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Abstract 

Primary recovery factors for Bakken wells are typically less than 10%, and there is a need for enhanced 
oil recovery (EOR). Reduction of rich gas flaring from the Bakken is also a high priority, suggesting that 
there may be an opportunity to use rich gas as a working fluid for EOR. However, the fundamental 
mechanisms controlling rich gas interactions with the Bakken reservoir fluids are not well understood. In 
particular, different pressures and rich gas mixtures (i.e., ratios of methane, ethane, and propane) may 
affect the fluid phase behavior of oil and rich gas as measured by minimum miscibility pressure (MMP) 
as well as by changing the solvent strength of the injected fluid for oil hydrocarbons. Lab studies are 
being conducted to determine the effect of different rich gases on their potential to enhance Bakken crude 
oil recovery. These include measuring the MMP of Bakken crude oil with different candidate gas 
injectants and measuring the hydrocarbon composition in the “miscible” phase generated by crude 
oil/injectant exposures.  

MMP values were measured for pure ethane, methane, and propane and are now being measured with 
different combinations of those gases including stable ternary methane–ethane–propane mixtures. MMPs 
are measured using a modified capillary rise/vanishing interfacial tension technique. Experiments to 
determine the effects of rich gas fluid composition and pressure on the mobilization of hydrocarbons from 
Bakken crude oil are also being conducted with different gases, gas mixtures, and pressures. These studies 
show that true chemical miscibility (single phase in all proportions of crude oil and injectant) between 
injected fluids and crude oil is not attained under reservoir-relevant temperature and pressure conditions, 
but rather the fluids exist in two phases including a lower crude oil-dominated phase in equilibrium with 
an upper, injectant gas-dominated phase.  Different fluids and pressures change the compositions of 
mobilized hydrocarbons in the rich gas-dominated upper phase and the bulk crude oil-dominated lower 
phase, and are being determined by collecting and analyzing the gas-dominated phase at equilibrium with 
the bulk crude oil.  

The results show that, in terms of MMP, propane is superior to ethane, and both fluids are much better 
than methane. For rich gas mixtures, it is expected that the richer the gas, the lower the MMP.  Based on 
the ability to solvate crude oil hydrocarbons into the mobile “miscible” phase, propane is the most 
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efficient at 3000 psi, ethane is next, and methane is much poorer. The same trends occur for their abilities 
to solvate higher-molecular-weight hydrocarbons.  Molar densities of the different fluids indicate that 
higher pressures may increase their effectiveness, especially of ethane, and these experiments are 
currently being conducted. These data sets will support industry in their determination of the most 
effective rich gas compositions and operating conditions for EOR. 

Introduction 

As of January, 2019, oil production from the Bakken Petroleum System in the Williston Basin exceeded 
1.4 million barrels per day (NDIC, 2019), despite primary recovery factors of only 6 to 10% for a typical 
well (LeFever and Helms 2008, Nording and Helms 2010).  Since the reservoir is estimated to have 4.5 to 
20 billion barrels of recoverable oil (U.S. Energy Information Administration 2013, Flannery and Kraus 
2006), even small increases in recoveries would yield significant quantities of crude oil.   
 
While enhanced oil recovery (EOR) using CO2 has been employed for decades in conventional reservoirs, 
the use of CO2 for EOR projects in unconventional plays like the Bakken may be limited by insufficient 
economically-viable supplies of CO2 (Kuuskraa and Wallace 2014, Azzolina et al 2016).  In addition, 
because tight shale plays like the Bakken often produce gas that is too rich for pipeline-quality natural gas 
(McGuire et al. 2016), there is increasing interest in using rich gas hydrocarbons for EOR as well as to 
reduce CO2 emissions from rich gas flaring (Sibbald et al. 1991, Zick 1986, Chang et al. 1993).  Despite 
this interest, there are few experimental studies and results available to support the development of EOR 
projects with rich gas hydrocarbons.  Therefore, the purpose of the present study is to investigate the 
abilities of methane, ethane, propane, and produced gas mixtures for attaining MMP with Bakken crude 
oil, and also to determine their abilities to solvate crude oil hydrocarbons (both in terms of total oil 
dissolved, as well as the molecular weight distribution of the hydrocarbons) in the injectant gas-
dominated phase. 

Methods 

MMPs were determined using a vanishing interfacial/capillary rise technique described in detail in 
(Hawthorne et al. 2016).  In brief, 3 mL of a typical Bakken crude oil was placed into a high-pressure 
view cell which had previously been purged with the test fluid.  The cell contained three glass capillaries 
having different diameters with their bottom ends suspended in the crude oil as shown in Figure 1.   

               
Figure 1. High pressure view cell used for the MMP determinations (left).  The center photo shows the pool of Bakken crude oil in the bottom of 
the cell, and the height of the oil in the three capillaries at the initial low pressure of ethane. (Capillary inner diameters from left to right are 1.12, 

0.84, and 0.68 mm.)  The photo on the right shows the oil height in each capillary as the ethane pressure is raised and the interfacial tension 
between the ethane injectant and the bulk crude oil approaches zero near the MMP. 
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The view cell and oil were heated to 110 °C in a gas chromatographic oven which had been modified to 
have a view window in the oven door.  The cell was heated to 110 °C for one hour, then the pressure of 
the test gas in the cell was increased in ca. 50 psi increments until the height of the oil in the three 
capillaries approached zero (i.e., approached zero interfacial tension between the gas and oil phases).  A 
plot of the oil height in each capillary versus the injectant gas pressure was extrapolated to zero height, 
with the intercept on the pressure axis being the MMP (Figure 2) (Hawthorne et al. 2016). 

 
Figure 2. Plot of oil height versus different pressures of injected ethane for the three different capillary diameters shown in Figure 1.  The MMP 

with ethane for this trial was 1323 +/- 40 based on the extrapolation of the three capillaries’ oil heights to zero. 

 

The method for collecting and analyzing the crude oil hydrocarbons was recently developed and applied 
to determine the abilities of methane, ethane, and CO2 to dissolve hydrocarbons by coming to equilibrium 
at reservoir temperature with a crude oil from a conventional sandstone reservoir.  Details of the method 
are given in (Hawthorne and Miller 2019).  In brief, a high-pressure view cell was adapted to contain a 
10-mL reservoir for the crude oil (Figure 3).  The view cell was then heated to 110 °C for one hour, 
followed by slowly adding the test gas via the bottom of the oil reservoir so that the gas had to contact the 
10-mL oil sample before reaching the gas-dominated upper phase (top of the cell in Figure 3).  The 
oil/gas mixture was left to come to equilibrium, and the upper phase hydrocarbons were “sipped’ through 
the tube inserted into the upper phase via a heated flow restrictor which allowed the gas phase and its 
dissolved hydrocarbons to percolate through 15 mL of methylene chloride.  (Note that the pressure and 
temperature were maintained at the test conditions during the equilibration time and the sampling time so 
that any pressure/temperature changes during equilibration and sample collection were infinitesimal.)  
After each ca. 5-mL sample was collected, the remaining oil was left to equilibrate with fresh injectant 
gas for an additional hour before the next fraction was collected.  Octadecylbenzene was added to each 
fraction as an internal standard, and each extract was analyzed by high-resolution gas chromatography 
coupled with a flame ionization detector (GC/FID) (Hawthorne and Miller 2019).    
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Figure 3. High pressure view cell (left) modified to include a 10-mL oil reservoir that allows the injectant gas to be introduced at the bottom so 

that it percolates through the 10-mL oil column.  The photo on the right shows the sampling tube which is used to “sip” off the upper gas-
dominated phase.  During the sampling procedure the gas inlet to the cell is left open to the ISCO 260D syringe pump operated in the constant 

pressure mode so that there is no significant pressure change in the cell at any time in the experiment. 

 

Results 

A comparison of the MMP values for a typical Bakken crude oil (API 38.7) are shown in Figure 4, which 
shows dramatic differences in the ability of the three light hydrocarbons to attain MMP.  Methane 
required 4516 psi for MMP, while ethane only required 1323 psi, and propane only required 552 psi, 
results that clearly demonstrate that if produced gas is used for EOR, the richer the gas, the more effective 
it should be.  It is also interesting to note that the MMP for the same crude oil using CO2 was reported to 
be about 2540 psi (Hawthorne et al. 2016).  Thus, CO2 only requires about one-half the pressure to attain 
MMP than methane, while ethane requires about one-half the pressure of CO2, and propane requires about 
one-half the pressure of ethane.   
 
The same Bakken crude oil was used to determine the ability of three gases to dissolve crude oil 
hydrocarbons via vaporization gas drive as described above and in (Hawthorne and Miller, 2019).  Figure 
5 compares the total hydrocarbon concentrations in the gas-dominated upper phase for 4 or 5 sequential 
exposures of the 10-mL oil sample.  Similar to the MMP results, both ethane and propane are far superior 
to methane, and propane is superior to ethane.  Figure 5 also shows declining concentrations of oil with 
each subsequent exposure with ethane and propane, which is consistent with liquid/liquid partitioning 
rather than saturation solubility as the mechanism that determines the concentration of oil hydrocarbons in 
each collected fraction.  For example, the first propane fraction dissolved about 17% of the 10-mL oil 
sample, the second fraction dissolved about 17% of the remaining ca. 8.3 mL of oil, and so on for each 
subsequent fraction.  (See reference (Hawthorne and Miller 2019) for a detailed explanation of the 
liquid/liquid partitioning mechanism.) 
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Figure 4. MMP values for a typical Bakken crude oil using pure methane, ethane, and propane.   The error bars (one standard deviation) are 

derived from the MMP values from the three different-diameter capillaries used in each experiment. 

 
 

 
Figure 5. Total crude oil hydrocarbons mobilized into the upper gas-dominated phase via vaporization gas drive with methane, ethane, and 

propane at 3000 psi.  The error bars represent one standard deviation based on triplicate experiments with each fluid. 

In addition to solvating much less oil, methane only dissolves the lightest hydrocarbons as shown in 
Figure 6, while the hydrocarbons mobilized by both ethane and propane show essentially the same 
molecular weight distribution as the original crude oil. 
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Figure 6. Comparison of the hydrocarbon molecular size (carbon number) mobilized by methane (top), ethane (middle), and propane (bottom) at 
3000 psi and 110 °C. 
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Discussion 

The MMP results shown in Figure 4 clearly show that the use of relatively high concentrations of ethane 
and/or propane in injectant gas should be much more effective for attaining MMP at lower pressures than 
gases rich in methane.  While different mechanisms (other than achieving miscible flood conditions as for 
a conventional permeable reservoir) may control oil recovery in tight-fractured unconventional reservoirs 
Hawthorne et al. 2013), these MMP results do indicate that richer gases should be more effective EOR 
fluids than leaner gases.    
 
The comparisons of the three fluids to mobilize crude oil hydrocarbons via vaporization gas drive at 3000 
psi (110 °C) also show the same trend as MMP, i.e., propane is superior to ethane, and both are far 
superior to methane.  Methane is very poor at dissolving mid- and high-molecular weight hydrocarbons, 
and nearly all of the total oil dissolved by the methane consists of dodecanes (C12) and smaller, which is 
likely to result in the deposition of the middle- and heavier-molecular weight hydrocarbons.  In contrast, 
the hydrocarbons dissolved by both ethane and propane show essentially the same molecular weight 
distributions as the original oil. Thus, as was the case for MMP, these results indicate that richer gases 
will be more effective for mobilizing heavier hydrocarbons (and causing less deposition) than leaner 
gases. 
 
Although ethane is not as effective as propane in these lab studies, its use as a relatively pure EOR fluid 
may be reasonable in some shale plays because the rich gas produced from these plays have high 
concentrations of low-value ethane that needs to be removed (along with higher-value propane) to 
produce pipeline-quality gas (McGuire et al. 2016).   

Conclusions 

The results of these laboratory studies clearly indicate that richer gases will be more effective than leaner 
gases for EOR, whether EOR is being performed in conventional or unconventional tight-fractured 
reservoirs.  The additional studies needed to determine the effectiveness of different produced gas 
compositions at different pressures are currently being conducted.  
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