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Disclaimer
This report was prepared as an account of work sponsored by an agency of the United States Government.  Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights.  Reference therein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof.  The views and opinions of authors expressed therein do not necessarily state or reflect those of the United States Government or any agency thereof.
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DOE’s Research in CO2 and Other Gas Injection for Enhanced Oil Recovery
Summary
CO2 and other gas (flue gas, nitrogen and natural gas) injection research has been a part of the Department of Energy’s (DOE) Enhanced Oil Recovery (EOR) Program since 1974. The goal of the program has been to reduce dependency on foreign oil by developing technologies to keep existing domestic fields productive and increase domestic reserves while minimizing the impact on the environment.

The EOR-related gas injection research program conducted by the DOE can be divided into a number of individual initiatives that took place over the three decades spanning 1978 to 2000. These include: (1) a high-risk cost-shared EOR field pilot demonstration program in the mid-to-late 1970s, (2) basic R&D in the early 1980s, (3) a focused effort on technologies to decrease operator risk and reduce well abandonment during the mid-1980s to early-1990s, and (4) another field demonstration program focused on EOR technologies directed at particular classes of reservoirs based on their geologic characteristics in the 1990s.
The results from this program led to significant advancements in the understanding of fundamental miscible flooding processes, and these insights had an important impact early in the development of CO2 injection as an established EOR alternative. Pioneering research demonstrated that CO2 injection could recover additional oil without detrimental effects to the reservoir. The program provided data on the physics of CO2 flow; the basic physical fluid properties of CO2 were measured with respect to pressure, temperature, and oil composition, and these data provided the foundation for subsequent improvements in process design and field implementation. The program developed one of the first publicly available CO2 flood simulators that could be used to improve the predictability of recovery efficiency. 

A number of the key findings of the program are outlined throughout this document. While many of these are now well-established facts, it is important to recognize that they had not yet been defined at the time the research was performed.

Introduction
Primary oil production recovers 10% to 25% of the original oil in place (OOIP) in a reservoir; leaving 75% to 90% of the oil in the ground (Lake et al., 1992). Secondary recovery (water or gas injection for pressure maintenance) can recover another 15% of the oil; leaving 60% or more as a target for EOR methods. This target is estimated to be 210 billion barrels in domestic oil reservoirs (ARI, 2006). The oil remaining after primary and secondary recovery can be difficult to produce because it is located in regions of the reservoir that are hard to access and is bound tightly into the pores of the rock.
In April 2008, incremental production from gas injection of all types accounted for about 6.8% of total U.S. crude production. Miscible CO2 injection accounted for 4.7% of total U.S. crude production, 4.8% if immiscible CO2 injection is also included (Moritis, 2008). Production from miscible and immiscible CO2 flooding has risen nearly ten-fold from 28,440 barrels of oil per day (bopd) in 1986 to 249,663 bopd in 2008. Incremental oil production from CO2 injection can be expected to rise as new supplies of CO2 become available from both natural sources and power plants or other industrial facilities with carbon capturing technology. 
This document summarizes the key contributions of the DOE CO2 and other gas injection research efforts. Selected project summaries are used to illustrate contributions to the progress of commercial EOR operations. Reports from the projects summarized can be found on the accompanying DVD.
Appendix A contains summaries of projects in two field demonstration programs; the 1970’s cost-shared EOR pilot field demonstration program and the Reservoir Class Field Demonstration program conducted in the 1990s. Four of the 23 cost-shared field demonstration projects carried out during the mid-to-late 1970s applied CO2 methods. Post-project evaluation reports for these projects are included on the archive DVD. Appendix A also provides summary details on 12 of the Reservoir Class Field Demonstration Program projects that applied CO2 and gas injection methods.

The DVD on which this report is found includes a Microsoft® Excel spreadsheet that shows the title, author, publication date, and contract ID number for about 600 documents related to DOE CO2 and other gas injection research projects. Of these titles, nearly 500 documents and reports are linked to scanned copies of the documents included on the DVD.  As additional documents are recovered from files and archives, they will be added to subsequent editions of the DVD.
CO2 and Other Gas Injection
The various gases that have been used in reservoir enhanced recovery applications include CO2, enriched natural gas (methane with other light hydrocarbons added), flue gas, and nitrogen.  The first two gases are often used to improve oil recovery because under certain temperature and pressure conditions they can achieve miscibility with the in-place crude oil, enabling them to be more efficient displacement agents when followed by additional gas or water in the flooding process.  CO2 is the most commonly used gas for this purpose because of its availability at relatively low cost and because of its versatility. Enriched gas is less commonly used in the United States because of a strong demand for the intermediates (e.g., ethane, propane, and butane) as well as the methane. Flue gas and nitrogen are used principally for maintaining reservoir pressure, although a miscible displacement condition can be developed in some of the deeper, hotter reservoirs.

The Oil and Gas Journal’s EOR Survey reported in April 2008 that in the United States there were 13 enriched gas injection projects producing 81,000 bopd, 100 miscible CO2 projects producing 240,313 bopd, 5 immiscible CO2 projects producing 9,350 bopd, and 4 nitrogen projects producing 19,700 bopd. (Moritis, 2008) The last reported flue gas injection projects ended in the early 1990s.
The gas injection process entails injecting gas into a reservoir to displace oil and moving it to a production well (Figure 1). In the miscible process, used most often, the injected gas mixes with the oil across a transition zone between the gas injectant and residual oil. A “piston-like” displacement of the oil overcomes the physical forces holding the oil in the rock and increases its mobility. If the vertical and horizontal sweep efficiency can be maintained, this process results in high oil recovery.
The problem that often plagues gas injection projects is an uneven displacement of the oil. Since gas has a lower density than oil, the injected gas can override the oil and follow a channel through the top of the formation.  Gas override is exacerbated by reservoir layers with higher permeability overlying lower permeability layers. Both of these conditions cause early breakthrough of the injected gas at the production well, which decreases sweep efficiency and leaves bypassed oil in the reservoir. Once the gas breaks through it will tend to preferentially follow the path formed by the channel, making the sweep of additional areas of the reservoir less likely. 
The major technical challenge of gas injection is to achieve favorable mobility control and thus sweep efficiency. Modifying CO2 viscosity is critical to reducing the viscosity differences between CO2 and oil in order to avoid CO2 channeling. Alternating injection of water and gas (water-alternating-gas or WAG) is one method used to improve sweep efficiency; however this approach has its own drawbacks in that the water can shield the oil from the solvent-like nature of the miscible gas. Consequently, DOE research efforts have focused primarily on the use of foams and CO2 thickening agents to improve mobility control.
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Figure 1. The CO2 injection and production process
Significant DOE-Funded Technology Development
From 1978 until about 1988, most of the DOE funding related to gas injection was directed at basic research to understand the fundamental physics of the CO2 recovery process. As the use of CO2 injection began to increase, DOE funding shifted to methods that would improve field performance (1988-1996). In 1997 and thereafter, funding shifted towards the development of technologies for improving sweep efficiency and lowering the minimum miscibility pressure; techniques necessary to make the process applicable to a larger number of reservoirs.

Between 1977 and 2007, DOE funded 71 projects focused on gas injection (chiefly CO2 injection). Figure 2 displays the annual level of DOE gas injection research funding from 1978 through 2007.  The majority of the DOE-funded research contracts were awarded to universities. New Mexico Institute of Mining & Technology, the University of Kansas, Stanford University, and the University of Pittsburgh had multiyear contracts and performed a major portion of the work. Of the total number of contracts, 37 were awarded to universities, two to the State of Texas, two to the National Institute of Petroleum and Energy Research (NIPER)/Illinois Institute of Technology Research Institute (IITRI), three to independent researchers, two to BDM-Oklahoma, and two to the Morgantown Energy Technology Center for in-house research.
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Figure 2.  Funding for gas injection research from FY1978 through FY2007
As early as the 1970s, DOE-funded projects assessed the basic fluid properties of CO2 with respect to pressure, temperature, and oil composition with an emphasis on minimum miscibility pressure correlations. In the late 1970s, four field demonstration projects and 17 laboratory tests on phase behavior, mobility control, corrosion, and target identification were conducted. 

CO2 injection was employed in four DOE field demonstration projects conducted from 1975 to 1985 (see Appendix A for more details). The projects were successful in defining some of the necessary criteria for future successful CO2 flood projects. The main problems encountered were the inability to maintain CO2 injectivity, the excessive volumes of CO2 necessary to increase recovery, and failure of CO2 to displace oil under certain field conditions. Incremental oil was produced from two of the projects, but only the Weeks Island CO2 flood in Iberia Parish, Louisiana was considered to be cost-effective (Cole, et al., 1989).
Throughout the1980s, twenty projects focused on laboratory analysis and computer simulation were funded to study mobility, minimum miscibility pressure, recovery mechanisms, the use of foams to enhance sweep efficiency, and model development. Simulators and predictive models were developed for better prediction of CO2 recovery processes.
During the early 1990’s, DOE funded 14 gas injection projects including 12 field demonstrations in the Reservoir Class Field Demonstration Program (see Appendix A) and eight laboratory projects primarily related to performance improvement and mobility control. In 2000, DOE’s EOR program supported the only U.S. public research on improving reservoir sweep efficiency by modifying CO2 viscosity. 

From 2000-2007, advanced methods were developed. These included CO2 thickeners for mobility control, 4-D seismic and other imaging technologies to monitor the fluid front, the use of horizontal injection wells to improve reservoir contact, and faster and more sophisticated simulation tools. Approaches were developed for extending the applicability of CO2 injection to a broader range of reservoirs.
Program Results
The results from this program led to significant advancements in the understanding of fundamental miscible flooding processes, and these insights had an important impact early in the development of CO2 injection as an established EOR alternative. Pioneering research demonstrated that CO2 injection could recover additional oil without detrimental effects to the reservoir. The program provided data on the physics of CO2 flow; the basic physical fluid properties of CO2 were measured with respect to pressure, temperature, and oil composition, and these data provided the foundation for subsequent improvements in process design and field implementation. The program developed one of the first publicly available CO2 flood simulators that could be used to improve the predictability of recovery efficiency. 

A number of the key findings of the program are outlined below under six specific categories. While many of these are now well-established facts, it is important to recognize that they had not yet been defined at the time the research was performed.
Flow Mechanisms
· Residual oil is mobilized more effectively in CO2-foam displacements than either water alternating with gas or pure CO2 displacements.

· Surfactant solutions can inhibit oil/CO2 contact and oil recovery using CO2 foam because the CO2 preferentially flows through the surfactant solution phase.

· Foam can be generated in a high pressure CO2 system by upstream snap-off as well as downstream snap-off and bubble subdivision, which are equally important foam generation mechanisms.

Phase Behavior  
The viscosity, density, and composition of each phase that exists during the displacement of crude oil by CO2 in a reservoir were measured and the pressure, temperature, and composition conditions were defined for the phase behavior of many mixtures of dense CO2 and a variety of crude oils. This effort led to the following insights:
· In a single-phase, high-pressure crude oil system, as CO2 is added the viscosity generally decreases and the density increases. The viscosity of the mixture is between that of the crude and CO2, and the density is usually higher than either the crude or CO2 at the pressure and temperature of interest.

· In a two-phase system, the presence of extracted hydrocarbons in the dense CO2-rich phase can result in increased viscosity relative to pure CO2, even at CO2 concentrations greater than 90-mole percent.

· The presence of small amounts of nitrogen mixed with the CO2 stream results in a drastic reduction in the CO2-rich phase viscosity compared to the values obtained using pure CO2 solvent. The adverse impact of N2 on phase behavior and fluid properties can have dramatic effects on a nitrogen-contaminated CO2 flood, resulting in poor recovery.

CO2 Mobility Control

· Selective mobility reduction (i.e., mobility reduction that is greater in the higher permeability regions than in the lower permeability regions), is a widespread phenomena. The degree of this phenomena depends on surfactant type, surfactant concentration, rock type (some surfactants performed better in sandstone than dolomite and vice versa), and flow velocity. 

· Lignosulfonate, a weak foaming agent, was initially tested as a sacrificial agent (an agent added to reduce the adsorption loss of the more expensive good forming agents). Not only did lignosulfonate reduce adsorption, the required concentration of the good foaming agent for the desired mobility control was reduced by as much as 80%. 

Injectivity

· During 1999, a literature review of injectivity limitations associated with alternating the injection of water with CO2 (WAG) was completed. This identified a number of possible causes of lower than expected injectivity during WAG cycles, but with no clear solutions. A forum on injectivity in June 1999 also confirmed that injectivity was a problem and that the cause and solutions were evasive.

· The CO2-foam field trial performed at East Vacuum Grayburg San Andres Unit proved that strong foam could be formed in-situ and that the apparent in-situ mobility of CO2 after foam generation was approximately one-third of that observed during the baseline CO2 injection. In-situ mobility calculated using Hall plots were comparable to falloff test results.

· Fuzzy controllers in conjunction with neural networks can be successfully used to establish a beginning point and parameter adjustment for production history-matching problems in reservoir simulations. 

Gravity Drainage
· Tests of CO2 gravity drainage in naturally fractured reservoirs indicate that oil drains faster in high permeability cores and the rate decreases with increasing water saturation.

· Based on Darcy’s law and film flow theory, a new mathematical model was developed to describe free-fall gravity drainage with equilibrium fluids. Comparisons of wetting phase recoveries given by the new model with 20 sets of experimental data obtained under thermodynamic equilibrium show improved accuracy over the existing models.

· The diffusion equation was solved numerically to estimate gas concentration in porous media. A procedure was developed to couple equilibrium gravity drainage with diffusion to describe non-equilibrium gravity drainage with diffusion. Using this procedure and measured fluid properties, experimental data obtained from four CO2 gravity-drainage experiments under thermodynamic non-equilibrium conditions were successfully matched.
Interfacial Tension (IFT)

· A new method for experimentally determining low IFT at high pressure was developed based on a static force balance on the lower half of the pendant drop. Comparisons between the shape factor method and the new method were consistent at high IFT (> 10mN/m),and tests at low IFT (<1mN/m) indicated it to be more accurate than the shape factor method.

Selected Project Summaries

Mobility Control

Enhanced Oil Recovery by CO2 Foam Injection

Contract: DE-AC21-81MC16551

Performer: New Mexico State University

Project Dates: 10/1/81 – 12/31/85
Objectives:  Reports from industry suggested that the use of CO2 to enhance the recovery of oil might be causing formation damage. This project was undertaken to define the mechanisms responsible for formation damage. 

Results:  Although several possible damage mechanisms were identified, the results of the project showed that none were severe enough to destroy the profitability of the recovery process.  Laboratory experiments suggested that when a given reservoir is a commercial candidate for CO2 injection, a CO2 project can be implemented while staying alert to the possible need to remedy some future reservoir damage.
Field Verification of CO2 Foam

Contract: DE-FG21-89MC26031

Performer: New Mexico Institute of Mining and Technology

Project Dates: 9/1/89 – 8/31/93 
Objectives:  The objectives of this project were to: 1) conduct reservoir studies, laboratory tests, simulation runs, and field tests to evaluate the use of foam for mobility control or fluid diversion in a New Mexico CO2 flood, and 2) evaluate the concept of CO2 foam in the field by using a reservoir where CO2 flooding is ongoing, characterizing the reservoir, modeling the process, and monitoring performance of the field test.

Results:  The CO2 foam field trial demonstrated that well-developed foam could be formed in situ and that the foam reduced the mobility of CO2 by one-third of baseline CO2 injection. Incremental oil was produced in three of the eight producers in the pattern, and the amount of CO2 produced with the oil was dramatically reduced as a direct result of surfactant injection.
Improving CO2 Efficiency for Recovering Oil in Heterogeneous Reservoirs

Contract: DE-FC26-02NT15364

Performer: New Mexico Petroleum Recovery Research Center

Project Dates: 9/28/01 – 9/27/05
Objectives: The purpose of this project was to (1) increase effectiveness of CO2 mobility control using foaming systems to minimize injectivity losses, and (2) improve understanding of foaming agents and injectivity. Most of the study was laboratory-related, coupled with supporting modeling and field liaison projects.

Results:  Water-alternating-gas (WAG) coreflood experiments conducted on limestone and dolomite core plugs confirmed that carbonate mineral dissolution and deposition can occur over relatively short time periods (hours to days) and in close proximity to each other. Results of high-pressure/high-temperature/high-velocity gas injection experiments on five different rock samples (sandstones and carbonates) under reservoir conditions reconfirmed—and extended to new conditions—the fact that permeability increases with increasing effective stresses. The results of a series of tests on CO2 foams identified reductions in chemical costs due to the synergistic effects of co-surfactant systems using a combination of a good foaming agent and a poor but less-expensive foaming agent. The required volume of expensive foaming agent was reduced by at least 75%. Additionally, the deleterious effect on injectivity was reduced by as much as 50% using the co-surfactant system, compared with a previously used surfactant system.
Novel CO2 Thickeners for Improved Mobility Control
Contract: DE-AC26-98BC15108

Performer: University of Pittsburgh

Project Dates: 10/1/98 – 9/30/01 

Objectives: The objective of this project was to design, synthesize, and characterize thickening agents for dense carbon dioxide and to evaluate their solubility and viscosity-enhancing potential in CO2.
Results: The projects evaluated four types of polymer compounds and although significant viscosity increases (e.g. doubling the viscosity) were found for each thickener, the polyFAST (fluoroacrylate-styrene copolymer) thickener provided the most dramatic increases at dilute concentration. At the time, polyFAST was the first reported CO2 thickener.
The high price, environmental persistence, and lack of availability of bulk amounts of the fluoroacrylate monomer guided the researchers toward the development of inexpensive non- fluorous compounds. Highly CO2-soluble polymers that could replace the fluoroacrylate were designed with the plan to incorporate the hydrocarbon-based, CO2-philic compounds into the structure of a compound that contains CO2-phobic associating groups, yielding a commercial thickener.

The Synthesis and Evaluation of Inexpensive CO2 Thickeners Designed by Molecular Modeling 

Contract: DE-FC26-04NT15533

Performer: University of Pittsburgh

Project Dates: 9/10/2004 – 8/31/2007 

Objectives: The objectives of this project were to use molecular modeling techniques, coupled with prior experimental results, to design, synthesize, and evaluate inexpensive, non-fluorous carbon dioxide thickening agents. 

Results: Two monomer groups that exhibit stronger interactions with CO2 than with vinyl acetate were identified. The research group successfully designed the first non-fluorous, CO2-soluble ionic surfactants that are highly soluble in CO2. The most promising surfactant has a structure similar to the widely used commercial surfactant Aerosol OT, but the hydrocarbon tails have been replaced with oligomers (short polymers) of PVAc.
4-D Imaging and Monitoring 

Oil Reservoir Characterization and CO2 Injection Monitoring in the Permian Basin with Cross-Well Electromagnetic Imaging
Contract: DE-FC26-00BC15307

Performer: ElectroMagnetic Instruments

Project Dates: 9/11/2000 – 8/2/2004

Objectives: The objectives of this project were to: (1) build on the previous development of resistivity logging tools to develop cross-well imaging hardware and software; (2) calibrate and field-test the transmitter and receiver systems; (3) use the cross-well imaging tool for monitoring carbon dioxide injection; and (4) develop a cross-well electromagnetic system (EM) to provide a formation resistivity distribution between steel-cased wells and apply it in the Permian Basin.
Results:  The Crosswell Electromagnetic Imaging Tool was developed at Lawrence Livermore National Laboratory (LLNL) from 1991 to 2000. ElectroMagnetic Instruments, Inc. (EMI) was created by former LLNL scientists to further the research and commercialize the Crosswell Electromagnetic Imaging downhole logging tool. EMI developed a five-well pattern test site in Richmond, CA to continue testing and construction of the tool prior to commercial field tests. 

Crosswell electromagnetic imaging was used to monitor CO2 injection performance in New Mexico’s Vacuum field, operated by ChevronTexaco. This project involved development of crosswell EM dual-steel casing logging tools, software development, data processing, and imaging of low-induction frequencies. The results were used to develop resistivity models showing the distribution, size, and depth of the low-resistivity zones, which could be correlated to interwell CO2 migration. 
Application of Time-Lapse Seismic Monitoring for the Control and Optimization of CO2 Enhanced Oil Recovery Operations

Contract: DE-FC26-03NT15425

Performer: Schlumberger Data and Consulting Service

Project Dates: 3/1/2004 – 2/28/2008 

Objectives: This project was conducted in two phases. The objective of the first phase was to characterize a Northern Silurian Reef trend reservoir in the Michigan Basin using advanced evaluation methods in order to assess the potential of a CO2 flood of the target reservoir. This reservoir characterization included advanced petrophysical, geophysical, geological, reservoir engineering, and reservoir simulation technologies. The objective of the second project phase was to demonstrate the benefits of using advanced seismic methods for the monitoring of the CO2 flood fronts. 

Results:  The project established a map-able correlation between low instantaneous frequency and high porosity. Using this relationship, researchers developed a porosity volume for the entire reef. This porosity volume was then used in a reservoir simulation for production history matching and forward modeling to predict the location of an injected CO2 plume. During 2006, over 500 MMcf of CO2 was injected into the northern portion of the field. Additionally, a new well was drilled through the reef on the field’s western side in preparation for eventual oil production. Prior to the drilling of this well, a prediction of the porosity to be encountered was made using the instantaneous frequency/porosity relationship that had been developed. This prediction was found to be correct once the well was drilled and logged. This well, however, was not drilled in the optimum location to test the reef for high porosity. 

Time-Lapse Seismic Modeling and Inversion of CO2 Saturation for Sequestration and Enhanced Oil Recovery

Contract: DE-FC26-03NT15417

Performer: 4th Wave Imaging Corp.

Project Dates: 9/30/2003 – 12/31/2005 

Objectives: The focus of this project was to: (1) improve current methods of rock physics and time-lapse seismic reflection modeling for CO2 sequestration and miscible CO2 floods reservoirs and (2) develop new strategies to invert such data to estimate changes in pressure, oil saturation, water saturation, and CO2 saturation over time.

Results:  New ways to predict and quantify the effects of CO2 on seismic data from porous reservoir/aquifer rock systems were developed. This effort involved the research and

development of new technology to: (1) quantitatively model the rock physics effects of CO2 injection in porous saline and oil/brine reservoirs (both miscible and immiscible); (2) quantitatively model the seismic response to CO2 injection (both miscible and

Immiscible) from well logs (1D); and (3) perform quantitative inversions of time-lapse 4-D seismic data to estimate injected CO2 distributions within subsurface reservoirs and aquifers. This work has resulted in an improved ability to remotely monitor injected CO2 for safe storage and enhanced hydrocarbon recovery; predict the effects of CO2 on time-lapse seismic data; and estimate injected CO2 saturation distributions in subsurface aquifers/reservoirs.
The inversion methodology was applied to a 3-D time-lapse seismic dataset from the Sleipner CO2 sequestration project in the Norwegian North Sea. The changes in the seismic amplitude and travel time at the top of the Sleipner sandstone reservoir were measured and were used to determine time-lapse seismic attributes in the inversion. Maps of CO2 thickness and its standard deviation were generated for the topmost layer. From this information it was estimated that 7.4% of the total CO2 injected over a five-year period had reached the top of the reservoir. 

Reservoir Characterization

Demonstration of a Novel, Integrated, Multi-Scale Procedure for High-Resolution 3-D Reservoir Characterization and Improved CO2-EOR Sequestration Management, SACROC Unit, TX

Contract: DE-FC26-04NT15514

Performer: Advanced Resources International 

Project Dates: 9/20/2004 – 3/31/2007 

Objectives: The intent of this project was to: (1) demonstrate the application and benefits of data-driven modeling for multi-scale data integration for high-resolution 3-D reservoir characterization to better address management of CO2 EOR floods and carbon sequestration projects; and (2) use advanced pattern-recognition technologies (self-organizing maps, artificial neural networks, and fuzzy logic) to establish relationships among data at different scales, and by doing so, create a “transform” to derive core-scale reservoir properties from 3-D surface seismic data.

Results:  The advantages and drawbacks of various data-driven modeling techniques currently utilized in reservoir characterization tasks were compared. A model-based neural system called Maximum Likelihood Adaptive Neural System was adopted. It is a neural system that combines a priori knowledge, adaptability, and fuzzy logic. Statistical analysis of geophysical well logs was used to provide summary descriptions, cross-information, and detection of trends, correlations, and possible anomalies. Pattern recognition procedures were applied in a cored well to produce preliminary rock-type classifications and to test the influence capacity of different types of geophysical well logs. 

Gravity Drainage
Development and Optimization of Gas-Assisted Gravity Drainage (GAGD) Process for Improved Light Oil Recovery

Contract: DE-FC26-04NT15323
Performer: Louisiana State University
Project Dates: 10/1/2002 – 9/30/2006
Objectives: The focus of this project was to: (1) conduct a physical model study of GAGD process; (2) further develop the vanishing interfacial tension technique for gas-oil miscibility determination; and (3) determine multiphase gas-oil drainage and displacement characteristics in reservoir rocks at realistic pressures and temperatures.
Results: 
Multiphase mechanisms relevant to the GAGD process were identified as: (1) gravity segregation, (2) wettability, (3) spreading coefficient, (4) miscibility, and (5) connate and mobile water saturation.
Transparent flow physical models indicated that multiphase flow mechanisms are: (1) Darcy-type displacement until gas breakthrough, (2) gravity drainage after breakthrough; and (3) film-drainage in gas-invaded zones throughout the duration of the process.

Comparative evaluations of laboratory-scale displacement tests at elevated pressures and temperature included continuous gas injection (CGI), water-alternating-gas (WAG) injection, hybrid WAG (combination of CGI and WAG) and GAGD. The GAGD process outperformed all the other modes of gas injection. Differing experimental systems, ranging from a uniform porous medium (Berea sandstone) to a heterogeneous fracture core, in both miscible and immiscible modes, indicated the insensitivity of the GAGD process to reservoir heterogeneities.
Advanced Reservoir Characterization and Evaluation of CO2-Gravity Drainage in the Naturally Fractured Spraberry Reservoir -- Class III
Contract: DE-FC22-95BC14942

Performer: Pioneer Natural Resources (formerly Parker and Parsley)

Project Dates: 7/24/1995 – 7/23/2002
Permian Spraberry Formation (Spraberry Trend) – E. T. O’Daniel Field (depth 6,800 ft.), Midland Co., TX, Permian Basin

Objectives: Determine the technical and economic feasibility of continuous CO2 injection in the naturally fractured reservoirs of the Spraberry Trend.
Results:  CO2 gravity drainage experiments in Spraberry and Berea whole cores at reservoir conditions validated the premise that CO2 could recover oil from the tight, unconfined Spraberry matrix. Injection tests indicated that the pilot needed to be waterflooded prior to CO2 flooding to obtain the necessary reservoir pressure, and waterflooding began in 1999. A line drive waterflood was implemented rather than the typical west Texas five spot flood pattern. The waterflood aligned with the Spraberry fracture pattern with excellent results. Due to the surprising waterflood response and the distance from injection wells to responding wells, the initial pilot area was expanded from 60 acres to 1,200 acres. Because of the success of the new waterflooding techniques, plans to implement the CO2 flood were put on hold and Pioneer expanded the waterflood technology to numerous other leases in the Spraberry Trend, buying acerage and drilling new wells. 

Oil recovery had reached 18% of OOIP by 2001, arresting the decline in production. The pilot produced 150,000 bbl of incremental oil from four wells. Indivdual wells went from 10-15 BOPD (average over 10 years) prior to waterflooding to 90 BOPD and sustained production of 80 BOPD per well through September 2003. 

Project publications: Final report BC14942-15, July 2002.

Simulation

Origin of Scale-Dependent Dispersivity and Its Implications for Miscible Gas Flooding 

Contract: DE-FC26-04NT15534

Performer: University of Texas at Austin

Project Dates: 10/1/2004 – 9/30/2007

Objectives: The objectives of this project were to: (1) perform a novel fundamental study of the mechanism of dispersion; (2) develop an improved multiscale statistical model of dispersion; and (3) apply this advanced understanding to optimize field-scale gas injection. 

Results: Based on the laboratory scale dispersivity data and the knowledge of numerical simulation and reservoir heterogeneity, dispersivity was scaled from laboratory scale to reservoir simulation scale. Understanding the nature of spreading is necessary to correctly represent transport in mathematical modeling. Flow reversal (Echo) tests performed at the field scale were used to indicate actual levels of dispersive mixing. These techniques were extended to the grain scale using physically representative network models to provide new insight into the small-scale origin of dispersivity. 

The project researchers: (1) developed a PVC-based fabrication technique for creating cost-effective nitrate sensors to better support transport studies in porous media; (2) determined that diffusion is the fundamental mechanism of local (“true”) mixing at pore scale; (3) demonstrated the utility of particle tracking simulations of flow reversal (echo) tests to identify the nature of transport; (4) demonstrated the possibility of significant levels of mixing occurring in field scale miscible displacements for typical reservoir heterogeneity conditions; (5) developed mechanistic grain-scale rules for streamline particle tracking, which allows investigation of the role of diffusion in flow reversal simulations at the pore scale; and (6) validated streamline particle tracking algorithm by comparing simulated results with the experimental data. 
Prediction of Gas Injection Performance for Heterogeneous Reservoir

Contract: DE-FG22-96BC14851

Performer: Stanford University

Project Dates: 9/30/96 – 5/31/2000
Objectives:  The aim of this research project was to conduct an integrated study of the factors affecting gas injection from the pore scale to the field scale and to: develop methods to accurately predict the performance of the gas injection process; combine theory and experimental data to delineate underlying physical mechanisms; and then to use that understanding to build simulation tools. 
Results:  This project involved theoretical analysis, laboratory experiments, and numerical simulation. The work consisted of: (1) pore scale modeling of three phase flow in porous media; (2) laboratory experiments and analysis of factors influencing gas injection performance at the core scale with an emphasis on the fundamentals of three phase flow; (3) benchmark compositional simulations in heterogeneous media; and (4) streamline-based reservoir simulation tool development. 
The advances from the research included: (1) new tools for streamline-based simulation including the effects of gravity, changing well conditions, and compositional displacements; (2) analytical solutions to 1-D compositional displacements which can speed-up gas injection simulation still further; and (3) modeling and experiments that delineate the physics that is unique to three-phase flow.
Models

Analytical tools developed for EOR processes in general and CO2 in particular were developed and made publically available. The simulators and analytic models described below are currently available online at http://www.netl.doe.gov/technologies/oil-gas/Software/Software_main.html
MASTER

The reservoir simulator Miscible Applied Simulation Techniques for Energy Recovery (MASTER) was developed in 1991 by the Morgantown Energy Technology Center to predict the performance of miscible gas injection projects. MASTER is a 3-dimensional, multi-component simulator that can simultaneously track stock tank oil, natural gas, water, up to four solvent species, and a surfactant. The model uses mixing parameters to account for the density and viscosity changes that occur with the development of a miscible gas displacement. MASTER is intended to approximate results that can be obtained with a fully compositional simulator. The model was developed using the code from the BOAST model developed earlier for DOE. 

The major advantage of MASTER is its capability to predict a wide range of reservoir applications, including primary recovery, waterflooding, and miscible gas injection. The model has a switch that allows the miscible gas portion to be turned on or off as required. Thus, it is possible to use the model for history-matching the performance of primary production or a waterflood as well as the performance of miscible gas injection. This capability allows the model to honor the appropriate reservoir description and the fluid saturations that exist at the time a miscible gas project is initiated (NTIS Order No. DE91002222). 

CO2 PROPHET 

The CO2 injection prediction software Prophet was conceived by Texaco Exploration and Production Technology Department (EPTD), and was partially developed as part of the DOE cost-share program “Post Waterflood, CO2 Flood in a Light Oil, Fluvial Dominated Deltaic Reservoir” under DOE Contract No.DE-FC22-93BC14960.  CO2 Prophet was designed to identify how key variables influence CO2 project performance and economics prior to performing detailed numerical simulation.

CO2 Prophet performs two principal operations. It first generates streamlines for fluid flow between injection and production wells and then does displacement and recovery calculations along the streamtubes. The streamlines form the flow boundaries for the streamtubes. A finite difference routine is used for the displacement calculations. A special advantage of the streamtube method is the avoidance of grid orientation effects.
Predictive and Screening Models

The predictive and screening models are easy-to-use tools for quickly and inexpensively estimating the amount of oil that can be recovered from a specific reservoir by an EOR process, allowing for the quick calculation of project economics and a preliminary determination of the feasibility of a project. The models for steamflooding, in situ combustion, polymer flooding, surfactant flooding, and CO2 miscible injection were developed in conjunction with the National Petroleum Council.  The CO2 model, Miscible Flood Predictive Model (MFPM), is available on the accompanying DVD.

The EOR screening models were developed by Scientific Software in a joint agreement between DOE and the Ministry of Energy and Mines of the Republic of Venezuela. In 1984, the models were updated to predict performance based on correlations with actual field data.

The accuracy of the models is between that of simple screening guidelines and the results of a reservoir simulator. These predictive tools require minimal amounts of data, are easy to use, and can screen a large number of prospective reservoirs for EOR potential. As of 2000, more than 1000 copies of the model had been distributed to oil field operators, drilling and service companies, consultants, and researchers. The use of these models has been estimated to have saved the industry $400 million by screening out uneconomical projects (Casteel, 2000).

Expanded Applications

Implementing a Novel Cyclic CO2 Flood in Paleozoic Reefs

Contract: DE-FC26-02NT15441

Performer: Michigan Technological University

Project Dates: 1/2/2003 – 12/31/2005

Objectives: The objectives of this study were to: (1) demonstrate that significant quantities of bypassed hydrocarbons can be recovered from pinnacle reefs with a novel CO2 cycling technology; (2) conduct a field demonstration, identifying abandoned or shut-in reefs that are suitable candidates for CO2 cyclic recovery; and (3) communicate the project results and data to small, independent producers via an aggressive technology transfer program.

Results:  Nearby well logs that penetrate the reef were analyzed using a new approach that had been developed at Michigan Technological University. A new log analysis method termed Log Curve Amplitude Slicing (LCAS) was developed. It uses suites of well logs to map the reservoir at 1-foot intervals, essentially utilizing the full information content of the log. The technique is similar to mapping formation tops from log picks or drillers’ reports, except that the attribute is mapped at much more closely spaced intervals (e.g., 1 foot). 

A production response of more than 80 barrels of oil per day resulted from the initial stage of repressurization of a depleted Niagaran pinnacle reef using waste CO2. Detailed reservoir modeling of Niagaran reefs using the technique of well log tomography is a new reservoir characterization tool that can be used for the visualization of permeability and porosity distribution in oil and gas reservoirs.
Investigation of Efficiency Improvement during CO2 Injection in Hydraulically and Naturally Fractured Reservoirs

Contract: DE-FC26-01BC15361

Performer: Texas Engineering Experimental Station, Texas A&M University

Project Dates: 9/28/2001 – 9/27/2005

Objectives: The overall goal of this project was to advance the understanding of CO2 movement through fractured reservoirs and determine the effect on ultimate performance of bypassing reserves during CO2 injection. The objectives were to perform laboratory experiments with artificially fractured cores and use X-ray computer tomography (CT) to study the physical mechanisms of CO2 behavior in hydraulically and naturally fractured reservoirs to understand its effect to reduce the efficiency of CO2 flooding in heterogeneous or fracture-dominated reservoirs.

Results: This project used an X-ray CT scanner to image saturation profiles of flow patterns in cores for direct measurement of bypassing mechanisms and bypassed oil. With this approach, researchers established the relationship between fracture aperture distribution and overburden pressures. The work confirmed that CO2 gravity drainage still plays an important role in oil recovery, even in a short-matrix block. CO2 sweep efficiency was improved significantly by controlling the CO2 mobility in the fracture with viscosified water and placing a cross-linked polymer gel in the fracture. 
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Appendix A. Summaries of Field Demonstration Projects

Cost-Shared EOR Field Demonstration Program

The oil embargo of the early 1970s prompted the U.S. government to support the application of technologies to increase domestic oil production. EOR methods were emerging as potential technologies to increase oil recovery from fields being produced by primary or secondary methods. A series of 23 cost-shared EOR field demonstration projects including four CO2 projects were initiated in 1974 to stimulate the application of emerging EOR methods. 

During this same time period (1979), the newly-established Department of Energy launched a tertiary incentive crude oil program designed to allow producers to offset costs associated with expensive enhanced oil recovery projects by recouping 75% of the front-end money through decontrol of what at that time was classified as “old” oil. A producer could recoup up to $20 million through this program. Before the end of that program approximately 300 applications for project certification had been submitted to the DOE Energy Regulatory Administration. Another economic incentive for enhanced recovery projects was the Windfall Profit Tax break for incremental oil production attributable to a qualified tertiary oil recovery project. Certification entitled an operator to the lowest permissible tax rate of 30%. The certification also accelerated the base level decline, which freed more oil for the lower tax.

Oil company participants included Gulf, Exxon, Conoco, and Shell. Pilot projects employing CO2 injection, polymer-enhanced waterflooding, alkaline waterflooding, surfactant flooding, micellar-polymer flooding, and other processes were demonstrated. While many of the demonstrations were technical successes, only a few combined both technical and economic success. However, the demonstrations were extremely valuable in identifying the problems associated with various EOR methods and helped guide future EOR R&D by both DOE and the operators. 

An EOR project database was designed in 1981 that contained data from the cost-shared projects in the 1976 EOR field demonstration, 433 Tertiary Incentive projects (tax credit for implementing EOR), and data compiled by the Gulf Universities Research Consortium (GURC) in 1978 on 173 EOR projects (Pautz et al., 1992). General project information was included in the database as well as rock and fluid characteristics of the reservoirs, the types and amounts of injectants, the size of the project area and number of wells, a success rating, and any other information available. By 1992, the database contained information on 1,388 EOR projects in 569 different oil fields, recording projects as old as 1949 (Pautz et al., 1992). Projects from literature searches resulted in the addition of 768 projects. The database, report NIPER-583, is included in the accompanying DVD.
Although many of the original project reports are no longer available, post-project evaluations were performed by Keplinger and Associates. Report ID numbers for the evaluation reports are listed in 
Table 1
. The reports are available on the DVD accompanying this report.
Table 1.  Reports evaluating DOE cost-shared EOR projects.

	Publication Date
	Report Title
	Industry Partner
	Project Evaluation Report

	01-Apr-86
	Evaluation of the Little Knife CO2 Minitest
	Gulf Oil Corp.
	DOE/BC/10830-3

	01-Nov-88
	A Review of the West Sussex Unit CO2 Flood Project
	Conoco, Inc.
	DOE/BC/10830-7

	01-Feb-89
	An Evaluation of the CO2 Pilot Maljamar Field Lea County, New Mexico
	Conoco
	DOE/BC/10830-12

	01-Feb-89
	An Evaluation of the Weeks Island "S" Sand Reservoir B Gravity Stable CO2 Displacement Project Iberia Parish, Louisiana
	Shell Oil Company
	DOE/BC/10830-11


Project Summaries
Evaluation of the Little Knife CO2 Minitest

Performer: Gulf Oil Corporation

Project Dates: NA

Location: Little Knife Field, North Dakota

Objectives: Determine the commercialization potential of CO2 miscible displacement in dolomitized carbonate oil reservoirs that have high remaining oil saturations through a 4-spot, nonproducing minitest.

Results:  The minitest was a technical success. Simulation studies using the data collected from the minitest predicted an economically favorable cost per barrel. Although a nonproducing minitest using a logging-observation well reduced the time and expense, the absence of production data reduced the ability to estimate oil recovery, volumetrics, and reservoir heterogeneity. 

A Review of the West Sussex Unit CO2 Flood Project

Performer: Conoco, Inc

Project Dates: 1982 – 1983

Location: West Sussex Field, WY

Objectives: Determine whether CO2 injection can recover economic quantities of oil in the West Sussex Field.

Results:  The operators considered the pilot successful and potentially economic if expanded. The pilot recovered 16,000 bbl of incremental oil representing 7.8% OOIP. However, it was undetermined as to whether or not the incremental oil recovery was due to the water injected with the CO2  or to miscible CO2 injection.

Project publication:  Hoiland, et al., 1986 “Case History of a Successful Rocky Mountain Pilot CO2 Flood”, SPE/DOE 14939, presented at the Fifth Symposium on Enhanced Oil Recovery or the Society of Engineers, Tulsa, OK April 20-23, 1986.

An Evaluation of the CO2 Pilot Maljamar Field, Lea County, New Mexico

Performer: Conoco Oil Company

Project Dates: 1981 – 1986

Location: Maljamar Field, Lea County, New Mexico

Objectives: Provide data for computer modeling of the reservoir and for facilities design and economic analysis of a full scale project.

Results:  The success of this pilot spurred field wide expansion of CO2 injection in the Maljamar field. The pilot experienced problems with corrosion, well tests, and oil handling. The solutions found to these problems were valuable to the design of the full-scale operation.

Project publications: 

Albright, J.C., 1986, “Use of Well Logs to Characterize Fluid Flow in the Maljamar Pilot,” Journal of Petroleum Technology, August, pp. 883-890.
Moore, J.S. and G.C. Clark, 1988, “History Match of the Maljamar CO2 Pilot Performance,” SPE/DOE paper 17323, presented at the SPE/DOE Enhanced Oil Recovery Symposium, Tulsa, Oklahoma, April 17-20.
Pittaway, K.R., et al., 1985, “Development and Status of the Maljamar CO2 Pilot,” Journal of Petroleum Technology, March, pp. 537-544.
Pittaway, K.R., et al., 1987, “The Maljamar CO2 Pilot: Review and Results,” Journal of Petroleum Technology, October, pp. 1256-1260.
An Evaluation of the Weeks Island “S” Sand Reservoir B Gravity Stable CO2 Displacement Project, Iberia Parish, Louisiana

Performer: Shell Oil Company

Project Dates: 1978 – 1982

Location: Weeks Island Field, Iberia Parish, Louisiana.

Objectives: Demonstrate that a gravity stable CO2 process can recover significant amounts of oil after waterflooding in high permeability, steeply dipping reservoirs.

Results:  The pilot successfully recovered 261,500 bbls oil, showing that the gravity stable CO2 displacement process was highly efficient in the Weeks Island Field’s sandstone reservoirs. However, further economic evaluation showed that gravity stable displacement by gas cap expansion, although recovering slightly less oil, was more economically attractive than the gravity stable CO2 displacement process. For either process to be economically attractive, the displacement must be implemented early in the field life in lieu of waterflooding.

Project publications: 

Johnston, J.R., 1988, “Weeks Island Gravity Stable CO2 Pilot,” SPE/DOE paper 17351, presented at the Sixth Enhanced Oil Recovery Symposium, Tulsa, Oklahoma, April 17-20, 1988.

Perry, G.E., et al., 1982, “Weeks Island ‘S’ Sand Reservoir B Gravity Stable Miscible CO2 Displacement, Iberia Parish, Louisiana,” SPE/DOE paper 10695 presented at the Third Joint Symposium on Enhanced Oil Recovery, Tulsa, Oklahoma, April 4-7.
Reservoir Class Field Demonstration Program Projects
The Reservoir Class Field Demonstration program, started in 1991, was based on the importance of geology in controlling the aerial and vertical distribution of porosity and permeability, and the belief that facies geometry defined, to a large part, fluid flow in a reservoir. Reservoir characterization was a major element in the Class projects. The program was based on the “play” concept and the thesis that reservoirs of similar depositional environments will have similar reservoir properties and thus will present similar challenges to enhanced recovery of residual oil. Three Reservoir Class solicitations addressed three depositional environment types: fluvial-dominated deltaic reservoirs, shallow-shelf carbonate reservoirs, and marine shelf and basin sandstone reservoirs. A fourth solicitation, Class Revisit, selected 10 new projects in the three depositional classes.  The projects listed below focused on using state-of-the-art diagnostic and imaging technologies to determine the best approaches for subsequent application of CO2 injection . Each project consisted of two phases: Phase I entailed reservoir characterization of the demonstration reservoir and process design. Phase II implemented the field demonstration. 
Goals and Objectives of the Program

The stated goals of the Class Program were to:

· Extend the economic production of domestic fields by slowing the rate of well abandonments and preserving industry infrastructure (including facilities, wells, operating units, data, and expertise).
· Increase ultimate recovery in known fields by demonstrating better methods of reservoir characterization (both rock and fluid), advanced oil recovery and production technologies, advanced environmental compliance technologies, and improved reservoir management techniques.

· Use field demonstrations to broaden information exchange and technology application among stakeholders by expanding participation in DOE projects to include both traditional and nontraditional participants, and by increasing third-party participation and interaction throughout the life of DOE-sponsored projects.

· Integrate field demonstration activities with activities of other areas of the advanced oil recovery program by actively pursuing demonstration activities from work developed in other program areas, assessing field demonstration efforts regarding future directions and research needs, and informing the research community of research needs and opportunities identified in demonstration projects.
Out of 39 projects conducted in the Class program, 12 projects applied gas/CO2 injection processes and are described below.  Reports from the following CO2 injection projects are available on the accompanying DVD.
Project Summaries

Mobility Control
Design and implementation of a CO2 Flood Utilizing Advanced Reservoir Characterization and Horizontal Injection Wells in a Shallow Shelf Carbonate Approaching Waterflood Depletion -- Class II
Contract: DE-FC22-93BC14991

Performer: Phillips Petroleum
Project Dates: 6/30/1994 – 9/2/2002
Permian Grayburg/San Andres Fm. – South Cowden Field (depth 4,450 ft.), Ector Co., TX, Permian Basin

Objectives: The objectives of this project were to: (1) demonstrate the economic viability and widespread applicability of an innovative reservoir management and approach for improving CO2 flood project economics in shallow shelf carbonate reservoirs; (2) reduce the number and cost of new injection wells, wellheads, and equipment; (3) minimize the surface reinjection facilities; and (4) minimize the cost associated with the CO2 distribution system.
Results:  Successful application of the horizontal drilling and CO2 flood optimization techniques developed in this project resulted in economic benefits. Using one-third the number of injectors previously required and improvements in CO2 sweep efficiency using horizontal injection wells resulted in over 25% reduction in capital and drilling costs. New injection wells were completed in 1996-97, and two horizontal and three vertical wells were drilled in 1997-98. An additional 16 wells were converted or reactivated. Two surfactants identified improved CO2 foam mobility and diversion. The average production increase in the South Cowden field was 200 BOPD. The average rate of productivity increase for seven wells was 92%. Total incremental production after twenty months of CO2 injection was 448 BOPD. Cumulative incremental production was 500,000 bbl at the end of the project in September 2002. 

Project publication(s): Final report BC14991-2, November 2002.

Reservoir Characterization 

Applications of Advanced Petroleum Production Technology and Water Alternating Gas Injection - Class I
Contract: DE-FC22-93BC14955

Performer: American Oil Recovery

Project Dates: 1/1/1993 – 3/31/1995
Mississippian Cypress Sandstone – Mattoon Field (depth1,800 ft.), Coles Co., Illinois, Illinois Basin

Objectives: The objectives of this project were to: (1) Characterize the Cypress Sandstone and design and implement water-alternating-gas (WAG) injection using carbon dioxide; (2) develop a numerical model to select test sites for the demonstrations; and (3) compare WAG to waterflooding and cyclic gas injection in different parts of the reservoir.
Results:  The reservoir geology was determined  though detailed stratigraphic cross sections, structure maps, isopach maps, lithofacies maps and 3-D reservoir computer model using STRATAMODEL software.  Five distinct facies were identified, and injectivity tests using carbon dioxide were conducted. The simulator was used to verify and enhance reservoir characterization work and aid in the site selection and design of the WAG scheduled for Phase II.  Laboratory testing, such as produced gas analysis and oil PVT tests, was conducted. The site for an infill well/core hole was selected based upon the results of reservoir geology and injectivity tests. The project terminated at the end of Phase I.
Project publication(s): Annual report BC14955-8,  September 1995.

CO2 Huff-n-Puff Process in Light Oil Shallow Shelf Carbonate Reservoir (Central Vacuum Unit), Vacuum Field, Lea County, New Mexico -- Class II
Contract: DE-FC22-93BC14986

Performer: Texaco E&P

Project Dates: 2/10/1994 – 12/31/1997
Permian San Andres/Grayburg Fm. – Central Vacuum Field (depth 4,550 ft.), Lea Co., NM and Slaughter Field, Hockley Co., TX, Permian Basin

Objectives: The objectives of this project were to: (1) Determine the feasibility and practicality of applying CO2 huff-n-puff technology in the Vacuum Unit (CVU) and Sundown Slaughter Unit (SSU); (2) use the results of parametric simulation of the CO2 huff-n-puff process coupled with the CVU reservoir characterization components to determine if this process is technically and economically feasible for field implementation; and (3) disseminate the knowledge gained in support of the DOE objective of increasing domestic oil production and deferring the abandonment of shallow shelf carbonate (SSC) reservoirs. 
Results:  A 4-Dimensional, 3-Component seismic survey was conducted to dynamically monitor saturation changes and frontal movement associated with the CO2 injectant.  Evaluation and history matching with compositional simulation of the Central Vacuum field was completed. Due to the lack of trapped gas in the near-wellbore vicinity, approximately 100% of the injected CO2 was expected to be recovered, suggesting the process was not well suited to the Central Vacuum reservoir. The analysis of the Central Vacuum site suggested that the process was not an economic alternative within waterflooded shallow shelf carbonate reservoirs. The addition of a new site (Sundown Slaughter Unit of Slaughter Field) was used to evaluate findings from the first demonstration. Following the project, technologies used in this field demonstration were successfully applied in a nearby carbonate reservoir. The huff-n-puff process was not successful in either field; however, the final report for the project provided a good “Lessons Learned” evaluation of how to operate a huff-n-puff process and the field criteria necessary prior to implementation. Results in 2000-2002 suggest there may be some long term response in production as the result of the project. 
Project publication(s): Final report BC14986-14, February 1999.

Increased Oil Production and Reserves Utilizing Secondary/Tertiary Recovery Techniques on Small Reservoirs in the Paradox Basin, Utah -- Class II
Contract: DE-FC22-93BC14988

Performer: Utah Geological Survey 
Project Dates: 2/9/1995 – 8/31/2005
Pennsylvanian Paradox Formation – Anasazi, Runway, Blue Hogan, Mule, and Heron North fields (depth 5,700 ft.), San Juan County, UT and Navajo Nation, Paradox Basin


Objectives: The objectives of this project were to: (1) Increase production and reserves from the shallow shelf carbonate reservoir in the Paradox Basin of Utah and Colorado through geological and engineering investigations, leading to the application of advanced secondary recovery technology; and (2) conduct technical studies on five diverse small fields located within the Navajo Nation to select the best candidate field for a pilot demonstration.
Results:  After completing the study of waterflood and CO2 potential for small Paradox Basin carbonate fields, continuous CO2 injection without gas processing was recommended for the algal mounds.  Reservoir modeling used 20 geostatistical models to predict CO2 flood performance history, and matches were made by tying to previous production and reservoir pressure history so that future reservoir performance could be predicted.  Engineering analysis and reservoir simulation of Anasazi and Runway fields was completed in June 1998. The Anasazi field was selected and approved for the Phase II CO2 flood based on the reservoir evaluation and geostatistical modeling, which predicted an economic return with payout in 35 months. 

The project was delayed for two years under no-cost extensions while the performer attempted to establish a CO2 source. Texaco’s planned pipeline was delayed due to low oil prices in 1998-99, and when it was finally completed the Greater Aneth field used the entire capacity. The original operator, Harken Energy, was sold and the new company declined to continue the search for a CO2 source. The project terminated in 2002 without entering Budget Period II.

Project publication(s):  Final report, BC14988- 26, December 2002.

Application of Reservoir Characterization and Advanced Technology Improves Recovery and Economics in Lower Quality Shallow Shelf San Andres Reservoirs -- Class II
Contract: DE-FC22-93BC14990

Performer: OXY USA

Project Dates: 8/3/1994 – 9/3/2002
Permian San Andres Formation – West Welch Field (depth 4,800 ft.), Dawson Co., TX, Permian Basin

Objectives: The objectives of this project were to demonstrate the application of cross wellbore tomography, hydraulic fracture orientation detection, 3-D seismic methods, and cyclic CO2 stimulation to improve the economics of conventional CO2 flooding.
Results:  3-D Seismic integration was used to map reserves with an estimated 300,000 bbls of additional reserves for the West Welch Unit.  Evaluation of seismic responses led to the development of a statistical relationship between pore volume and seismic attributes.  Five new wells showed that seismically guided mapping was an accurate substitute for porosity mapping. Pressure bombs were run in the injection well measuring CO2 bottom hole injection pressure to determine the appropriate CO2 surface pressure for optimal CO2 injection. The optimized injection pressure increased the CO2 injection rate by approximately 20%. Ten well workovers were done to enhance wellbore conditions. Positive results have been realized, but not in all wells. Efforts to improve performance in other wells consisted of stimulation through lift revisions and optimization of the pump-off controllers. A horizontal well was drilled in December 2000 for the purpose of capturing poorly swept oil zones from a 7-spot pattern. The horizontal well was drilled to a length of 3,000 ft. and hydraulically fractured, which increased production 10-fold. CO2 injection was terminated in April 2002 after five years production because of poor economic response. Injection was not sufficiently cost-effective to continue or expand the CO2 process.  

Project publication(s): Final report BC14989-23, March 2000.

Application of Advanced Reservoir Characterization, Simulation and Production Optimization Strategies to Maximize Recovery in Slope and Basin Clastic Reservoirs, West Texas (Delaware Basin) -- Class III
Contract: DE-FC22-95BC14936

Performer: Bureau of Economic Geology, University of Texas, Austin

Project Dates: 3/31/1995 – 8/31/2001
Permian Bell Canyon Formation and Ramsey Sandstone – East Ford and Geraldine Ford Fields (depth 2,700 ft.), Reeves & Culbertson Counties, TX, Delaware Basin
Objectives: The objectives of this project were to demonstrate that detailed reservoir characterization is a cost-effective way to recover a higher percentage of the original oil in place through strategic placement of infill wells and geologically based field development.
Results:  This project demonstrated that: (1) enhanced oil recovery by CO2 flood can increase production from slope and basin clastic reservoirs of the Delaware Mountain Group and (2) reservoir characterization can improve EOR projects in general. CO2 injection in the East Ford unit began in July 1995. As a result of the CO2 flood, production has increased from 30 BOPD at the end of primary production to more than 185 BOPD in 2001. 

Application of project technology to East Ford field resulted in 1.7 MMbbl  of incremental oil recovery. Of the 12.2 MMbbl of remaining oil in place in the East Ford demonstration area, an estimated 1.2 to 3.7 MMbbl will be ultimately recoverable through CO2 flood. Technology transfer will benefit development of other Delaware Reservoirs, which contain 1,558 MMBO of remaining oil. 

Project publication(s): Final report BC14936-18, November 2001.

Advanced Reservoir Characterization in the Antelope Shale to Establish the Viability of CO2-Enhanced Oil Recovery in California's Monterey Fm. Siliceous Shales -- Class III
Contract: DE-FC22-95BC14938

Performer: Chevron

Project Dates: 2/12/1996 – 2/28/2003
Miocene Monterey Formation (Antelope Shale) – Buena Vista Hills Field (depth 4,450 ft.), Kern Co., CA, San Joaquin Basin

Miocene Monterey Formation (Belridge Diatomite) – Lost Hills Field (depth 1,300 ft.), Kern Co., CA, San Joaquin Basin
Objectives: The objective of this project was to increase oil recovery from the Monterey/Antelope Siliceous Shale through the application of an innovative reservoir management plan.




Results:  The original goal was to implement a CO2 flood in the Antelope shale. Production from wells in this field, and in the Antelope Shale in general were declining, and the wells were in danger of being abandoned. However, based on the reservoir characterization of the Buena Vista Hills field carried out during Phase 1, the Antelope shale was deemed unsuitable for a CO2 flood. Phase II was transferred to an 8-acre site in Lost Hills field for the pilot CO2 flood demonstration.  The Lost Hills Belridge diatomite is a unique reservoir and its unusual properties such as extremely small pore size, high porosity, and low permeability have historically led to low primary oil recovery (3-4% OOIP). Due to the low primary recovery and large amount of remaining oil in place, Lost Hills presented an attractive target for EOR.
Remediation programs were developed and implemented throughout 2001 and 2002. Sanding became severe and caused a major blowout in the casing in one well. Tracer and salinity surveys suggested that the producers and injectors were directly connected. Simulation showed that higher flow channels in the reservoir were having an adverse affect on the performance of the pilot. It appeared that CO2 was capable of increasing oil recovery from diatomite; however, in the Lost Hills pilot the CO2 followed the “path of least resistance” and bypassed matrix oil. CO2 predominantly flowed through induced hydraulic fractures and faults; the channels through a very small part of the reservoir transported sand at high velocity. The sand-laden CO2 found holes formed by subsidence-related well failures and exacerbated the sanding problems. After an evaluation of the problems, CO2 injection was terminated on January 30, 2003. 

Project publication (s): Final report BC14938, June 2003.

Horizontal Injection Wells

Improved Miscible Nitrogen Flood Performance Utilizing Advanced Reservoir Characterization & Horizontal Laterals in a Class I Reservoir - East Binger (Marchand) Unit/Class Revisits
Contract: DE-AC26-00BC15121


Performer: Binger Operations


Project Dates: 4/11/2000 – 4/10/2005
Upper Pennsylvanian Upper Marchand Sand (Hoxbar Group) Fm. – East Binger Unit (depth 9,900 to 10,010 ft.),  Caddo Co., OK, Anadarko Basin

Objectives: The objectives of this project were to: demonstrate the use of nitrogen as a widely available, cost-effective and environmentally superior injectant for miscible floods, and demonstrate the effectiveness of horizontal wellbores in reducing gas breakthrough and cycling.
Results:  Through the process of evaluating the benefits of horizontal wells in the East Binger Unit, Marchand sand reservoir, a greater understanding of the reservoir flow mechanisms was obtained, allowing further development and improved recovery for the field. This geologic and reservoir setting, combined with the recovery mechanism employed, proved to be more appropriate for vertical wells. Based on results achieved, additional drilling beyond the scope of the original project was completed. 

Binger Operations drilled and completed three horizontal and seven vertical wells, converted five producer wells to injectors, completed modeling and fluid flow characterization work to identify critical fluid flow mechanisms, and evaluated over 200 gas samples to monitor gas cycling and the effects of producer-to-injector conversions. 

Three horizontal wells were drilled into the Pennsylvanian Hoxbar formation of the Eastern Anadarko Basin, where previously only one such well had been drilled. Although these technologies were not proven to be the most cost-effective for this field—in large part due to the recovery mechanism employed—they very likely will be the most cost-effective drilling technique in similar reservoirs with different recovery mechanisms. Project development work has added 200-300 barrels of oil per day to field production, roughly doubling production in the project area. 

Project publication(s): Final report BC15121-R26,  December 2006.
Post Waterflood CO2 Miscible Flood in Light Oil Fluvial-Dominated Deltaic Reservoirs -- Class I
Contract: DE-FC22-93BC14960

Performer: Texaco E&P

Project Dates: 6/1/1993 – 12/31/1997
Oligocene Frio Formation – Port Neches Field (5,900 ft.), Orange Co., TX, East Texas Basin
Objectives: The objectives of the project were to analyze the use of CO2 miscible flooding by horizontal gas injection into a watered-out salt dome reservoir and to transfer the technologies developed to operators of similar light oil reservoirs.

Results:  The scope of work in Phase I was to conduct reservoir characterization and develop software models for an improved method for screening candidate reservoirs for CO2 flooding, and huff-n-puff technologies. A screening model was used with 3-D seismic to select sites for horizontal injection wells in Port Neches field and was used to screen data from 197 fields in Louisiana for CO2 flood potential. The water alternating gas (WAG) process was used and proved to be effective in mobility control in highly permeable sands. The technology used for miscible CO2 flooding was technically successful, but Texaco did not feel that it increased production or revenues sufficiently to continue the process due to constraints in the Port Neches field. There were mechanical problems relating to drilling the horizontal injection well, premature CO2 breakthrough, and size limits in the production unit. Texaco did not continue the project into Phase II and it ended in December 1997. 
Project publication (s): Final report BC14960-19, February 2002.

Gravity Drainage

West Hackberry Tertiary Project -- Class I
Contract: DE-FC22-93C14963

Performer: Amoco Exploration and Production Co.


Project Dates: 9/3/1993 – 7/2/2002

Oligocene Hackberry Formation – West Hackberry Field (depth 8,000 ft.), Cameron Parish, Louisiana, Mississippi Salt Basin

Objectives:  The objective of this project was to field test the concept that air injection can be combined with the double displacement process (gas displacement of a water-invaded oil column to generate tertiary oil recovery through gravity drainage) to create a new profitable EOR process for light oil reservoirs. Although other gases such as nitrogen or carbon dioxide can be combined with the double displacement process, air is lower cost and universally accessible, even in remote or environmentally sensitive areas.
Results:  The project design called for air injection into the high-pressure West Flank reservoir at West Hackberry field, Louisiana. Air injection coupled with gravity drainage was determined to be the best method to recover the 30-40% of oil left after normal waterflood recovery. By July 1999, 50% of the planned air volume had been injected in the West Flank reservoir. The reservoir pressure has risen by 500 psi, but the reservoir had not responded as expected. Analysis determined that the oil-water contact had not moved sufficiently down structure to reach the producing wells.
In 1996 the project was expanded to include the North Flank of West Hackberry field. Three North Flank reservoirs were put under air injection and showed a positive response within two months. Between July 1996 and July 1999, the North Flank reservoirs had produced 224,000 barrels of incremental oil. The success of the North Flank reservoirs is attributed to the ability of the air injection and double displacement gravity flow process to work effectively in low-pressure reservoirs. In the low-pressure reservoir, the process was able to push the oil-water contact down structure sufficiently to make contact with the producing wells. As of July 1999, when BP/Amoco sold West Hackberry field, the North Flank reservoirs were producing 270 barrels of incremental oil per day. 

The Amoco project was moderately successful in increasing incremental production. When British Petroleum took over Amoco in 1997, a two year extension of Phase I was requested. When the extension was over, BP Amoco decided that they did not wish to commit themselves to the research and implementation of Phase II and agreed to terminate the project. 

Project publication: Final report, BC14963-21, March 2000.

Advanced Reservoir Characterization and Evaluation of CO2-Gravity Drainage in the Naturally Fractured Spraberry Reservoir -- Class III
Contract: DE-FC22-95BC14942

Performer: Pioneer Natural Resources (formerly Parker and Parsley)

Project Dates: 7/24/1995 – 7/23/2002
Permian Spraberry Formation (Spraberry Trend) – E. T. O’Daniel Field (depth 6,800 ft.), Midland Co., TX, Permian Basin

Objectives: Determine the technical and economic feasibility of continuous CO2 injection in the naturally fractured reservoirs of the Spraberry Trend.
Results:  CO2 gravity drainage experiments in Spraberry and Berea whole cores at reservoir conditions validated the premise that CO2 could recover oil from the tight, unconfined Spraberry matrix. Injection tests indicated that the pilot needed to be waterflooded prior to CO2 flooding to obtain the necessary reservoir pressure, and waterflooding began in 1999. A line drive waterflood was implemented rather than the typical west Texas five spot flood pattern. The waterflood aligned with the Spraberry fracture pattern with spectacular results. Due to the surprising waterflood response and the distance from injection wells to responding wells, the initial pilot area was expanded from 60 acres to 1,200 acres. Because of the success of the new waterflooding techniques, plans to implement the CO2 flood were put on hold, and Pioneer expanded the waterflood technology to numerous other leases in the Spraberry Trend, buying acerage and drilling new wells. 

Oil recovery had reached 18% of OOIP by 2001, arresting the decline in production. The pilot produced 150,000 bbl of incremental oil from four wells. Indivdual wells went from 10-15 BOPD (average over 10 years) prior to waterflooding to 90 BOPD and sustained proudction of 80 BOPD per well through September 2003. A follow-up project was awarded under the PUMP program to Texas A&M, to fully understand the process and the success of the waterflooding. 

Project publications): Final report BC14942-15, July 2002.
Other

Field Demonstration of Carbon Dioxide Miscible Flooding in the Lansing-Kansas City Formation, Central Kansas/Class Revisit
Contract: DE-FC26-00BC15124

Performer: University of Kansas

Project Dates: 3/8/2000 – 3/7/2010
Upper Pennsylvanian Lansing-Kansas City Formation – Hall-Gurney Field (depth 2,985 ft.), Russell Co., KS, Central Kansas Uplift 

Objectives: Demonstrate the viability of CO2 miscible flooding in the Lansing-Kansas City formation on the Central Kansas Uplift.
Results:  There were no miscible CO2 floods in Kansas, due primarily to the large distances from CO2 sources. Originally the project proposed to encourage Kansas independents to bring a CO2 pipeline from the Texas Panhandle; however, a closer more efficient source was waste CO2 output from a 40 million gallon per year ethanol plant. CO2, a fermentation process byproduct of ethanol production, is being utilized for the CO2 miscible flood project in Hall-Gurney field. 

The CO2 flood was initiated in December 2003 and showed an initial response in August 2006. The economics are not favorable for the small pilot demonstration, but the project confirms that miscible CO2 flooding is viable for the Lansing-Kansas City formation and that the technology can be applied to other reservoirs in Kansas. The project is ongoing as of August 2008.
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