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Abstract


The reservoir characteristics of 97 North Dakota oil reservoirs were evaluated. Eighty-four of the reservoirs were unitized for water flooding before January 2004 whereas 13 other non-unitized fields with substantial oil reserves were included in the study. This study divided the potential for carbon dioxide (CO2) recoverable oil reserves into three categories: Probable, Possible, and Unfavorable. North Dakota has Probable CO2 miscible oil reserves of 171 million barrels of oil (MMbo) with an additional Possible CO2 miscible oil reserves of 106 MMbo. An Excel database was created summarizing the key reservoir characteristics of a majority of these 97 North Dakota oil reservoirs to assess CO2 miscible flooding potential. The Excel database created by the authors is partially based upon the Unit Excel database on the North Dakota Industrial Commission’s web site, but expands it by adding reservoir data. Reservoirs with projected CO2 oil recovery exceeding 2 MMbo are believed to be the most likely candidates for future development in North Dakota. 

A review of the standardized CO2 reservoir screening methodology is presented. The authors applied a simple empirical screening methodology to assess the best North Dakota fields and reservoirs for application of CO2 flooding. The majority of the future potential for CO2 miscible flooding in North Dakota is in carbonate oil reservoirs. A brief summary of the results from successful carbonate CO2 miscible flooding projects in West Texas is presented. A comparison is made between North Dakota reservoir characteristics and those of the ongoing CO2 miscible flood in both West Texas and the Weyburn Unit in Southeast Saskatechewan. Constraints to future CO2 development in North Dakota are addressed. 

Introduction


Carbon dioxide miscible flooding was first successfully tested in North Dakota by Gulf Oil Company (Gulf) in 1981 at Little Knife North Field. (1)(2)(3) Gulf achieved a CO2 miscible oil recovery of 13% of the original oil in place (OOIP) on a 5-acre pilot mini-test. Based upon simulation forecasts, Gulf concluded that 160-acre development on a 5 spot pattern would recover up to 8% of the OOIP by CO2 miscible flooding. Carbon dioxide miscible flooding in the North Dakota portion of the Williston Basin has never been demonstrated on a large-scale spacing pattern. However, early results from CO2 miscible flooding in the Canadian portion of the Williston Basin in the Weyburn Field in Saskatchewan are very encouraging from an oil reservoir with characteristics similar to many North Dakota reservoirs.

  Carbon Dioxide miscible oil recoveries of between of 8% and 11% of the OOIP are widely accepted empirical values for carbonate reservoirs in the Permian Basin of West Texas on well spacing of less than 40-acres per well.  The reservoir characteristics of successful Permian Basin carbonate CO2 miscible floods are discussed in detail later in this report. 

It is the authors’ opinion that 8% recovery of the OOIP on 80-acre well spacing in North Dakota is a realistic estimate of the maximum CO2 oil recovery, and that 80-acre well spacing, or less, will be required for successful North Dakota development. Also, it is the authors’ opinion that if CO2 flooding in North Dakota reservoirs is attempted on 160 acre well spacing that significantly less than 8% of the OOIP predicted by Gulf would result due to reduced CO2 sweep efficiency that results from porosity and permeability heterogeneities know to occur in many North Dakota reservoirs.

Previous CO2 Studies


Basin Electric Cooperative completed a number of studies of the potential for CO2 enhanced oil recovery from North Dakota and Montana oil reservoirs in 1988 and 1990. (4)(5) From these studies it was concluded that as of 1985 the total OOIP in the 26 fields studied was 4,367 MMbo with a cumulative recovery of 858 MMbo. Estimated total oil recovery from both primary and secondary methods in Montana and North Dakota fields was projected to be 1,038 MMbo using a 24.8% recovery of OOIP. This left 3,539 MMbo of oil in place at the end of primary and secondary recovery projects as of 1985. Future potential for CO2 miscible oil recovery for both Montana and North Dakota was stated to be 232 MMbo from 26 fields with most of the largest oil reserves in North Dakota located along the Nesson Anticline. Based in part on these studies, the Dakota Gasification Company CO2 pipeline was constructed along the Nesson Anticline. (6)
Standardized CO2 Flood Screening Methodology

Step 1: Empirical Reservoir Characteristics
 
The first step in our assessment of an oil reservoir for CO2 miscible, or immiscible, flooding potential is a comparison to published empirical rough screening criteria.. (7)(8)(9)(10)(11) Oil reservoir characteristics found to be most favorable for CO2 miscible flooding are summarized below:

· Oil reservoirs that have demonstrated good waterflood response are the best candidates for CO2 flooding. 
· Prior to the application of CO2 miscible flooding, the waterflood oil recovery factor should be greater than 20% of the OOIP but less than 50% of the OOIP.  
· Oil reservoir depth must be greater than 2,500 ft to reach CO2 minimum miscibility pressure (MMP), which is a function of lithostatic pressure, bottom hole temperature, and oil composition. 

· An oil gravity greater than 27 degrees API with an oil viscosity less than 10 centipoise (cp) at reservoir conditions is ideal. 

· Formation porosity greater than 12% with an effective permeability to oil of greater than 10 millidarcies (md) is ideal.


The authors’ applied the general guidelines stated above in screening the North Dakota oil reservoirs listed in the Excel database. The findings of the screening process are summarized later in this report.  Once a reservoir has been screened, several quick empirical rules of thumb can be applied to predict results and operating parameters for the CO2 miscible project as summarized below:

· The CO2 oil recovery factor of the original oil in place (OOIP) in the best reservoirs ranges from 8% to 11% of the OOIP for miscible CO2 floods. 
· Immiscible CO2 flood oil recoveries are usually 50% or less than recoveries from miscible CO2 floods. 
· In order to achieve CO2 miscible flooding the minimum miscibility pressure (MMP) is roughly equal to initial bubble point pressure. 
· The initial CO2 injection purchase requirement is 7 to 8 thousand standard cubic feet (Mcf) of CO2 per barrel of oil recovered, with an additional 3-5 Mcf of CO2 per barrel of oil recovered required to be recycled (captured, re-compressed and re-injected). 
·  Water and gas injection (WAG) is an alternative to reduce high CO2 injection concentrations. However, CO2 oil recovery does decrease when WAG is used if total CO2 injection concentrations drop below 8 to 10 Mcf per barrel.
· Water injection after primary production is required to fill gas voidage and increase reservoir pressure to original conditions prior to CO2 injection. 

· Top down CO2 injection can be applied to highly fractured or thick reservoirs. Oil recovery factors greater than 8% to 11% of the OOIP can be achieved, but at the expense of purchasing higher volume of CO2.

Step 2: Analogy to Successful CO2 Floods

The second step for screening oil reservoirs for CO2 flooding potential is utilization of a dimensionless analog model. A dimensionless analog model is a graph of the cumulative percentage of the reservoir barrels of CO2, and or water injected, divided by the original hydrocarbon pore volume in reservoir barrels vs. the cumulative percentage of the actual oil production in stock tank barrels divided by the original oil in place in stock tank barrels. The theory is that reservoirs with similar initial reservoir characteristics will respond in a similar manner to water or CO2 injection. Therefore when injection volumes are normalized on a dimensionless basis they can be used to estimate oil recovery on a dimensionless basis for any reservoir with similar reservoir characteristics even though the size of the reservoir may be different.  The shapes and slopes of dimensionless analog model graphs can vary radically for different reservoir characteristics. 

One pre-programmed Excel dimensionless analog model is available at no cost from the Texas Center for Energy and Economic Development (CEED). (12)(13) This Excel model was initially created by Shell Oil Company, updated by Kinder Morgan, and is based upon a dimensionless curve from the Denver Unit in the San Andres Formation in West Texas. Pre-programmed dimensionless analog models, such as the Shell Kinder Morgan program, do give meaningful results but they must be used with some caution since they are based upon specific CO2 project field results. Applying the models to other non-San Andres Formation producing fields will introduce error because reservoir variations such as fractures, rate of natural water influx, and reservoir heterogeneity cannot be accommodated by the program.

Step 3: Reservoir Simulation Studies and Economic Analysis

The third step used in CO2 application reservoir screening is simulation modeling. Rough, simplified simulation screening can be accessed using the DOE CO2 Prophet Simulation model available in the public domain (14). The CO2 screening simulation program preferred by the authors is the low-cost IFLO program. (15) High-cost reservoir simulation programs, such as Schlumberger’s ECLIPSE, Computer Modeling Group’s GEM, or Landmark’s VIP compositional computer models are usually used both before, and during a detailed feasibility study, and after full scale project initiation has begun. 

High-cost reservoir simulation computer modeling input requires complete core and laboratory analysis of rock and reservoir fluids to generate accurate predictions.  Laboratory analyses of liquids and gases are used to create pressure-volume-temperature (PVT) tables.  Core analysis is used to more accurately define the reservoir parameters for modeling in the reservoir simulation program. Full core CO2 flood tests are also performed, and simulated, to verify the accuracy of the simulation predictions. Low-cost simulation can be performed prior to conducting complete laboratory analysis by using empirical PVT data, or PVT data from reservoirs with similar fluid or rock characteristics.  Economic analysis of the reservoir simulation oil production response is performed to assess the feasibility of full-scale field development.

Step 4: Field Pilot
If the economic analysis indicates application of CO2 flooding would meet economic goals then the next step would be implementation of a small field pilot-test such as those conducted by Gulf in 1981 in Little Knife North in the Mission Canyon Formation, or in Phase I of the Weyburn Unit Project in the Midale Beds. (1)(2)(3) Results of the field pilot are then used to confirm earlier simulation predictions and to predict large-scale full CO2 flooding field development.
Analogs of Successful Carbonate CO2 Flooded Reservoirs for Comparison to North Dakota CO2 Candidates
Permian Basin CO2 Experience in Carbonate Oil Reservoirs

Sixty-six on going and abandoned CO2 projects in West Texas were evaluated. (13) As of December 2002 a total of 38 projects were considered to be economic.  The reservoir characteristics of the 38 successful projects are summarized below:

· Average BHT = 108 degrees F (86 degrees F to 134 degrees F)

· Average Viscosity = 1.52 cp (0.5 cp to 2.6 cp)

· So at start of CO2 flood = 55% (35% to 89%)

· Average porosity = 11% (7% to 13.5%)

· Average Permeability = 9 md (1.5 md to 62 md)

· Average Depth = 5,281 feet (4,500 feet to 8,000 feet)

· Average API = 33 degrees (28 deg. API to 41 deg. API) 
The well spacing for the 38 West Texas CO2 successful carbonate reservoir floods was however substantially less than the North Dakota well spacing. The average well spacing for the 38 West Texas CO2 successful projects was 27.6 acres. Only one field exceeded 80 acre well spacing and was spaced on 130 acres per well. Thirty-three of the 38 fields were spaced on less than 40 acres.  The shallower depths and reservoir heterogeneities of many West Texas reservoirs encourage smaller well spacing. The heterogeneities are due in part to the sequence of depositional lithofacies and their diagenesis, which have many similarities to those at Weyburn Field, Canada (below), and too many North Dakota oil reservoirs.

Williston Basin Canadian CO2 Experience in Carbonate Oil Reservoirs 

Weyburn Field:

Several CO2 projects have been conducted in Canada but the most important Canadian CO2 project in the Williston Basin relevant to North Dakota is the International Energy Agency Weyburn CO2 Monitoring and Storage Project that began in September 2000 (16).  Documentation and publications evaluating the Weyburn project are extensive and cannot be fully addressed in this limited report (17)(18). Although it is still early in the projected 25 year life of the project, the CO2 flooding analysis and experience at Weyburn has shown a 27% increase in oil production, and does indicate the potential for successful CO2 application to the North Dakota Madison carbonate reservoirs.

Weyburn field was discovered in 1954 and encompasses an area of 52,000 acres. Weyburn contains 723 wells, which include 179 horizontal wells, 221 injection wells and 323 vertical production oil wells.  Approximately 146 wells have been shut in or abandoned. Well spacing averages 72 acres per well but horizontal wells decrease the effective well spacing below 72 acres per well. Current oil production rate is approximately 21,000 barrels of oil per day (bopd). Gas production is 2% hydrogen sulfide (H2S) with a sour oil API gravity of 25 to 34 degrees. Depth to the Mississippian Midale Beds is 4,655 feet. OOIP is estimated at 1,400 MMbo with cumulative recovery of approximately 366 MMbo (26% of the OOIP). Estimated oil recovery from CO2 and water injection is an additional 120 MMbo to 130 MMbo (approximately 10% of the OOIP).  

Investment in the Weyburn Field is projected to be $1.3 billion representing a finding cost of approximately $10/bbl. Water injection volume was 156,526 bwpd in April 2003 with CO2 injection volume of 70 to 90 million standard cubic feet per day (MMcfpd). The 95% pure CO2 source is delivered through a 198-mile pipeline from the Great Plains Synfuels Plant in Beulah, North Dakota. Over the 25-year life of the project a CO2 volume equal to 30% of the reservoir hydrocarbon pore volume (HCPV) will be injected. Water injection will then follow. The peak oil production rate is projected to be 30,000 bopd by 2008 and maintained at that rate until 2011.

The two principal carbonate reservoir lithofacies being CO2 flooded in Weyburn field are the Vuggy Limestone and Marly Dolomite of the Midale Beds of the Charles Formation. The average net pay zone thickness varies between 10 and 89 feet. The Marly Dolomite zone has a porosity of 26% with a permeability of 10 millidarcies (md). The Vuggy Limestone zone has a porosity of 15% with a permeability of 30 md. Original reservoir pressure was 2,117 pounds per square inch (psi) with an original water saturation of 32% to 40%. (19) The bottom hole temperature is 151 degrees Fahrenheit. The Midale oil viscosity is 0.5 centipoise (cp) at reservoir conditions with an initial formation volume factor (Boi) of 1.46 rb/stb. The CO2 minimum miscibility pressure (MMP) for the Midale oil is between 1,912 psi and 2,408 psi (20)
Classification of North Dakota Reservoir CO2 Potential Recoverable Oil Reserves

This study divided the potential for CO2 recoverable oil reserves into three categories: Probable, Possible and Unfavorable. Probable and Possible oil reserves were further divided by recoverable CO2 oil reserves greater, or less than, 2.0 MMbo for each North Dakota field analyzed. A comprehensive Excel database was created summarizing the key reservoir characteristics and the authors’ assignment of reserves for each North Dakota field. (1)(2)(3)(4)(5)(6)(21)(22)(23) The Excel spreadsheet database is too large for this publication, but can be down loaded from the North Dakota Geological Survey web site (http://www.state.nd.us/ndgs/) under the Williston Basin Horizontal Workshop link, and a display copy will be posted at the meeting. 

Probable oil reserves are defined as those oil reserves associated with specific fields, which in the authors’ opinion, would most likely be recovered from reservoirs with the most favorable reservoir characteristics for CO2 flooding based upon empirical comparisons with other successful carbonate CO2 flood projects, or CO2 field pilots. Possible oil reserves are those associated with reservoirs that in the authors’ opinion have less favorable reservoir characteristics, but CO2 flooding may be feasible. Unfavorable oil reserves are those associated with reservoirs that in the authors’ opinion have significant problems with successful CO2 application.


Within the 84 fields unitized, North Dakota contains Probable CO2 recoverable oil reserves of 171 MMbo.  The 171 MMbo of Probable reserves are composed of 154 MMbo from 22 fields with recoverable CO2 reserves exceeding 2 MMbo per field and the remaining 17 MMbo is from 23 additional fields with recoverable CO2 flooding volume less than 2 MMbo per field.  It is the authors’ opinion that fields with less than 2 MMbo recoverable CO2 reserves are less likely to be developed than those with CO2 recoverable reserves exceeding 2 MMbo per field. In addition, fields with less than 2 MMbo recoverable CO2 oil reserves will be highly sensitive to new CO2 pipeline installation costs. For those fields that are more than 10 miles from the existing North Dakota Gasification CO2 pipeline, new pipeline costs will be a major consideration to assess economic feasibility of the project. 


North Dakota contains Possible CO2 recoverable oil reserves of 106 MMbo. An estimated 103 MMbo is associated with 21 North Dakota fields with projected oil recovery of greater than 2 MMbo per field.  Possible CO2 recovery of 3 MMbo is associated with five fields that would have possible CO2 recovery less than 2 MMbo per field. 


Three of the 84 fields evaluated would have an Un-favorable recovery projection representing 11 MMbo. Ten remaining fields have oil reserves too small for CO2 application consideration.

Highest Ranked Reservoirs and Fields in North Dakota for CO2 Flooding Applications

Oil reservoirs with the most favorable characteristics for successful CO2 flooding include the Mission Canyon, Duperow, Spearfish, Charles, and Tyler “Health” Formations. Madison Group reservoirs with the highest probability of development include the Glenburn and Sherwood intervals of the Mission Canyon Formation, and Ratcliffe interval of the Charles Formation. 
The top ten North Dakota fields with the highest Probable CO2 recoverable oil reserves, using a recovery factor of 8% of the OOIP, are as follows:

1
Beaver Lodge Madison


17.6 MMbo 

2
Tioga Madison



17.2 MMbo 

3
Big Stick Madison


13.3 MMbo

4
Fryburg “Heath” (Tyler)

12.4 MMbo

5
Beaver Lodge Devonian

11.1 MMbo

6
Newberg Spearfish Charles
 
 7.7 MMbo

7
Wiley Glenburn


 7.6 MMbo

8
Blue Buttes Madison


 7.4 MMbo

9
North Tioga Madison


 7.2 MMbo

10
Charleson North Madison

 6.4 MMbo

The top ten North Dakota fields with the highest Possible CO2 recoverable reserves, using a recovery of 8% of the OOIP, are as follows:

1
Cedar Hills South RRB

28.8 MMbo

2
Cedar Hills North RRB

22.2 MMbo

3
Antelope Madison


 8.0 MMbo

4
Cedar Creek Ordivian


 7.7 MMbo
5
Medicine Pole Hills West RRB
 3.4 MMbo
6
Medicine Pole Hills RRB

 3.2 MMbo

7
Medicine Pole Hills South RRB
 3.1 MMbo

8
Eland Lodgepole


 2.8 MMbo

9
Lignite Madison (PA)


 2.6 MMbo

10
Rough Rider East Madison

 2.3 MMbo 
(RRB = Ordovician Red River Formation B porosity: PA = plugged and abandoned)
Favorable Reservoir Characteristics for North Dakota CO2 Flooding Applications
Because North Dakota oil reservoirs are generally at a depth greater than 8,000 feet, achieving the minimum miscibility pressure (MMP) for CO2 injection is achievable. High initial reservoir bottom hole pressures, requiring higher MMP for miscible CO2 injection, are offset by higher hydrostatic pressure from injected CO2 plus surface pipeline CO2 delivery pressures. In some cases depths may be great enough to require additional pumps or compressors if pipeline pressure is insufficient.  Published MMP for the Mission Canyon Formation at Little Knife was 3,200 psi. (4) Depth, API gravity and bottom hole temperatures are all favorable for CO2 flooding in North Dakota. In addition, porosity, permeability and oil saturations are all within range of other successful carbonate reservoirs such as those in West Texas and Canada. Presence of H2S in natural gas in sour crude is not a significant constraint.  However, sour gas recycling costs will certainly be higher than sweet gas re-cycling costs.

Unfavorable Reservoir Characteristics for North Dakota CO2 Flooding Applications
Several factors have contributed to Permian Basin CO2 flooding failures and some of the same factors also occur in some North Dakota reservoirs. Some of the causes of CO2 flooding failure include reservoir heterogeneity, low permeability, high water cuts and early CO2 segregation and channeling through natural fractures. Vertical reservoir containment is one of the key factors associated with failure. Reservoirs with high concentrations of vertical fractures should be avoided due to CO2 injection losses out of zone and, or, early CO2 breakthrough reducing sweep efficiency. 

At Weyburn Field one injection strategy employed is the simultaneous but separate water and gas (SSWAG) method. The SSWAG method is used in part because the Vuggy Limestone lithofacies are highly fractured. Because of the presence of high concentrations of natural vertical fractures in the Vuggy Limestone, CO2 is currently being injected into the overlying less permeable Marly Dolomite and water is being injected in the higher permeability Vuggy Limestone to improve CO2 sweep efficiency. This suggests that knowledge of the spacing and abundance of fractures, and their lateral and vertical extent, can be very important but does not exclude all fractured reservoirs from the application of CO2 flooding technologies. 

Examples of highly vertically fractured oil reservoirs in North Dakota, which would present CO2 migration, and sweep efficiency problems are the Madison strata in the Fryburg and the Red Wing fields.  Natural fractures within a bounded reservoir may enhance CO2 flooding and may not present a sweep efficiency problem. However, when natural fractures extend outside the oil-bearing strata preventing containment, or allowing water influx, then successful CO2 flooding is questionable.  

Oil reservoirs with either very high, or very low, permeability can also be poor candidates for CO2 flooding. Very low permeability reservoirs reduce the effectiveness of both water and CO2 floods due to low fluid injectivity. Very thick high permeability reservoirs, such as the Lodgepole Formation, will gravity segregate CO2 reducing sweep efficiency.  Thick reservoirs with no layered horizontal permeability barriers, such as the Lodgepole reservoirs, would require top down CO2 injection significantly adding to CO2 purchase costs.  Lodgepole reservoirs also have a high recovery factor due to water imbibition further reducing the available residual oil target for CO2 flooding. Low permeability oil reservoirs with poor connectivity such as the Red River D Formation in Horse Creek Field would also not be candidates for CO2 flooding due to poor sweep efficiency.

In general, fields or units with well spacing greater than 80 acres would be less likely CO2 flooding candidates due to sweep efficiency reduction and due to the increased cost of infill drilling. Fields with poor material balance characteristics during water flood indicating high water loss, or strong water influx, would also not be good CO2 flooding candidates. Some parts of the Cedar Creek Anticline would be questionable CO2 candidates due to “thief zones” above, or below, the Red River B formation that take up to 45% of the injected fluids through vertical fractures. Reservoirs demonstrating strong natural water influx, such as the Mission Canyon Formation in Fryburg Field and the Southern part of TR Field, would also not be good CO2 candidates.  

Generally speaking, the depth of most reservoirs in North Dakota exceeds 8,000 feet and those at greatest depths may require additional pumps if reservoir pressures exceed pipeline pressures needed to reach CO2 MMP for miscible flooding. This depth allows CO2 miscibility pressure to be easily reached but also is an economic constant for infill drilling development. Fields not currently already developed on 80-acre well spacing will likely require significant additional capital investment for horizontal, or vertical, infill wells marginalizing the economic attractiveness of CO2 flooding development. Fields using water flood on 80-acre well spacing, or less, are potential CO2 miscible flood candidates.

Reservoirs that seem to have un-favorable characteristics for CO2 flooding include the Interlake Silurian, Devonian Winnepegosis and highly fractured Mississippian Madison reservoirs particularly in areas with strong water drive or where salt plugging may be present. The Tioga Ordovician and Silurian units are gas condensate reservoirs, which may not be amenable to CO2 flooding.
Conclusions


Fifty-five reservoirs in North Dakota are candidates for CO2 flooding with Probable recoverable oil reserves of 171 MMbo at 8% recovery of the original oil in place. An additional 26 fields have Possible CO2 flooding oil reserves of 106 MMbo.  North Dakota reservoir characteristics are similar to successful CO2 flood projects in West Texas and the Canadian Williston Basin. However, North Dakota reservoirs tend to be deeper and on larger well spacing than successful West Texas CO2 floods. Constraints limiting North Dakota CO2 development are reservoir depth, large well spacing, presence of vertical fractures across reservoir boundaries, heterogeneous reservoirs, and strong natural water influx, or high water cuts, in mature waterflood projects.  

Many of the reservoirs listed in this report with Probable and Possible CO2 flood reserves may not be economic due to high development costs for installation of CO2 supply pipelines, current oil prices and, or, CO2 purchase costs.  The intent of this study was reconnaissance, to quickly identify, and qualify, those reservoirs with CO2 potential in North Dakota. Additional detailed research, geological and engineering studies would be required, beyond the scope of this report, to assess the effectiveness, economic feasibility and the ultimate potential of each individual field presented in the analysis based upon the unique characteristics present in each oil reservoir.
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