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Abstract 
Grieve oil field, discovered in 1954, is located in southeastern Wind River Basin, central Wyoming. This Lower Cretaceous, 
valley-fill and channelized, Muddy sandstone reservoir is a stratigraphic/structural trap with an average structural dip of 15 

degrees. Multiple recovery mechanisms have contributed to produce more than 30 million barrels of premium light sweet 
crude, including gas expansion, down-dip water drive, and re-injection of produced gas into the field’s gas cap. The reservoir 
depth, at 6,900 ft, and oil gravity, 37oAPI, are considered favorable for miscible gravity stable CO2 flooding to enhance oil 
recovery.  
 Three distinct reservoir lithofacies are identified within the Muddy channel sand at Grieve Field, which are overlain 
by a low-permeability sandstone interval of bay-head delta deposition. Wettability tests indicate that the reservoir rock is 
weakly water-wet. A full-field simulation model was developed to simulate the production history and forecast the 
performance of various CO2 flooding scenarios.  

The simulation evaluation concluded that gravity stable CO2 flooding can be an effective EOR method for the 
Grieve Muddy reservoir. Up to 23 MMSTBO could ultimately be recovered by gravity stable CO2 flooding. To repressurize 
the reservoir to an operation pressure above the minimum miscibility pressure, a cumulative injection of 90 BSCF or more of 
CO2 would be needed before any production. Total CO2 purchased is estimated to be in the 119 to 188 BSCF range 
depending on the operation duration and CO2 injection rate. The net CO2 usage efficiency, the ratio between total purchased 
CO2 and total produced oil, varies from 7.3 to 8.1 MSCF/BO in the simulated cases. The reservoir has potential to sequester 
more than 145 BSCF of CO2 at the end of CO2 flooding operation. 
 
Introduction 
Grieve oil field was discovered in August 1954. The field is located in southeastern Wind River Basin, central Wyoming, and 
is currently operated by Elk Petroleum Inc. (Elk Petroleum), Figure 1. The producing oil reservoir is a stratigraphic/structural 
trap at a depth of 6,900 ft in the Lower Cretaceous, valley-fill and channelized, Muddy sandstone.  The average structural dip 
in the Grieve area is about 15 degrees to the northeast.  

By 2006, Grieve Field has produced about 30 million barrels of oil, 33 million barrels of water, and more than 109 
billion cubic feet of gas. The oil is a premium light sweet crude of 37oAPI gravity. Figure 2 shows the monthly production 
history of Grieve Field. The recovery mechanisms include gas expansion, down-dip water drive, and pressure maintenance 
by re-injecting produced gas into the field’s gas cap. Reservoir blow down started in 1977 when field water-oil production 
ratio increased to 9:1. Previous estimations of original oil-in-place (OOIP) range from 54 to 103 million barrels of oil 
(MMSTBO), while estimations based on material balance usually result in higher oil reserves than that from volumetric 
calculations. In this study, an OOIP estimation of 67 MMSTBO in the Grieve Muddy channel sand has resulted from a 
simulation history matching based on the full-field material balance. History match also reveals that about one MMSTBO of 
oil and 8.2 BSCF of gas have moved down from the overlain low-permeability sandstone interval into the Muddy channel 
sand interval during the reservoir depletion. 

The simulation work presented in this paper is part of a collaborative study between the University of Wyoming 
Enhanced Oil Recovery Institute (EORI) and Elk Petroleum. The objective of the study is to assess the EOR potential of CO2 
flooding in Grieve Muddy reservoir which, with a large dip angle, is considered favorable for gravity stable CO2 flooding. In 
addition, stratigraphic and diagenetic studies of the Grieve cores, minimum miscibility pressure (MMP) assessment from 
slim-tube experiments, and core wettability tests have been performed for this study to provide required inputs for the 
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simulation model.  
 
Reservoir Description and Rock Properties 
The regional geology of the Muddy Formation in Grieve Field has been documented by several workers (Curry, 1985, 
Dolson, 1991, Johnson, 1990, proprietary GDI Muddy Sandstone Study, 2001). These workers have interpreted the Muddy 
Formation to represent deposition in a valley fill setting. The base of the Muddy is sharp and erosive in nature, and the 
Muddy Formation unconformably overlies the Skull Creek Shale. In general, the Muddy Formation at Grieve consists of a 
vertical succession of deposits representing initial fluvial deposition at the base of the valley, followed by a rippled, burrowed 
unit interpreted to have been deposited as either the upper part of a fluvial-estuarine point bar or as part of a bay head delta 
deposited as the fluvial valley began to back fill during the ensuing transgression. These units are then capped by more 
estuarine and finally marine-affected mudstones and bioturbated siltstones and sandstones at the top of the Muddy as the 
Muddy valley fill continued to flood and fill during the transgression of the Shell Creek seaway.  

From the stratigraphic study of Grieve cores (DeJarnett, 2007), three distinct sandstone lithofacies were identified 
within the Muddy channel sand at Grieve Field. They consist of Facies A – a fine to lower medium-grained cross-stratified 
fluvial sandstone typically situated at the base of the Muddy paleovalley.  Facies A is typically overlain by Facies B, a fine-
grained, unidirectionally rippled sandstone burrowed with a distinct trace fossil assemblage (almost exclusively robust 
Skolithos).  Facies B is the unit that shows the most vertical (hairline, partially open) fractures observed in the cores. Facies B 
is typically overlain by Facies C, which consist of very fine-grained sandstone with abundant mudstone laminations and 
burrowing.  The trace fossils (Planolites, Skolithos, possible Teicichnus) indicate a stressed environment, typical of bays 
and/or estuaries (still within the paleovalley). In addition, two mudstone and mudstone/sandstone lithofacies were also 
identified, named Facies D and E, in the interval of bay-head delta deposition above the Muddy channel sand. Core porosity 
and permeability measurements from 29 wells were averaged by the facies intervals. As given in Figure 3, the average 
porosity in facies A, facies B, and facies C are 22.1%, 18.7%, and 13.5%, respectively. The average permeability in facies A, 
facies B, and facies C are 404 md, 338 md, and 14.1 md, respectively. 

Reported low connate water saturation (Hurd, 1970), ranging from 5.8 to 12 percent, indicates that the Muddy 
reservoir at Grieve field is an oil-wet reservoir.  It was suggested (Hurd, 1970) that 6.5 percent would be a good estimate for 
the average connate water saturation. To verify the rock wettability, spontaneous imbibition tests were conducted on eight 
one-inch core plugs drilled from the cores of four different wells. Four of the core plugs were drilled from the Facies A 
intervals and the other four from the Facies B or C intervals. Very low spontaneous imbibition rates were observed in all tests 
(Xie, 2007). It confirms that the reservoir is weakly water-wet. During the reservoir depletion, the lower part of the reservoir 
was flooded by the incursion water from the down-dip aquifer. High residual oil saturation is expected in the flooded zone.  
A measured residual oil saturation of 34 percent has recently obtained from a near-wellbore tracer test. 
 
Simulation Model 
A full-field geologic model of Grieve Muddy reservoir was first created in the Petrel platform, a geologic modeling package 
from Schlumberger. The resulting grid system along with porosity and permeability distributions were then exported to a 
black-oil model for history match and a compositional model for CO2 flooding forecast. Schlumberger’s Eclipse Parallel 
simulators, installed on EORI’s 15-node HP cluster, were used for the simulation works in this study. 
 
A 4-Layer Reservoir Model 

The reservoir model created for the Grieve Muddy reservoir consists of four layers (or zones). Three lower layers 
are the facies A, B, and C intervals in the Muddy channel sand. The top layer consists of facies D and E, which are marine-
affected mudstones, bioturbated siltstones and sandstones between the Muddy sandstone top and the top of facies C. Based 
on the well tops of facies, Functional Interpolation, a mapping method, was used to generate the surfaces of layer tops.  
Figure 4a shows a 3D view of the original fluid distributions where the gas-oil contact is set at 675 ft above the sea level and 
oil-water contact is set at -73 ft below the sea level. The Muddy channel sand pinches out at the structure top as shown in 
Figure 4b, from a bottom view of the grid pore volume distribution above the oil-water contact. There are a total of 47,671 
active cells in the model.  

Figure 5a shows the isochore map of Muddy channel sand, which is the contour map of true vertical thickness 
between the top of Facies C and the base of Facies A. The thickness of the channel sand varies from 10 ft to more than 110 ft 
in the northern part of the field. In contrast, the overlain layer that consists of Facies D and E is thicker at the structure top 
where the channel sand pinches out, as shown in Figure 5b. 

Synthetic porosity and permeability logs were created to represent the average core porosity and permeability of 
facies intervals in wells and were used as mapping control points. For wells that did not have lab-measured porosity and 
permeability for some or all of facies intervals, the facies average porosity and permeability were assumed. Sequential 
Gaussian Simulation, a mapping method, was used to generate the porosity and permeability distributions within each layer. 
 
Relative Permeability 

Water-oil and oil-gas relative permeabilities, Figure 7, were initially set to reflect rock wettability and 
residual/connate saturations obtained from cores and were later adjusted in the history match. The Stone model was used to 
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calculate the three phase oil relative permeability based on the two-phase sets of water-oil and oil-gas relative permeabilities. 
An average connate water saturation, Swc, of 6.5% was assumed in the oil zone and in the gas cap. Because the reported oil 
viscosity varies from 0.555 cp to 1.26 cp (Hurd, 1970) at the original reservoir pressure, the mobility ratio between oil and 
water should be close to one as reflected by the endpoints of Krow and Krw in the water-oil permeabilities. A large variance in 
residual oil saturation, Sor, was observed in cores (11-47%). A residual oil saturation of 35% was then determined to be used 
in the oil zone and a value of 6.5% (Sor = 0.065) was used for the gas cap. The estimated average residual oil saturation 
appears consistent with the Sor value of 34% obtained from single well tracer tests. 
 
Slim Tube MMP Analysis 

The bubble point pressure of Grieve Muddy oil was measured at 2,740 psi, about 200 psi below the original 
reservoir pressure. The reservoir depth and oil gravity are preferable for a miscible CO2 flooding. Miscibility between 
reservoir oils and injected CO2 usually develops through a dynamic process of mixing, with component exchange controlled 
by phase equilibria and local compositional variation along the path of displacement. CO2 is not miscible on the first contact 
with reservoir oils. However, with sufficiently high pressure, CO2 could achieve dynamic miscibility with a reservoir oil in a 
multiple contact process. The slim tube experiments, a commonly used method for determining minimum miscibility 
pressures (MMP), have been conducted for the oil sample collected from Well No.9 (Adidharma, 2007). Under pure CO2 
injection and the Grieve reservoir temperature at 135oF, the MMP for the Grieve oil sample is estimated at 2068 psi as shown 
in Figure 9. 
 
A 9-Component Simulation Model 

Copies of the original reports of the gas chromatographic, distillation and differential liberation analysis on one 
bottom-hole crude sample from Grieve Unit No.1 were obtained from Elk Petroleum. Additional GC and compositional 
analysis were conducted on well-head oil samples collected from Well No.9. In the simulation model, the composition of 
Grieve oil was lumped into nine components. They are CO2, nitrogen, methane, ethane, propane, lumped component of 
butanes to benzene, lumped component of heptanes to xylenes, lumped component of nonanes, and lumped component of 
decanes plus. The Peng-Robinson equation of state (EOS) was used in the simulation model and its coefficients were first 
tuned in a slim-tube simulation to match the measured oil recovery from slim-tube experiments under different pressures. 
 
Volumetric Estimates of Original Oil-in-Place 

Petrel’s Volume Calculation Utility was used to calculate the original oil-in-place (OOIP) in the Grieve Muddy 
reservoir. The OOIP in the Muddy channel sand was estimated between 54 to 68 MMSTOB depending on the assumptions of 
original gas-oil and oil-water contacts and initial saturations. It appears from history match, discussed in the following 
section, that the OOIP estimate of 67 MMSTOB in the Muddy channel sand is most credible. Observed from reservoir cores, 
oil also exists in the low-permeability sandstone interval overlain the Muddy channel sand. Because of the lack of sufficient 
log or core data, a volumetric estimate of OOIP for the top layer is difficult and, therefore, it is subject to production history 
matching to provide an estimation of effective OOIP. 
 
History Match 
Using the grid configuration and distributions of porosity and permeability exported from the Petrel reservoir model, black-
oil simulation models with probable depths of gas-oil and oil-water contacts were created as candidate models for history 
match. Initial oil, gas, and water distributions are calculated by pressure equilibrium after the fluid contacts and capillary 
pressure functions have been defined. It was found that the best match came with the model configured with the data 
provided in Hurd’s paper (1970). As a result, the original gas-oil contact was set at 675 ft above the sea level and oil-water 
contact was set at -73 ft below the sea level as shown in Figure 4a. A connate water saturation of 6.5% was assumed in the oil 
zone and gas cap.  

Consistent measurements from pressure build-up tests (Figure 8) indicate good reservoir communication, and 
therefore the reservoir can be described as a typical tank model. A good match in reservoir pressure decline will reflect an 
appropriate material balance in the simulated reservoir. Because no water was produced from Grieve Muddy reservoir in the 
first 5-6 years of production, the reservoir initially contained only connate water. Any subsequently produced water actually 
came from the down-dip aquifer as part of the influxed water. In calculating reservoir material balance, the net change in 
water volume depends only on the net volume of influxed water that currently remains in the reservoir. The main steps in the 
history matching procedure include: 

 
• The monthly rate of well oil production was used as the well production control. 
• The effective oil and gas volumes in the top layer were adjusted to match the decline in reservoir pressure during the 

first 5-year production. 
• Aquifer size and relative permeabilities were adjusted to match the observed advancing front of water incursion. 
• Gas injection volume was adjusted to compensate the difference between the produced gas volume and the 

simulated gas production before the blow down.  
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Well Production Control in History Match 

In matching well production history, either the bottom-hole flow pressure or a fluid rate is commonly used as the 
well production control. As for Grieve Field, no record of well bottom-hole flow pressure is available and, prior to any water 
production, some of the gas production data are also missing. Therefore, oil production rate is the only reliable data that can 
be used for well production control. When water became the dominant fluid produced from some of the wells in the late 
1960s and during the blow-down, the simulation model under oil-rate control has difficulty in producing enough water. 
However, the overall material balance in the reservoir can still be achieved by matching the net water influx volume. 
 
Aquifer Size and Water Incursion 

The down-dip water zone in the simulation model contains a water volume of 108 million rb below the original oil-
water contact. Cells in the water zone are connected to numerical aquifers. To match the observed advancing front of water 
influx, the total aquifer size was increased to about 700 billion rb of pore-volume water. A hydrostatic equilibrium pressure 
was initially defined for the aquifer. By the end of July 2006, history match estimated a net water increase of 20 million rb in 
the Muddy channel sand of the reservoir. 

 
History Match of Reservoir Pressure Decline 

Different strategies were applied for different production periods to match the reservoir pressure. As shown in 
Figure 8, the reservoir has endured three distinct periods: the initial depletion before 1962; the period of pressure 
maintenance by gas injection; and the blow down starting in 1977. During the initial depletion, when no water was produced 
and water influx was limited, the pressure decline was mainly caused by oil and gas extraction. It was found that the 
simulated pressure decline was much faster than the measured decline for any of the candidate models if no porosity was 
defined in the top layer. It implies that the actual reservoir volume is larger than the volume of Muddy channel sand. 
Consequently, the model with an OOIP of 67 MMSTBO, the largest one among the candidate models, was selected. In 
addition, an effective porosity of 2% in the top layer has resulted from the history matching in order to retard the pressure 
decline, which adds an OOIP of 5.55 MMSTBO in the top layer. Matching the actual gas production is found to be difficult, 
partially because some of the gas production data are missing. When the reservoir pressure was maintained by gas injection, 
the producing gas-oil ratio became very high from some of the wells and the simulation model under oil-rate well control had 
difficulty producing enough gas. To match the stabilized pressure in that period, gas injection volume was reduced to 
compensate for the difference between the produced gas volume and the simulated gas production. During the blow down 
well production control was changed to bottom-hole pressure control and the actual oil rate was set as secondary control. The 
entire match of the pressure decline is given in Figure 8. 
 
Original and Current Oil-in-Place 

In summary, the history match based on full-field material balance estimates an OOIP of 67 MMSTBO in the 
Muddy channel sand. The gas cap in the channel sand initially contains 32.6 BSCF of free gas. The original gas-in-place 
(OGIP) in the channel sand, including solution gas, is about 81 BSCF. In addition, an estimated OOIP of 5.55 MMSTBO in 
the overlain interval extends the reservoir’s oil reserve. History match reveals that about one MMSTBO of oil and 8.2 BSCF 
of gas have moved down from the overlain low-permeability sand interval into the Muddy channel sand interval during 
reservoir depletion. This explains the cause of the inconsistency in OOIPs estimated previously from volumetric and material 
balance calculations (Hurd, 1970), since volumetric estimates are mostly based on the reservoir volume in the Muddy 
channel sand. Estimated from the history match, there are about 38 MMSTBO currently remains in the Muddy channel sand 
and 4.5 MMSTBO in the overlain low-permeability sand interval. 
 
Simulation Forecasts 
In many miscible CO2 flooding field projects, CO2 is injected alternately with water to improve injection profile and reduce 
gas channeling. However, for the Grieve Muddy reservoir which has an average structural dip of 15 degrees, gravity 
segregation of injected CO2 and water may leave a large volume of remaining oil uncontacted with injected CO2 and, 
consequently, reduce the overall WAG flooding efficiency. It is believed (Hurd, 1970) that gravity segregation of solution 
gas and oil occurred continually within the Grieve Muddy reservoir through the initial 4 to 5 years of production prior to any 
water being produced. Because of the gravitational effect, a downward drainage of CO2 injected into the reservoir’s gas cap 
can be much more effective than CO2 WAG injection to recover the remaining oil in the reservoir. A compositional model 
was used to simulate different scenarios of gravity stable CO2 flooding in the reservoir, in which the initial pressure and 
saturation (oil, gas, and water) distributions were obtained at the end of the history match. 
 
Reservoir Repressurization and CO2 Injectivity 

The current average pressure in the Grieve Muddy reservoir, estimated from history match, is around 800 psi. A 
bottomhole pressure of 750 psi measured from Well #9, the only well currently producing, appears consistent with that 
estimation. To optimize the miscibility between reservoir oil and injected CO2, the reservoir should be repressurized to 
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exceed the MMP of 2068 psi before activating any producing well. Because the average formation fracture gradient at Grieve 
Field is estimated to be more than 0.75 psi/ft, the pressure interval between the fracturing pressure and MMP, at a depth of 
6900 ft, will be sufficient to accommodate a miscible CO2 flooding operation. In the design of simulation scenarios, the 
reservoir average pressure was targeted between 2100 and 3600 psi during the production phase. In that targeted pressure 
interval and at the reservoir temperature of 135oF, CO2 formation factor can vary from 0.54 to 0.42 rb/MCF (Jarrel et al, 
2002). Simulation predicts that an injection of 90 BCF or more of CO2 will be required to repressurize the reservoir.  

Because injected CO2 at well bottom is most likely to be at supercritical condition, CO2 injection rate at reservoir 
condition can be estimated as liquid radial flow. It is estimated that wells perforated in the high permeability Muddy channel 
sand, with an average permeability of 220 md, should be capable of taking more than 5,000 MCF/day of injected CO2 
without any well stimulation. In fact, most of Grieve wells have a record of peak production rates over 2,500 reservoir barrels 
per day, which is roughly equivalent to 5,000 MCF/day of CO2. Gas injection rate in Well #12, at one period, also exceeded 
5,000 MCF/day. Different CO2 injection rates ranging from 5,000 to 12,000 MCF/day have been simulated with the 
maximum BHP set at 3050 psi. Even though no difficulty appeared in the simulation, hydraulic fracturing stimulation might 
be needed for wells to inject very high volume rates of CO2 if the permeability-feet thickness of the injection interval is not 
sufficient at the structure top. 

 
Representative Scenarios 

More than twenty scenarios of gravity stable CO2 flooding in Grieve Muddy reservoir have been simulated under 
different CO2 injection schemes and injection/production well configurations. Only three of the simulated scenarios are 
presented in this paper. The selected examples should provide a good understanding of how much a gravity stable CO2 
flooding could achieve. The simulated performance of the three scenarios is compared in Figure 10-15. Table 1 provides a 
summary of the three scenarios for a 14-year operation duration. A similar summary is given in Table 2 for a 30-year 
operation duration. The specified well configurations and injection/production settings for each scenario are given below. 
 
Scenario 1 

Scenario 1 reflects a low-side case with limited initial CO2 supply and a minimum volume of total injected CO2. 
Using a low injection rate of 5,000 MCF per well per day, CO2 was injected into ten injection wells placed at the structure 
top, named 'Inj12', 'Inj30', 'CO2I1', 'CO2I2', 'CO2I3', 'CO2I4', 'CO2J1', 'CO2J2', 'CO2J3', and 'CO2J4' as shown in Figure 16-
19. A maximum BHP of 3050 psi was set for all injection wells. After six years of CO2 injection, the reservoir was 
repressurized to an average pressure of 3200 psi. In the following production phase, only three injection wells were used to 
inject a daily volume of 15,000 MSCF of CO2 to maintain the reservoir average pressure above MMP. Ten existing wells 
were opened to produce in the production phase. They are Well #17, Well #16, Well #6A, Well #41, Well #1-22-1, Well #44, 
Well #18, Well #19, Well #32, and Well #31. A bottomhole pressure of 2100 psi was set for all production wells. After 6 
years of repressurizing the reservoir and 24 years of producing, Scenario 1 could recover about 19.8 MMSTBO with only 
about 89 BSCF of CO2 being produced and reinjected. Scenario 1 requires a relatively low volume of total CO2 injection 
estimated at about 234.5 BSCF for a 30-year operation duration.  
 
Scenario 2 

Scenario 2 assumes that initial CO2 supply will be abundant and a large volume of CO2 will be injected to achieve 
higher oil recovery. Using the same injection well configuration of Scenario 1, ten injection wells injected a daily volume of 
110,000 MSCF of CO2 during the repressurization phase. It only took 2.75 years to repressurize the reservoir to an average 
pressure of 3200 psi. In the following production phase, four injection wells were used to inject a daily volume of 44,000 
MSCF of CO2 to maintain the reservoir pressure and accelerate oil recovery. A total of 14 wells were opened to produce, 
including a new well at the southeast corner of the reservoir. They are Well #17, Well #16, Well #6A, Well #2, Well #41, 
Well #1-22-1, Well #43, Well #44, Well #18, Well #19, Well #32, Well #31, Well #29, and ‘NEW1’. The bottomhole 
pressure control was the same as that used in Scenario 1. It was estimated that about 20 MMSTBO would be produced within 
the first 11.25 years of production and only 2.2 MMSTBO of additional oil would be recovered in the next 16 years of 
production. 
 
Scenario 3 

Scenario 3 was used to estimate the ultimate oil recovery from the Grieve Muddy reservoir by gravity stable CO2 
flooding. Similar to Scenario 2, ten injection wells injected a daily volume of 110,000 MSCF of CO2 during the 
repressurization phase, but the injection duration of 2.25 years was 6 months less than the repressurization time used in 
Scenario 2. Seven injection wells were used to inject a daily volume of 77,000 MSCF of CO2 during the production phase, in 
which two new wells, ‘NEW1’ and ‘NEW2’, were added into the production at the southeast corner of the reservoir, Figure 
30. In total, 16 production wells were activated in the production phase. They are Well #17, Well #16, Well #6A, Well #39, 
Well #2, Well #41, Well #1-22-1, Well #43, Well #44, Well #18, Well #19, Well #32, Well #31, Well #29, ‘NEW1’ and 
‘NEW2’. The bottomhole pressure control was the same as that used in Scenario 1 and 2. Even thought Scenario 3 injects 
about 50% more volume of CO2 than Scenario 2, Scenario 3 would produce 23.2 MMSTBO, only one MMSTBO more than 
the estimated 22.2 MMSTBO from Scenario 2 as shown in Table 2.  
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Oil Recovery and Peak Oil Production Rates 

Figure 16-19 show the movement of the front oil bank in Scenario 3 that, with very high CO2 injection volume, 
could recover more than 23 million barrels of the remaining oil. For lower CO2 injection volumes, Scenario 1 and 2, between 
20 and 22 MMSTBO could still be produced in a 30-year operation. Simulation predicts that about 80% of the recoverable oil 
would be produced within the first 5 to 6 years of production (Figure 12). Without adding any new production wells in 
Scenario 1, simulation predicts a peak production rate of 8,300 STBO/day by opening 10 existing wells. In cases of using 
high CO2 injection volumes and producing from 14 or 16 wells (Scenario 2 and 3), daily oil production rate could reach more 
than 12,300 STBO/day, as shown in Figure 12. 
 
Gas and Water Productions 

Following the breakthrough of the main oil bank, a large spike in gas production rate was predicted as shown in 
Figure 13. The maximum daily gas rate could reach as high as 40,000, 109,000, and 170,000 MSCF/day for Scenario 1, 
Scenario 2, and Scenario 3, respectively. Most of the produced gas would be CO2, as indicated in Figure 14, and would need 
to be reinjected. Summaries of gas and water productions for each scenario are given in Table 1 and 2. In all the three 
scenarios, the cumulative water production was estimated at about the same as the total oil production after a 30-year 
operation, as given in Table 2. 
 
Overall CO2 Usage 

As compared in Table 1 and 2, a CO2 volume ranging from 119 to 161 BCF would have to be purchased for a 14-
year operation, while about 146 to 188 BCF would be needed for a 30-year operation. The net CO2 usage efficiency, the ratio 
between total purchased CO2 and total produced oil, varies from 7.3 to 8.1 MSCF/BO in the simulated cases. However, the 
volume of CO2 being produced and reinjected for a 30-year operation could triple the amount of the CO2 volume recycled in 
a 14-year operation. The cost for CO2 separation, re-compression, and re-injection may be an obstacle for using very high 
volume CO2 injection during the producing phase. It was predicted that, as shown in Figure 18-19, almost the entire Muddy 
reservoir would be swept by gravity stable CO2 flooding. 
 
CO2 Sequestration Potential 

The stratigraphic/structural trap of the Grieve Muddy reservoir could be turned into a CO2 sequestration site after a 
CO2 flooding project. For example in Scenario 3, Table 2, about 188 BCF of injected CO2 could be sequestered at the end of 
the 30-year operation. Calculated by using an average CO2 formation volume factor of 0.48 rb/MSCF, 188 BCF of CO2 is 
equivalent to about 90 million reservoir barrels, or 60% of the reservoir pore volume in the Muddy channel sand. Because 
CO2 is denser than natural gas in the reservoir, some natural gas can be trapped at the structure top above the injection wells 
as shown in Figure 19. Wood et al (2006) have developed a screening model for line-drive CO2 flooding. The model predicts 
oil recovery and CO2 storage potential based on a set of dimensionless groups that includes the effect of reservoir dip. For 
comparison, the parameters from the Grieve field configuration were applied to the screening model to calculate oil recovery 
and CO2 storage volume. The screening model estimates that injected CO2 may occupy about 60% of total pore volume, 
regardless of changes in initial oil saturation, which is quite consistent with the simulation prediction. However, the 
remaining oil recovery forecasted from the simulation is 13% higher than the screening model prediction. 
 
Conclusions 
Because of its unique geologic setting, the Grieve Muddy reservoir is evaluated favorably for gravity stable CO2 flooding and 
possible CO2 sequestration storage. The main results and conclusions drawn from this evaluation are listed below: 
 

1. Three distinct reservoir lithofacies are identified within the pay interval of the Muddy channel sand at Grieve Field, 
which is overlain by a low-permeability sandstone interval of bay-head delta deposition. 

2. The CO2-oil minimum miscibility pressure in Grieve Muddy reservoir is estimated at 2068 psi by slim tube analysis. 
3. Wettability tests confirm that Grieve Muddy reservoir rock is weakly water-wet. 
4. The estimation of an average residual oil saturation of 35% in the oil zone, used in the simulation, is appropriate in 

comparison to the average residual oil saturation of 34% obtained from near-wellbore tracer tests.  
5. An OOIP estimation of 67 MMSTBO in Grieve Muddy channel sand and 5.55 MMSTBO in the overlain low-

permeability sandstone interval was resulted from a simulation history matching based on the full-field material 
balance. 

6. 90 BSCF or more CO2 would be needed to be injected to repressurize the reservoir to an operation pressure above 
the MMP before any production. The repressurization phase could last 2.25 to 6 years depending on CO2 injection 
volume rates. The initial CO2 demand is estimated to be in the range between 50,000 and 110,000 MSCF/day. 

7. Simulation shows that between 20 and 23 MMSTBO could be produced by a 30-year operation of CO2 flooding 
while about 80% of the recoverable oil would be produced within the first 5 to 6 years of production. Total CO2 
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purchased are estimated to be in the 119 to 188 BSCF range depending on the operation duration and CO2 injection 
rate. The net CO2 usage efficiency varies from 7.3 to 8.1 MSCF/BO in the simulated cases. 

8. For a value-added CO2 sequestration project, the reservoir has potential to sequester more than 145 BSCF of CO2 at 
the end of a gravity stable CO2 flooding operation. 

 
Acknowledgements 
We are grateful to Elk Petroleum Inc. for providing the Grieve field data. This work was supported in part by the Enhanced 
Oil Recovery Institute of the University of Wyoming.   
 
Nomenclature 
BHP =  bottomhole pressure 
BO =  barrel of oil 
BSCF =  billion standard cubic feet 
EOR =  enhance oil recovery 
EOS =  equation of state 
GOC =  gas/oil contact 
GOR =  gas/oil ratio 
Krg =  gas relative permeability 
Krog =  oil relative permeability to gas phase 
Krow =  oil relative permeability to water phase 
Krw =  water relative permeability 
MMP =  minimum miscibility pressure 
MMSTBO =  million barrel standard barrel of oil 
MSCF =  thousand standard cubic feet 
OGIP =  original gas in place 
OOIP =  original oil in place 
rb =  reservoir barrel 
Sor =  residual oil saturation 
Swc =  connate water saturation 
STBO =  standard barrel of oil 
WAG =  water alternating gas 
WOC =  water/oil contact 
WOR =  water/oil ratio 
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Table 1. Summary of simulated scenarios under 14-year operation duration of CO2 flooding  

Scenario 1 Scenario 2 Scenario 3
Targeted Oil in Place, MMSTBO 37 37 37

Repressurization Phase
CO2 injection wells 10 10 10
Per-well CO2 injection rate, mscf/day 5,000 11,000 11,000
Total CO2 injection rate, mscf/day 50,000 110,000 110,000
CO2 volume factor, rb/mscf 0.42 - 0.54 0.42 - 0.54 0.42 - 0.54
Total CO2 injected, bscf 109.5 110.4 90
Injected CO2 slug size, PORV 0.35 0.35 0.29
CO2 injection duration, years 6 2.75 2.25

Production Phase
CO2 injection wells 3 4 7
Per-well CO2 injection rate, mscf/day 5,000 11,000 11,000
Total CO2 injection rate, mscf/day 15,000 44,000 77,000
CO2 volume factor, rb/mscf 0.42 - 0.54 0.42 - 0.54 0.42 - 0.54
Total CO2 injected, bscf 37.5 164.1 322.7
Injected CO2 slug size, PORV 0.12 0.52 1.03
Production wells 10 14 16
Total oil produced, mmbo 15.15 20 21.4
Maximum daily oil rate, stbo/day 8,300 12,380 13,600
Total gas produced (including CO2), bscf 37.3 149.4 279.7
Maximum daily gas rate, mscf/day 40,000 109,000 170,000
Total water produced, mmbw 12.9 16.4 18.2
Maximum daily water rate, bw/day 11,600 14,500 16,800
Injection/production duration, years 8 11.25 11.75

Overall CO2 Usage of Both Phases
CO2 injected, bscf 147 274.5 412.7
CO2 produced & reinjected, bscf 28.1 128.5 251.7
CO2 purchased, bscf 118.9 146 161
Net CO2 utility, mscf/bo 7.84 7.3 7.5
Overall Operation Duration, years 14 14 14  

Table 2. Summary of simulated scenarios under 30-year operation duration of CO2 flooding 
Scenario 1 Scenario 2 Scenario 3

Targeted Oil in Place, MMSTBO 37 37 37

Repressurization Phase
CO2 injection wells 10 10 10
Per-well CO2 injection rate, mscf/day 5,000 11,000 11,000
Total CO2 injection rate, mscf/day 50,000 110,000 110,000
CO2 volume factor, rb/mscf 0.42 - 0.54 0.42 - 0.54 0.42 - 0.54
Total CO2 injected, bscf 109.5 110.4 90
Injected CO2 slug size, PORV 0.35 0.35 0.29
CO2 injection duration, years 6 2.75 2.25

Production Phase
CO2 injection wells 3 4 7
Per-well CO2 injection rate, mscf/day 5,000 11,000 11,000
Total CO2 injection rate, mscf/day 15,000 44,000 77,000
CO2 volume factor, rb/mscf 0.42 - 0.54 0.42 - 0.54 0.42 - 0.54
Total CO2 injected, bscf 125 421.1 772.4
Injected CO2 slug size, PORV 0.4 1.35 2.47
Production wells 10 14 16
Total oil produced, mmbo 19.8 22.2 23.2
Maximum daily oil rate, stbo/day 8,300 12,380 13,600
Total gas produced (including CO2), bscf 107.7 392.5 717.2
Maximum daily gas rate, mscf/day 40,000 109,000 170,000
Total water produced, mmbw 19.2 22.1 23.2
Maximum daily water rate, bw/day 11,600 14,500 16,800
Injection/production duration, years 24 27.25 27.75

Overall CO2 Usage of Both Phases
CO2 injected, bscf 234.5 531.5 862.4
CO2 produced & reinjected, bscf 89 360.8 674.5
CO2 purchased, bscf 145.5 170.7 187.9
Net CO2 utility, mscf/bo 7.35 7.69 8.1
Overall Operation Duration, years 30 30 30  
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a b

 
Figure 1. Location of the Grieve field in central Wyoming (figure a) and the wells within the field (figure b). 
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Figure 2.  Grieve field monthly oil, gas, and water productions. 
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Grieve Muddy Sandstone: Porosity vs. Permeability by Facies 
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Figure 3.  Measured core porosity and permeability by facies in the Grieve Muddy channel sand interval. 
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Figure 4. A 3D view of original fluid distributions where the gas-oil contact is set at 675 ft above the sea level and oil-water contact is 
set at -73 ft below the sea level (figure a) and A bottom view of the grid pore volume distribution above the oil-water contact (figure 
b). 
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Figure 5. The isochore map of Grieve Muddy channel sand consisting of Facies A, B, and C (figure a) and the isochore map of the 
top layer consisting of Facies D and E (figure b). 
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Figure 6.  Spontaneous imbibition rates measured from Grieve Muddy cores of Facies A (figure a) and cores of Facies B/C (figure b).  
Copied from the wettability study report by Xie et al. 
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Figure 7.  Water-oil relative permeabilities (figure a) and oil-gas relative permeabilities (figure b) used in the simulation for Grieve 
Muddy reservoir. 
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Figure 8. Well bottom-hole pressures measured from pressure build-up tests in comparison with history matched reservoir average 
pressure.  
 
 
 
 
 
 
 
 

 
Figure 9. Oil recoveries from slim-tube experiments (left figure), which estimates a CO2-oil minimum miscibility pressure of 2068 psi 
at 135oF for the Grieve oil. Copied from the MMP study report by Adidharma et al.  
Figure 10.  Simulated field average pressures during both repressurization and production phases (right figure). 
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Figure 11.  Field CO2 injection rates (figure a) and cumulative injected CO2 volumes (figure b) of the three simulated scenarios. 

 
 
 

 
Figure 12.  Field oil production rates (figure a) and cumulative oil productions (figure b) of the three simulated scenarios. 

 
 
 

 
Figure 13.  Field gas production rates (figure a) and cumulative gas productions (figure b) of the three simulated scenarios. 
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Figure 14.  Field CO2 production rates (figure a) and cumulative CO2 productions (figure b) of the three simulated scenarios. 

 
 
 

 
Figure 15.  Field water production rates (figure a) and cumulative water productions (figure b) of the three simulated scenarios. 

 
 
 
 

a b

 
 
Figure 16.  Ternary view of oil, gas, and water distributions at the beginning of CO2 injection in Scenario 3, top view (figure a) and 
bottom view (figure b). 
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a b

 
 
Figure 17.  Ternary view of oil, gas, and water distributions at the end of a 14-year CO2 flooding operation in Scenario 3, top view 
(figure a) and bottom view (figure b). 
 

a b

 
 
Figure 18.  Ternary view of oil, gas, and water distributions at the end of a 30-year CO2 flooding operation in Scenario 3, top view 
(figure a) and bottom view (figure b). 
 
 

a b

 
 

Figure 19.  CO2 fraction in the gas phase at the end of a 30-year CO2 flooding in Scenario 3, top view (figure a) and bottom view 
(figure b). 
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