on developing effective partnerships with the oil
and gas exploration and production industry and government agencies. The projects conducted in the past
include studies focused on the Powder River, Denver—Julesburg, Williston, and Alberta Basins.

Since 2008, the EERC has conducted a series of multidisciplinary research projects, funded at a level

of more than $1 million by DOE, to identify key attributes of successful Bakken wells and provide
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technically based guidance to stakeholders regarding future exploitation efforts. The EERC’s Bakken
Research Program has integrated field- and laboratory-based data sets to evaluate and compare key
attributes of the Bakken play in North Dakota. The four primary topic areas upon which the research
program focused are geology, geochemistry, geomechanics, and engineering. The Bakken Program
included the development of a Web-based geographic information system (GIS) database of well drilling,
completion, stimulation, and production statistics. A variety of laboratory-generated data on the
mineralogical, geochemical, and geomechanical properties of samples from over 80 locations and several
of the most widely used proppant materials were also generated and applied to the evaluations. The
results of the program have been published in two final reports to DOE (Sorensen and others, 2010 and
Schmidt and others, 2011) and an SPE peer-reviewed paper (Bremer and others, 2010).

MANAGEMENT
The EERC manages on the order of 300 contracts annually with 1170 clients in 51 countries and all 50
states. Best practices and dedicated professional staff are provided to EERC project managers and clients
in regard to fund accounting, budget reporting, contract milestone tracking, and contract services. The
deliverables of this proposal will be incorporated into a contractual agreement ensuring timely delivery of
milestones and fund management on a cost-reimbursable basis. Progress reports will be prepared on a
quarterly basis and will serve as a means of evaluating the project with respect to budget, schedule, and

technical achievement. The evaluation points are identified in the following Gantt chart.
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TIMETABLE

Task

M-15

Task 1-Detailed Characterization of Selected
Bakken Fields
Task 1.1 - Lithofacies and Fracture Studies

Task 1.2 — Petrographic Studies

Task 1.3 — Relative Permeability Testing
Task 1.4 — Core to Log Correlation
Task 1.5 — Data Integration

Task 1.6 — Static Modeling

Task 2-Examination of the Use of CO, for
EOR in the Bakken Formation
Task 2.1 — Acquisition of Fluids
Task 2.2 — Lab Studies on Oil Properties
Task 2.3 — Dynamic Modeling
Reporting
Quarterly Reports
Final Report

M7 [ M8 |
T |

A

1]

M9 [ M0 [ ma1 [ w12 [ mas [ masg
T T | | T

BUDGET
NDIC's EERC DOE Industry Total Project
Project Associated Expense Share Share Sponsor's Share

Labor $ 404,669 | $ 289,346 | $ 358,400 [ $ 1,052,415
Travel $ 2820 | $ 10125 | $ 10883 [ $ 23,828
Equipment > $5000 $ -1 $ 114000 | $ -1$ 114,000
Supplies $ 15000 | $ 5250 | $ 10,400 | $ 30,650
Communication $ 356 | $ 353 $ 4451 $ 1,154
Printing & Duplicating $ 1050 | $ 4291 $ 800 | $ 2,279
Food- Partner Meetings $ 750 | $ 300 (% 800 [ $ 1,850
Natural Materials Research Lab $ 19,356 | $ 6452 | $ -1 $ 25,808
GC/MS Lab $ -1$ 8,034 [ $ 64,272 | $ 72,306
Graphics Support $ 599 | $ 2856 | $ 4,000 | $ 12,855
Research Information Systems $ -1$ 12,855 | $ -1$ 12,855
Total Project Cost $ 450,000 | $ 450,000 | $ 450,000 [ $ 1,350,000

The total cost of the project is $1,350,000. The amount requested from the OGRC is $450,000. Cofunding

in the form of cash will be provided as follows: DOE = $450,000, and combination of cash and in-kind

cofunding totaling at least $450,000 from a consortium of Bakken producers, including Marathon Qil

Company, Denbury Resources Inc., and TAQA North Ltd. Further budget justification can be found in

Appendix F.

The labor and analytical expenses associated with Task 1, the modeling expenses associated with

Task 2, and expenses associated with overall project management and reporting are based on EERC
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experiences in conducting similar projects, including the EERC’s Bakken Research Program. The Task 2
activities using the HPHTOC apparatus will require the fabrication and operation of that apparatus.
Expenses associated with the fabrication of the apparatus and operation are based on EERC experience in
developing similar systems for experimental work conducted under the PCOR Partnership and Dr.
Dayanand Saini in conducting MMP testing as part of his Ph.D. work at Louisiana State University. If the
requested amount of funding is not available, then the project’s objectives will be unattainable because
project success is directly tied to the integration of the various technical activities.
CONFIDENTIAL INFORMATION
There is no confidential information.
PATENTS/RIGHTS TO TECHNICAL DATA
Patents or rights do not apply to this proposal.
STATUS OF ONGOING PROJECTS (IF ANY)
The EERC has previously been awarded OGRC funding for four different projects. Projects that have
been funded include the PCOR Partnership, an assessment of Bakken water opportunities, and
investigations to improve proppant applications. The status of those projects is presented in

Appendix G.
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