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Abstract: Process understanding of CO2 injection into a reservoir is a crucial step for planning
a CO2 injection operation. CO2 injection was investigated for Ohio oil reservoirs which have
access to abundant CO2 from local coal-fired power plants and industrial facilities. In a first of
its kind study in Ohio, lab-scale core characterization and flooding experiments were conducted
on two of Ohio’s most prolific oil and gas reservoirs—the Copper Ridge dolomite and Clinton
sandstone. Reservoir properties such as porosity, permeability, capillary pressure, and oil–water
relative permeability were measured prior to injecting CO2 under and above the minimum miscibility
pressure (MMP) of the reservoir. These evaluations generated reservoir rock-fluid data that are
essential for building reservoir models in addition to providing insights on injection below and above
the MMP. Results suggested that the two Ohio reservoirs responded positively to CO2 injection and
recovered additional oil. Copper Ridge reservoir’s incremental recovery ranged between 20% and
50% oil originally in place while that of Clinton sandstone ranged between 33% and 36% oil originally
in place. It was also deduced that water-alternating-gas injection schemes can be detrimental to
production from tight reservoirs such as the Clinton sandstone.

Keywords: CO2 sequestration; core flood; enhanced oil recovery; pilot injection; Copper Ridge dolomite;
Clinton sandstone

1. Introduction

The technology used for CO2 sequestration in deep geologic formations is currently in the
demonstration phase while no country has yet put in place a comprehensive framework to support
the scaling-up of carbon capture and storage (CCS) to meet the climate targets set by the Paris
agreement [1] In the interim, the utilization of captured CO2 from anthropogenic sources for improving
oil recovery can bridge the gap between the present day research and pilot stage to a fully developed
and commercialized CCS stage [2]. This form of carbon utilization which achieves some geological
storage, also known as Carbon Capture Utilization and Storage (CCUS), is being actively promoted by
the U.S. Department of Energy (DOE) through various regional carbon sequestration partnerships
(RCPs) [3]. CO2-based enhanced oil recovery (CO2-EOR) technology has evolved to a mature state and
is routinely applied in many oil fields where a natural and/or anthropogenic source of CO2 is readily
available [4]. Additional and supplementary techniques use water and foam in with CO2 to improve
its mobility and sweep in the reservoir to optimize hydrocarbon recovery [5,6].

The state of Ohio has a long history of hydrocarbon production with the majority of its production
coming from the eastern part of Ohio. However, Ohio reservoirs are characterized by poor primary
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recovery and low reservoir pressures which fuels the case for EOR. In addition, Ohio ranks fifth in the
U.S. in terms of total CO2 emissions [7], thereby making it an excellent candidate to evaluate CCUS.
Consequently, Battelle Memorial Institute (Battelle), in collaboration with the Ohio Coal Development
Office (OCDO), has focused on advancing towards implementation of CCUS in Ohio’s depleted oil fields
using CO2 from Ohio power plants and other large, stationary point-sources of emissions. The current
study was conducted as part of a project that emphasized developing a process understanding as
well as the technical and economic feasibility of CCUS in Ohio, especially in Ohio’s depleted oil fields.
These include the Clinton sandstone in eastern Ohio and the Copper Ridge dolomite of the Knox Group
in north-central Ohio (Figure 1). These fields have provided a major share of Ohio’s oil production
and are promising candidates for CO2-EOR given their low primary recovery efficiencies resulting in
approximately 80% to 90% of the original oil in place to be recovered from the reservoir by secondary
and tertiary methods of recovery.
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Figure 1. Locations of the Morrow Consolidated (orange) and East Canton (blue) oilfields in Ohio.
The grey regions represent other major oilfields in Ohio (after Hawkins et al.).

Recent assessments of CO2 sequestration potential in Ohio’s depleted oil fields have primarily
been undertaken using simple volumetric analyses that did not consider full-scale fluid movement
and displacement dynamics in an oil-CO2-brine system. Earlier assessments of CO2 EOR potential
in Ohio reservoirs have utilized simple screening type models without a detailed understanding of
in-situ processes or site-specific conditions [8,9]. This work seeks to bridge such gaps by ensuring that
the best information available for the Clinton and the Copper Ridge reservoirs are incorporated into
lab experiments that feed into pilot-scale tests in order to evaluate the potential for CO2-assisted EOR
and geologic storage (co-sequestration) in Ohio’s oil fields. Laboratory experiments were conducted to
develop a bench-scale process understanding as well as provide insights on tailoring pilot injection
studies. This paper describes the lab experiments as an attempt to obtain a process understanding of
CO2 injection into depleted Ohio reservoirs in a first of its kind study conducted in the Appalachian
basin. Inferences from these studies were used to design field pilot studies that are not a subject of
discussion in this paper.
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2. Materials and Methods

2.1. Study Areas and Sample Acquisition

This study focused on two Ohio reservoirs that have been prolifically producing oil—namely,
the Copper Ridge dolomite and Clinton sandstone. These reservoirs were chosen owing to the
remaining oil reserves as well as carbon storage capacity which were evaluated in previous studies
conducted by Battelle. Figure 2 shows a generalized stratigraphic column of various formations in
Ohio including the Clinton sandstone and Copper Ridge dolomite.
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2.1.1. Reservoirs of Interest

The Copper Ridge dolomite, also referred to as the Trempealeau formation, is a prolific and widely
drilled oil and gas formation and is a part of the Knox group which also includes the Beekmantown
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dolomite and Rose Run sandstone (refer to Figure 2). Copper Ridge oil production comes from the
porous (5%–10%) and permeable (1–100 mD) dolomite that is associated with erosional remnants from
the Knox unconformity, which is a period of erosion across the Appalachian basin. The hydrocarbon
source rock for this formation is believed to be Early Ordovician Utica shale [10]. Reservoir samples for
the Copper Ridge dolomite were obtained from the Morrow Consolidated oilfield (MCOF), which was
discovered in 1961 and followed by a surge in production and drilling activity that saw tremendous
increase in oil production rates. However, rapid depletion and poor well management/drilling practices
have caused a significant decline in production which can never be recovered. A limited number of
water and steam floods were conducted to enhance its recovery but to little or no effect. As a result,
out of the geologically estimated 177 million barrels of oil originally in place, only 36 million barrels
(~20%) have been produced [11].

The Clinton sandstone, since its discovery in 1887, has been the most prolific, and thus the most
drilled, oil and gas producing unit in Ohio [8,12]. The “Clinton” sandstone interval comprises a
sequence of interbedded sandstones, siltstones, and shales deposited from a westward prograding
delta system. Historically, the primary hydrocarbon production is from the Red “Clinton” and the
upper portion of the White “Clinton”. These are often the most prolific producers of the “Clinton”
Sand and thus are most often drilled. Rock and oil samples representative of the Clinton sandstone
were collected from the East Canton oilfield (ECOF) which has nearly 3000 wells in the reservoir.
The field is estimated to contain over 1500 million barrels of oil in geological reserves while it has
only produced about 100 million barrels (~7%) to date. Table 1 lists the depth, discovery pressure,
reservoir temperature, oil originally in place (OOIP), average porosity and oil API gravity of the Copper
Ridge dolomite and Clinton sandstone reservoirs.

Table 1. Morrow Consolidated and East Canton Oilfield properties (after Hawkins et al.).

Property Morrow Consolidated (MCOF) East Canton (ECOF)

Producing member Copper Ridge dolomite Clinton sandstone
Depth 3000 ft 5200 ft
Pay thickness (net) ~166 feet ~110 feet
Average permeability 10 mD 0.1 mD
Average discovery pressure 1486 psi 2136 psi
Average temperature 91 ◦F 104 ◦F
Typical peroration depths 3000–3500 feet 4500–5500 feet
Oil originally in place (OOIP) 177 million barrels 1537 million barrels
Average Porosity 10% 7%
Oil API Gravity 41.9◦ API 46.2◦ API

2.1.2. Sample Collection

COPPER RIDGE DOLOMITE

Well selection for sampling cores was straightforward in this formation as Battelle previously
carried out a core sample collection campaign in the MCOF from the Bush #5 well (API: 3411724540000)
located in Morrow County (Figure 3—left). The well is currently operated by EOR Technologies LLC.
Battelle had access to a repository of whole cores obtained from the well in earlier phases of the project.
Bush #5 was previously evaluated as a brine disposal well and cuts through the Upper Copper Ridge,
Copper Ridge “B”, and Lower Copper Ridge intervals. The Upper Copper Ridge interval that begins
at 2906 ft. below the Knox unconformity was found to be the zone of interest considering it has an
average porosity of 11.5%, as suggested by neutron logs. In addition, sidewall cores in this zone were
found to contain hydrocarbons and the oil–water transition zone is estimated to lie in the bottom end
of this zone. The zone has a gross thickness of 186 ft. and a net thickness of 166 ft. The Bush #5 well
did not produce any oil or gas and hence could not be sampled for reservoir fluids. Thus, fluids were
sampled from the Guy Heffley #1 well which is the closest well to the Bush #5 well. The well is operated
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by Fishburn Inc. and is located in Canaan township of Morrow County, a mile northeast of the Bush #5
well. Production from this well began in the year 1964 and has historically produced 75,700 bbl of oil
and 4600 bbl of water.
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Figure 3. Locations of wells used for sampling in Morrow Consolidated oilfield (MCOF) (left) and East
Canton oilfield (ECOF) (right).

CLINTON SANDSTONE

The McCabe P&K Comm #1 well, located in Stark county (Figure 3—right), was chosen as the
sampling well in the ECOF as it contained satisfactory petrophysical data as well as production history
which were obtained from the ODNR database. McCabe P&K Comm #1 well has been a consistent
producer of oil and gas since its commencement in 1991. The well has an average producing gas-oil ratio
(GOR) of about 1900 SCF/STB which indicates the volatile nature of the oil. Permeability is typically an
order of magnitude lower in the Clinton sandstone compared to the Copper Ridge dolomite, hence any
value above 0.1 mD was considered suitable for sampling. Fluid sampling was carried out from the
W&R Schansse Comm #2 which is less than a mile away from the McCabe well. This well was chosen
because it has similar characteristics to the McCabe P&K Comm #1 well and was more readily accessible.
The well has produced 11,200 bbl of oil and 29,000 MSCF of gas as of the time of sampling. The average
producing GOR is around 3500 SCF/STB indicating a volatile oil. Figures 4 and 5 show typical well
logs in the two oilfields that depict the major members of the Copper Ridge dolomite (upper, “B” zone,
lower) and Clinton sandstone (CLNN1, CLNN2, CLNN3, CLNN4, CLNN5). The Copper Ridge “B”
zone and lower Coper Ridge are major producing intervals in MCOF while CLNN2 and CLNN3 are
the major producing intervals in ECOF.
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2.2. Methods

2.2.1. Experimental Setup

Reservoir rock and fluid samples were shipped to The University of Texas at Austin where
several core characterization and flooding tests were conducted to evaluate key reservoir petrophysical
properties as well as CO2 EOR potential. Core characterization measurements included porosity and
permeability to injection brine and air, and capillary pressure. Core floods included a waterflood
followed by a CO2 flood, both of which were conducted at two pressures—one lower and one higher
than the minimum miscibility pressure (MMP) of the reservoir.

Prior to conducting corefloods, the MMP of the two reservoirs was computed analytically using
the power law model developed by Valluri et al. [15]:

MMP = 0.3123 T0.9851 MC5+
0.7421 (1)

In the equation listed above, T represents the reservoir temperature in ◦F and MC5+ represents
pentanes plus fraction—molecular weight is in g/mol. The MMP for the Copper Ridge dolomite was
found to be 1326 psi when the reservoir temperature was 91 ◦F and had an MC5+ of 191.1 g/mol.
Similarly, the MMP of Clinton sandstone was computed to be 1433 psi at 104 ◦F and 171.7 g/mol MC5+.
Corefloods were planned based on these values with one flood above the MMP and another one below.

One-inch-diameter core plugs sampled from the wells of interest were assembled inside an
aluminum one-inch core holder. The core holder and accumulators were all attached to a metal
rack. Figure 6 is a schematic that describes the experimental setup with all concerned equipment.
Depending on the flood being performed, one of the accumulators was connected to the core
holder. Due to the nature of the reservoir crude oils, the effluent was collected inside a fume hood.
A back-pressure regulator was used to control the pore pressure for the CO2 floods.
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Core porosity was calculated from the pore volume through the application of Boyle’s law.
Permeability was calculated by measuring the pressure drop during flow of nitrogen gas or formation
brine when the core is 100% saturated with the respective fluid. Capillary pressure was measured
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through a mercury injection capillary pressure (MICP) apparatus. The MICP apparatus was an
Autopore IV 9500 V1.10 made by Micromeritics Inc. (Norcross, GA, USA). The water–oil relative
permeability was calculated using water flooding data and the John-Baussler-Naumann method.

In addition, wettability was measured using the pendant drop method on a Rame-Hart goniometer
Chips from the provided core samples were aged in the reservoir oil for approximately three weeks at
an elevated temperature of 80 ◦C (which was slightly higher than the reservoir temperature for both
reservoirs). This was carried out to accelerate the aging process. Crude oil–water interfacial tension
was also measured using reservoir formation brine as the aqueous medium.

2.2.2. Core Floods

Core floods were conducted at a commensurate flow rate with a fluid speed of 0.2 ft/day, given the
tight nature of the rocks and the desire for a lower pressure drop across the core. The oil saturated
rock was flooded with formation brine. The pressure drops and effluent recovery data were recorded.
Following brine injection, a CO2 tertiary flood was performed at both below the MMP and above the
MMP. Brine was injected from the top and flowed through the core holder and back-pressure regulator
(BPR). Once the brine passed through the BPR, CO2 was injected into the core holder at an interstitial
velocity of 0.2 ft/day. As with the brine injection, the effluent (including gas) and pressure drop data
were collected and recorded. The pressure drop data for these experiments exhibited some oscillations
as the BPR diaphragm opened and closed due to complexity of three phase flow through the BPR.
At the conclusion of the CO2 injection, the core was flooded with oil to bring the sample oil saturation
up to the initial saturation value.

3. Results

3.1. Core Characterization

The results for core characterization experiments are summarized in Table 2. As an initial
observation, the Clinton sandstone was found to be tighter than the Copper Ridge dolomite, which was
expected based on a survey of previous literature [12,14,16]. While most sandstone reservoirs have
higher porosities and permeabilities, the Clinton sandstone found in eastern Ohio is very tight and
it is commonly explored via hydraulic fracturing and horizontal drilling, which is uncommon for
sandstone reservoirs [17]. For instance, Riley et al. [14] have conducted petrological investigations in
this region using core obtained from an ECOF well and reported an average permeability of 1.05 mD
for the core samples the authors tested. The reservoir quality of the Clinton sandstone improves as
one moves eastward towards Pennsylvania. Another difference between the two reservoirs was their
natural wettability. The Copper Ridge exhibited natural oil wetness while the Clinton sandstone was
found to be mixed-wet, tending towards oil-wet.

Table 2. Core characterization results.

Property Copper Ridge Dolomite Clinton Sandstone

Permeability 12.56 mD 2.74 mD
Porosity 12.7% 7.5%
Initial oil saturation 0.72 0.63
Contact angle >150◦ 118◦

Oil–water interfacial tension 20.3 dynes/cm 30.14 dynes/cm

Figures 7 and 8 show the oil–water drainage capillary pressure and the relative permeability curves
for Copper Ridge dolomite. Entry capillary pressure was found to be ca. 1.9 psia. Water–oil relative
permeability was calculated using the unsteady state Johnson-Bossler-Naumann (JBN) method.
The residual oil saturations were found to be 0.6 and oil relative permeability at the initial water
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saturation was found to be 0.14. Relative permeability to water at the residual oil saturation was found
to be 0.12.Energies 2020, 13, x FOR PEER REVIEW 9 of 16 
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Figure 8. Post-breakthrough water–oil relative permeability curves for Copper Ridge dolomite.

Figures 9 and 10 represent the oil–water drainage capillary pressure and the relative permeability
curves for the Clinton sandstone. Entry capillary pressure was found to be ca. 3 psia. Water–oil relative
permeability was calculated using the JBN method, similar to the Copper Ridge dolomite. The residual
oil saturation was found to be 0.58 and the oil relative permeability at the initial water saturation was
found to be 0.23. Relative permeability to water at the residual oil saturation was found to be 0.04.
The saturation end-points and relative permeabilities at end-points of the two formations are listed
in Table 3.

At any given water saturation, the relative permeability of oil was found to be higher in the
Clinton sandstone than in the Copper Ridge dolomite. Though residual oil saturations are comparable
for the two reservoirs, the Clinton sandstone seems to have a higher irreducible water saturation
than the Copper Ridge dolomite which implies a stronger water wetting nature of the rock. This is
beneficial for oil recovery as the oil phase is likely to move more freely in sandstone compared to the
dolomite. Although the relative permeability to oil is higher in the Clinton sandstone, the lower value
of water relative permeability at residual oil saturation may mean it would be harder for injected CO2

to displace the water. Hence, the resultant production responses from these two fields will reflect a
combination of oil relative permeability through the pore space as well as ability of CO2 to contact and
dissolve trapped oil.
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Table 3. Relative permeability results.

Parameter Copper Ridge Dolomite Clinton Sandstone

Residual oil saturation (Sor) (kro = 0) 0.6 0.58
Irreducible water saturation (Swirr)
(krw = 0) 0.2 0.36

Oil relative permeability at Swirr 0.14 0.23
Water relative permeability at Sor 0.12 0.04

3.2. CO2 Injection Schemes

Table 4 shows a summary of all the core floods performed for the two reservoirs in this study.

Table 4. Summary of core flooding experiments.

Reservoir Experiment Average Oil Recovery (% OOIP)

Copper Ridge Water Flood 30%
Copper Ridge Immiscible CO2 Flood 16%
Copper Ridge Miscible CO2 Flood 26%
Copper Ridge 1:1 WAG Flood 20%
Copper Ridge 2:1 WAG Flood 18%
Clinton Water Flood 20%
Clinton Immiscible CO2 Flood 29%
Clinton Miscible CO2 Flood 26%
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Figures 11 and 12 show the oil recovery and pressure drop across the core for immiscible
(below MMP) and miscible (above MMP) injections conducted on Copper Ridge dolomite samples,
respectively. The additional oil recovery from immiscible flooding is about 16% OOIP while that of
the miscible flood is 26% OOIP with a higher pressure drop across the core. The miscible CO2 flood
produced much more oil than the immiscible CO2 flood, as the gas was able to fully mix with the oil
and displace it through the core.
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Figure 12. Oil recovery and pressure response for Copper Ridge dolomite miscible CO2 flood.

Due to the contrast in viscosity between CO2 and oil, CO2 can finger ahead of the displaced
oil, creating channels through which subsequent gas will flow through, thus lowering the sweep
efficiency of the gas. Water is often injected with CO2 to mitigate this effect. However, this can also
have an adverse effect if the rock is too tight, as mobility becomes a factor. For the Copper Ridge
dolomite, it was shown that the miscible CO2 flood yielded more oil than the immiscible CO2 flood.
Using this basis, water-alternating gas (WAG) floods were performed under miscible conditions to
determine whether or not the addition of water would help improve oil recovery. Water and CO2 were
injected simultaneously after the waterflood. Two ratios were used in separate WAG experiments:
a 2:1 water-gas ratio, and a 1:1 water-gas ratio. These WAG ratios are typical in field projects [18].
Figure 13 compares the oil recovery performances.
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As noticed by Gong et al. [19], addition of water to CO2 can lower the mobility of the mixture in
tight reservoir core plugs, such as the ones used for this experiment. The oil recovery decreased as
the WAG ratio increased. It also took longer to produce the incremental oil. In the case of the Copper
Ridge dolomite (low permeability rocks), it was demonstrated that a miscible, pure CO2 flood would
be the most productive option (25% recovery) as opposed to a WAG flood (20% recovery).

Figures 14 and 15 correspond to the oil recovery and pressure drop profiles across the core for
immiscible (below MMP) and miscible (above MMP) injections conducted on Clinton sandstone
samples. The additional oil recovery from immiscible flooding is about 29% OOIP while that of the
miscible flood is 26% OOIP. The pressure drop across the core was higher for the miscible CO2 injection.
According to a study of U.S. CO2 field applications, it was recommended that miscible CO2 floods
be applied to sandstones with permeabilities greater than 10 mD [20]. The Clinton Sandstone core
plugs used in this experiment had a permeability of only 2 mD on average; CO2 flood below the MMP
looked better than the miscible CO2 flood. In addition, Wang et al. [21] showed that applying tertiary
CO2 flooding to a light oil, tight sandstone reservoir gives a lower oil recovery factor than secondary
CO2 flooding.

Energies 2020, 13, x FOR PEER REVIEW 12 of 16 

 

experiments: a 2:1 water-gas ratio, and a 1:1 water-gas ratio. These WAG ratios are typical in field 
projects [18]. Figure 13 compares the oil recovery performances. 

 

Figure 13. Oil recovery curves for Copper Ridge dolomite miscible WAG floods. 

As noticed by Gong et al. [19], addition of water to CO2 can lower the mobility of the mixture in 
tight reservoir core plugs, such as the ones used for this experiment. The oil recovery decreased as 
the WAG ratio increased. It also took longer to produce the incremental oil. In the case of the Copper 
Ridge dolomite (low permeability rocks), it was demonstrated that a miscible, pure CO2 flood would 
be the most productive option (25% recovery) as opposed to a WAG flood (20% recovery). 

Figures 14 and 15 correspond to the oil recovery and pressure drop profiles across the core for 
immiscible (below MMP) and miscible (above MMP) injections conducted on Clinton sandstone 
samples. The additional oil recovery from immiscible flooding is about 29% OOIP while that of the 
miscible flood is 26% OOIP. The pressure drop across the core was higher for the miscible CO2 
injection. According to a study of U.S. CO2 field applications, it was recommended that miscible CO2 
floods be applied to sandstones with permeabilities greater than 10 mD [20]. The Clinton Sandstone 
core plugs used in this experiment had a permeability of only 2 mD on average; CO2 flood below the 
MMP looked better than the miscible CO2 flood. In addition, Wang et al. [21] showed that applying 
tertiary CO2 flooding to a light oil, tight sandstone reservoir gives a lower oil recovery factor than 
secondary CO2 flooding.  

 
Figure 14. Oil recovery and pressure response for Clinton sandstone immiscible CO2 flood. Figure 14. Oil recovery and pressure response for Clinton sandstone immiscible CO2 flood.



Energies 2020, 13, 6215 13 of 16
Energies 2020, 13, x FOR PEER REVIEW 13 of 16 

 

 

Figure 15. Oil recovery and pressure response for Clinton sandstone miscible CO2 flood. 

Another observation from these results is that the immiscible/near-miscible flood required lower 
pore volumes of CO2 to reach maximum recovery which is tied to the fact that immiscible CO2 acts 
similar to a piston and pushes the oil out while filling the pores while miscible CO2 solubilizes in the 
oil and drives it out, thereby leading to a higher CO2 consumption. In summary, near-miscible 
injection was found to be beneficial for both the reservoirs with optimum oil recovery being observed 
above the MMP for the dolomitic core while the recoveries below and above the MMP were similar 
for the tight Clinton sandstone.  

The pressure drop was high for tertiary CO2 floods for the sandstone core. Water-alternating-
gas floods were not conducted for sandstone reservoir samples as the pressure drops were expected 
to be even higher for the WAG experiments. Water creates blocks and restricts flow of CO2 thereby 
leading to higher pressure drops than standalone CO2 injection.  

4. Discussion 

There is little to no previous evidence of core characterization data and CO2 core flood analyses 
in Ohio oil and gas reservoirs. Sparsely available prior work focused on waterflooding and low-
salinity flooding [22]. The lack of CO2 injection analyses, especially when geologic CO2 sequestration 
is gaining momentum in the U.S., makes this first of its kind evaluation in Ohio all the more relevant 
given the abundance of anthropogenic CO2 from power plants, chemical processing plants and 
ethanol refineries. In 2019, the annual CO2 emissions from the state topped 100 million metric tons, 
as reported by the Energy Information Administration. This CO2 can be used to revitalize the state’s 
oil and gas production which is characterized by depleted oil and gas reservoirs and wells nearing 
their decline. Lab experiments discussed in this paper are the first step in the process wherein 
developing a theoretical understanding of CO2 injection prior to field trials is crucial. The effect of 
injecting under miscible conditions has been well characterized and documented in the literature. 
However, a case-by-case evaluation is needed to fully understand the impact of miscible injection 
prior to designing an injection flood. This is further illustrated by Figures 16 and 17 which graphically 
represent the oil recovery results from coreflooding experiments in the two reservoirs. The yellow 
portions of the bars represent incremental oil recovery from standalone or water-assisted CO2 
injection and are maximum for above the MMP and almost similar for near-miscible conditions in 
sandstone. The Copper Ridge dolomite results for tests above the MMP suggested nearly 80% 
recovery of OOIP, which in reality may not be true due to the heterogeneous nature of the reservoir 
and the synthetic conditions such as controlled flow rate and reservoir homogeneity established at 
lab-scale. However, this result shows the capability of CO2 to further deplete the reservoir.  
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Another observation from these results is that the immiscible/near-miscible flood required lower
pore volumes of CO2 to reach maximum recovery which is tied to the fact that immiscible CO2 acts
similar to a piston and pushes the oil out while filling the pores while miscible CO2 solubilizes in
the oil and drives it out, thereby leading to a higher CO2 consumption. In summary, near-miscible
injection was found to be beneficial for both the reservoirs with optimum oil recovery being observed
above the MMP for the dolomitic core while the recoveries below and above the MMP were similar for
the tight Clinton sandstone.

The pressure drop was high for tertiary CO2 floods for the sandstone core. Water-alternating-gas
floods were not conducted for sandstone reservoir samples as the pressure drops were expected to be
even higher for the WAG experiments. Water creates blocks and restricts flow of CO2 thereby leading
to higher pressure drops than standalone CO2 injection.

4. Discussion

There is little to no previous evidence of core characterization data and CO2 core flood analyses in
Ohio oil and gas reservoirs. Sparsely available prior work focused on waterflooding and low-salinity
flooding [22]. The lack of CO2 injection analyses, especially when geologic CO2 sequestration is
gaining momentum in the U.S., makes this first of its kind evaluation in Ohio all the more relevant
given the abundance of anthropogenic CO2 from power plants, chemical processing plants and ethanol
refineries. In 2019, the annual CO2 emissions from the state topped 100 million metric tons, as reported
by the Energy Information Administration. This CO2 can be used to revitalize the state’s oil and gas
production which is characterized by depleted oil and gas reservoirs and wells nearing their decline.
Lab experiments discussed in this paper are the first step in the process wherein developing a theoretical
understanding of CO2 injection prior to field trials is crucial. The effect of injecting under miscible
conditions has been well characterized and documented in the literature. However, a case-by-case
evaluation is needed to fully understand the impact of miscible injection prior to designing an injection
flood. This is further illustrated by Figures 16 and 17 which graphically represent the oil recovery
results from coreflooding experiments in the two reservoirs. The yellow portions of the bars represent
incremental oil recovery from standalone or water-assisted CO2 injection and are maximum for above
the MMP and almost similar for near-miscible conditions in sandstone. The Copper Ridge dolomite
results for tests above the MMP suggested nearly 80% recovery of OOIP, which in reality may not be
true due to the heterogeneous nature of the reservoir and the synthetic conditions such as controlled
flow rate and reservoir homogeneity established at lab-scale. However, this result shows the capability
of CO2 to further deplete the reservoir.
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The situation is not as straightforward for the Clinton sandstone. Injection at miscible conditions
produced less incremental oil compared to injection below the MMP. As discussed in the results
section, this implies tight reservoirs may not necessarily respond to miscible CO2 injection as higher
permeability reservoirs such as Copper Ridge do. One possible explanation for this could be the
interplay of gas-drive and capillary forces which determine oil flow from the reservoir pores to the
bulk oil phase. Miscibility reduces the interfacial tension between oil and gas phases which in turn
reduces the capillary forces that drive oil out of narrow pore throats in tight reservoirs. This could
potentially be a reason for the lower incremental recovery above the MMP in the tight Clinton sandstone.
Additionally, smaller pore throats require a higher entry capillary pressure which could be a prohibitive
factor for CO2 contacting a large volume of the reservoir. Consequently, a lower amount of CO2 is
available to solubilize the oil trapped in tight pores of Clinton sandstone compared to the Copper
Ridge dolomite. This explains the lower incremental recovery in the Clinton sandstone compared to
the Copper Ridge dolomite in a miscible injection scenario.
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Lab studies indicated permeabilities and pressures to be achieved during field CO2 injections.
These results are particularly useful in building reservoir simulation models for the two reservoirs
to estimate field performance and forecast EOR production and CO2 storage. Although lab-scale
recoveries and pressure drops are not representative of field conditions, they can be used for comparing
various injection schemes and screening for the most suitable ones to carry forward. In the current
study, near-miscible injection was found to be beneficial for optimum oil recovery from CO2 injection.

5. Conclusions

Results obtained from core floods provided insights on additional oil recovery and potential
challenges of using CO2 for revitalizing Ohio oil and gas reservoirs. The major inferences include:

• In-situ capillary pressure and relative permeability curves have been obtained, which can serve as
useful inputs for dynamic reservoir simulations conducted in carbonate and sandstone reservoirs
in the Appalachian region.

• Near-miscible CO2 injections are capable of recovering additional oil from Ohio reservoirs.
Incremental recoveries ranged from 20% to 50% OOIP, which amounted to a 50% to 180%
increase over primary recoveries (calculated as the ratio incremental to primary recovery).
Primary recoveries ranged from 20% to 30% in Ohio’s carbonate and sandstone reservoirs
implying there is still some additional primary production left in Ohio’s oil fields.

• In tight reservoirs, WAG injection lowers and delays incremental oil recovery. Continuous CO2

injection is preferred over WAG injection.
• Miscible injection is beneficial in medium-high permeability (1–100 mD)—e.g., in reservoirs such

as the Copper Ridge dolomite. Injecting above the MMP seemed to reduce the incremental
oil recovery in the tighter Clinton sandstone alluding to a dependance on capillary forces for
increasing oil recovery.
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