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ARTICLE INFO ABSTRACT

Existing methods for shale reservoir stimulation (e.g., hydraulic fracturing) focus mainly on improving the
physical recovery of free phase gases from shales. Few studies explore the enhanced recovery of adsorbed
methane from shale due to the difficulty in simultaneously separating the recovery of both the adsorbed and free
phase gas. In this study, we use an NMR-based methodology to separately evaluate the change in adsorbed and
non-adsorbed (free-phase) methane during the injection of CO,. We evaluate mechanisms contributing to the
enhanced recovery of adsorbed-gas with CO, injection (Longmaxi shale, Jiaoshiba field, SW China). Results
show that the injection of CO, can improve the efficiency of recovery of residual gas in the adsorbed phase by an
additional ~25% and can enhance the percent recovery per hour of adsorbed methane by ~11% at ambient
pressure and ~ 4% at abandonment pressure. The experiments also demonstrate that a higher concentration ratio
of CO,/CH,4 is more suitable for CO,-CH, displacement, and the CO,-CH, displacement rate is relatively rapid
during the early phase of interaction, immediately after injection. Despite inherent uncertainty, these experi-
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ments demonstrate the capability of enhancing adsorbed-gas recovery by injection of CO, into shale.

1. Introduction

Shales are fine-grained clastic sedimentary rocks formed by the
compaction of predominately clay-sized materials, including both mi-
neralogical and organic materials (Goodman et al., 2014). Generated
methane is mainly stored as a free phase gas (non-adsorbed) in fractures
and matrix pores, as an adsorbed component on kerogen and clay
surfaces, and possibly in the dissolved phase in formation fluids
(Vermylen, 2011; Rani et al., 2015). Production of shale gas has from
such unconventional reservoirs been successful due to advances in
horizontal drilling and hydraulic fracturing technologies (Eshkalak
et al.,, 2014). However, the present shale gas plays commonly show
extremely high decline rates (63% per year and more) of gas production
(Sandrea, 2012), due to the fact that most gas production is contributed
from free phase gases in shales. Except free gas, there are large amount
of adsorbed phase gases in shale gas reservoirs. Thus, for enhancing
commercial shale gas production greatly, it is extremely important to
improve the recovery of adsorbed phase gases. Unfortunately, this topic
is not well investigated in existing researches. The main focus of this
study is to demonstrate possibility of enhancing gas recovery (EGR) of
adsorbed phase gases in shale reservoirs.
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Enhanced coalbed methane recovery with injected CO, has been
investigated in several coal fields with positive outcomes (Chen et al.,
2010; Busch and Gensterblum, 2011). For example, CO, injection im-
proved methane recovery from 77% to 95% of the original gas-in-place
in the San Juan Basin, USA (Reeves, 2004). Similar to coal, kerogen and
clays within gas shales possess large surface areas and have significant
gas adsorption capacity not only for CH,4 but also for CO, (Godec et al.,
2013; Goodman et al., 2014). Gas shales exhibit a significant pre-
ferential adsorption of CO, over CH4 (Nuttall et al., 2005), making it
possible to enhance methane recovery by the injection of CO,, this
potential being affirmed for CO, storage in the Marcellus shale (Godec
et al., 2014). Enhanced gas recovery may be symbiotically paired with
Carbon Capture and Storage in shale gas reservoirs (Chu and Majumdar,
2012; Harrison and Falcone, 2013).

Recent studies in enhancing gas/oil recovery by injection of CO,
into shales have demonstrated increases in the rate and the volume of
CH, recovered (Regan, 2007). The injected CO, can be trapped in shale
in the adsorbed phase with the parallel displacement of CH,. For the
same shale sample, CO, may have an adsorption capacity approxi-
mately 2-5 times greater than that of CH4 (Nuttall et al., 2005; Heller
and Zoback, 2014). Reservoir simulation research by Liu et al. (2013)
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also demonstrated that the potential for CO, to displace CH,4 by up to a
5:1 molecular ratio. The continuous injection of CO, over a period of
45 days (Schepers et al., 2009) may result in significant improvement in
shale gas recovery. This may result in an enhanced recovery factor of
original oil in place (OOIP) from 10% to 55% after injection of CO,
(Ferng et al., 2015) and this may be demonstrated theoretically in also
improving gas recovery in shale gas reservoirs (Sun et al., 2013; Fathi
and Akkutlu, 2014). However, few experimental studies have explored
the efficiency, the internal mechanism, and the dynamic process of CO»-
EGR in shale gas reservoirs.

Nuclear Magnetic Resonance (NMR) provides a fast, convenient and
non-destructive detection method to investigate hydrogen-bearing
fluid-phases (e.g., water and methane) in porous media. This method
has been commonly used in the petrophysical characterization of re-
servoir rocks (Yao et al., 2010; Fleury and Romero-Sarmiento, 2016; Li
et al., 2017), oil/gas saturation (Sigal and Odusina, 2011), methane
adsorption capacity (Guo et al., 2007; Yao et al., 2014), and the in-
teractions of CO, and H,O in coals (Sun et al., 2016). Nevertheless, the
application of NMR to probe important behaviors in shale gas recovery
is relatively uncharted. This study used NMR in a first attempt to in-
vestigate the dynamic fluid interactions/exchange process between
adsorbed methane and injected CO,. This is important in evaluating the
potential to enhance adsorbed-gas recovery with CO, injection in shale
gas reservoirs.

2. Materials and analytical methodology
2.1. Shale sample

A sample of black shale core was collected from the Lower Silurian
Longmaxi Formation (southeastern Sichuan basin) at a depth of
1072 m. The sampled well is located in the Jiaoshiba shale gas field, the
most successful shale gas production area in China. The shale sample
has high TOC content (4.57%) and high thermal maturity (R, of
2.77%). Minerals in the sample are dominated by quartz and clay mi-
nerals, a few carbonate minerals and feldspar, and negligible pyrite
(Table 1). The clay minerals are mainly the illite and illite-smectite
mixed-layer minerals, with negligible chlorite, while the carbonate
minerals are composed of dolomite, calcite, and siderite (Table 1).

The pores in the shale sample are mainly the organic pores, inter-
partical pores, and some microfractures (Fig. 1). The pore type of the
shale is dominated by micropores (< 10 nm) with typical pore mor-
phology of “ink bottle pore” (Fig. 2). Nano-pores are well developed in
the shale sample (Fig. 2), which resulted in high pore surface area of the
shale sample (25.1788 m?/g) (Table 1).

2.2. Experimental setup

The principal experimental setup consists of an NMR measurement
apparatus, a core holder, a high-pressure gas supply system, a one-way
release valve and an exhaust device (Fig. 3). The NMR measurement
apparatus contains a 60 mm diameter magnet coil that creates a
homogeneous internal field gradient. The core holder confines the
sample and is sealed during the experiments. These components are

Table 1
Detailed information of the study shale sample.
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custom-designed with nonmagnetic and nonmetallic materials in the
segment located within the magnet coil. The high-pressure gas supply
system includes two gas cylinders (CH,4, CO,), a booster pump and a
vacuum pump. A one-way release valve is used to ensure that the gas
fluid can pass only from the sample cell directly to the exhaust.
Transducers monitor the gas pressure and temperature in real time.

2.3. Low-field NMR measurements

The low-field NMR measurement method uses the 'H nuclear
magnetic resonance phenomenon in a uniform magnetic field to ana-
lyze rock porosity and/or fluid characteristics in the porous medium
(Hazlewood et al., 1974). Only fluids containing hydrogen, such as CHy4
and H,0, exhibit NMR relaxation; hydrogen-free fluids, such as CO, and
He, have no NMR signal, making it possible to analyze CH, displace-
ment by CO,.

The number of hydrogen atoms present in the CH4 can be detected
by using a transverse (T,) relaxation time measurement (Seevers,
1966). The T, distributions were measured using Carr, Purcell, Mei-
boom and Gill (CPMG) pulse sequences (Carr and Purcell, 1954;
Meiboom and Gill, 1958). The measurement of the sample was per-
formed using a 23.15 MHz NMR spectrometer. The T, distributions
were generated using inverse Laplace non-negative least square fitting
echo train data (Buttler et al., 1981). The smoothing parameter was
calculated using the methodology described by Dunn et al. (1994).

The total signal amplitude from a typical T, distribution measure-
ment is represented by the complete relaxation equation:

1 1 1 1

— = 4 — 4+ —

L Ty Ths Ty (€]
where Ty, Tos and Top represent bulk, surface, and diffuse relaxation,
respectively.

In this study, the magnetic uniformity is as low as 30 ppm, so that
the relaxation caused by gas diffusion can be neglected. This means that
value of i is sufficiently small (Yao et al., 2014), to be neglected in Eq.

1 under the experimental conditions. Thus, Eq. (1) becomes
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where p is the surface relaxivity and S/V is the surface-to-volume ratio
of the pore. The relaxations of methane in shale sample include bulk
relaxation (Typ) of non-adsorbed methane gas and surface relaxation
(T5s) of adsorbed methane gas. The Top is related to the specific density
(or molarity) of non-adsorbed methane gas (Seevers, 1966), whereas
the Tog is directly related to relaxivity and pore structure. The total
signal amplitude for a T, distribution is closely tied to the number of 'H
protons of the adsorbed methane and non-adsorbed methane gases.

2.4. Experimental procedures

Prior to the NMR measurements, the collected shale sample was
crushed and sieved into fine fragments with a diameter of ~3 mm.
Using the same sample, we conducted a sequential series of four NMR
experiments, to examine Processes Al, A2, Bl and B2, as shown in

TOC (%) R, (%) Low-pressure N, adsorption analysis® Mineral composition (wt%)"
S (mz/g) 14 (cm3/g) r (nm) Q Cly C F Py
4.57 2.77 25.1788 0.0172 5.7186 47.2 34.3 9.3 7.9 1.3

Clay minerals (Cly) including 58% illite-smectite mixed-layer mineral, 38% illite, and 4% chlorite. Carbonate minerals (C) are composed of 68.8%dolomite, 22.6% calcite and 8.6%

siderite.

28, V, r are the BET pore surface area, BJH total pore volume shale, and average pore size, respectively.

> Q - quartz; Cly- clay minerals; C — carbonate minerals; F —feldspar; Py- pyrite.
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Fig. 1. Pores in collected shale samples observed by SEM.

Fig. 4. At the beginning of each process, the shale fragments were dried
at constant temperature (110 °C for 1 h) in a dry container to remove
moisture and then immediately transferred to sample cell to vacuumize
for 2 h to desorb the adsorbed gases in the shale. The shale was then
fully saturated with CH, at a gas pressure of 6 MPa (Fig. 4). The re-
maining operations for each experimental process are shown in Fig. 4,
and the details are given below.

The purpose of Processes Al and A2 (Fig. 4) was to compare the
desorption characteristics between natural desorption (without CO,
injection) and desorption with the infusion of CO, at 4.5 MPa (total
pressure in cell), with the sample cell depressurized to ambient pressure
(approximate 0.1 MPa). Processes B1 and B2 (with CO, injection) were
designed to compare natural desorption (without CO, injection) with
desorption at injection pressures of 4.5 MPa CO, (total pressure in cell),
with the sample cell depressurized to reservoir abandonment pressure.
In this study, the reservoir abandonment pressure was defined as
1.5 MPa (Zhang et al., 2015). Moreover, Process Al and Process B1 are
used to investigate the difference between the natural desorption ca-
pacity of adsorbed CH, at ambient pressure versus that at abandonment
pressure. In addition, Process A2 and Process B2 are used to explore the
influence of injected CO, on the recovery efficiency of adsorbed CH,.

Except for the oven-drying of samples, all other experimental op-
erations were conducted under a constant temperature of 35 °C. We
chose the temperature of 35 °C but not a higher temperature (e.g. in-
situ temperature of 60-65 °C) because high temperature can bring
disturb of the NMR measurement results, due to the limitation of the
selected NMR spectrometer in this study. For each decompression op-
eration, the speed and rate of decompression remained constant. During
the processes of CH, saturation, CH4 desorption, and CH, displacement
by CO, injection, NMR measurements were recorded at 1.5 h intervals,
until two successive measurements exhibited negligible difference.

3. Results and discussions
3.1. Evaluation of non-adsorbed gas content based on NMR measurements

For non-adsorbed methane (i.e., bulk methane), the specific density

16+

w

n
|

L

Pore type: H2

—e— adsorption
—o— desorption

Volume Adsorbed (ml/g)

dV/dD Pore Volume (10'3cm3/g/nm)

(or molarity) can be obtained by performing a series of NMR mea-
surements on non-adsorbed methane at different pressures (see Yao
et al. (2014) for details). In this study, we conducted NMR measure-
ments for bulk methane at 35 °C, and under gas pressures of 0.77, 2.00,
2.83, 3.45, 4.23, 5.16, and 6.27 MPa. As shown in Fig. 5a, the measure
T, spectrum amplitude is proportional to the methane pressure. Since
the signal amplitude for a given T, distribution is closely tied to the
number of 'H protons present, and thus should increase linearly with
molecule mass of methane. Fig. 5b shows the linear relationship be-
tween amplitude and methane mass. The relationships are expressed as:

3

where Ty is the signal amplitude of the measured T, for non-adsorbed
methane, Vy represents the non-adsorbed CH,4 content (unit: mol). Eq.
(3) can be used to quantify the change of non-adsorbed methane during
the CO,-CH, interaction in shales.

Vp=2884x 105X Ty (R®=0.981)

3.2. Evaluation of adsorbed gas content based on NMR measurements

The quantification of the adsorbed gas content based on NMR
measurements is extremely important for this study. Some researchers
ever provided some methods to quantify the adsorbed methane in coals.
Guo et al. (2007) used the amplitude index from bulk methane to
quantify the mass and volume of adsorbed methane, which has proven
to be problematic in Yao et al. (2014). It is because that the relaxation
property of bulk methane is completely different from that of adsorbed
methane. Yao et al. (2014) built an NMR transparent isotherm ad-
sorption experimental setup and conducted isothermal adsorption
measurements using both the volumetric and NMR methods. They used
the adsorbed gas volume that is calculated from the volumetric method
to establish a relationship with the amplitude of NMR signals from
adsorbed methane. Furtherly, they use the relationship to evaluation of
adsorbed gas content of coal (Yao et al., 2014). Yao et al. (2014)'s
method is applicable and their results are believable. However, this
method needs a paralleling contrast experiment from volumetric
method. In this study, we provide a directly quantification method for
calculating gas adsorption based on a core flooding and gas adsorption

dS/dD Pore Area (cmz/g/nm)
L L
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Relative Pressure (P/P )
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Fig. 2. Typical N, adsorption/desorption results at a low temperature (77 K) for study shale sample. (a), Nitrogen adsorption/desorption curve at a low temperature. (b), Distribution
curves of the BJH pore volume in different stages. (c), Distribution curves of the BET specific area in the different stages.
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Fig. 3. NMR experimental setup for CO,-EGR experiments.

experiment. The method is founded for shale, but is also applicable for
coal or other adsorbing materials.

A typical gas adsorption experiment is actually a core flooding
process. After initial flooding, the free gas (non-adsorbed) is converted
to an adsorbed phase. Using the NMR measurements of Process A2 as an
example, the T, spectra exhibit three distinctive peaks (Fig. 6). The P1
peak represents the adsorbed gas, while the P2 and P3 peaks represent
the non-adsorbed methane (Yao et al., 2014). Only CH, (both adsorbed
and free-gas/non-adsorbed) were initially present in the sealed cell
since the sample was dried and evacuated. As a result, the incremental
change in non-adsorbed CH, must be exclusively sourced from the
adsorbed CH,4, and vice versa. In other words, the total amount of
substance (AOS) of CH, characterized by the variation of P2 + P3
amplitudes must be equal to the AOS of CH, represented by the change

in P1 amplitude. This can be expressed as.
AVp1 = AVpyips 4

where AV, is the incremental (or reduced) AOS of adsorbed CH,, while
AVp, 4+ p3 indicates the reduced (or incremental) AOS of non-adsorbed
CH,. Both the AVp, and AVp, 4 p3 are in units of mols.

Table 2 gives an example of how the variation of adsorbed CH, and
non-adsorbed CH4 were quantified using Process A2. Upon the injection
of CO, (marked as 0 h in Table 2), the P2 + P3 amplitude varied from
3869.7 p.u. to 4202.4 p.u. (ATypz + p3y is 332.7 p.u.). 332.7 p.u. cor-
responds to the incremental non-adsorbed CH; (AVp,.p3) of
0.00962 mol according to Eq. (3). This also suggests the reduction in
adsorbed CH4 (i.e., AVp;) was also 0.00962 mol, which corresponds to
the change of P1 amplitude from 453.1 p.u. to 357.3 p.u. (ATxp1) is

Fig. 4. Flow diagram of experimental processes (4.5 MPa is
Dried and Vacuumized shale, saturated with 6MPa CH, the total pressure within the sample cell.

—p Depressurize to 0.1 MPa and desorb at 0.1MPa Process Al

—p  Depressurize to 0.1 MPa, inject 4.5 MPa CO,, and desorb Process A2

—p Depressurize to 1.5 MPa and desorb at 1.5MPa Process B1

—| Depressurize to 1.5 MPa, inject 4.5 MPa CO,, and desorb Process B2
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Fig. 6. T, spectra of CH, in different phases during Process A2.

95.8 p.u.). As a result, a calibration relating ATxp;) vs. AVp; was ob-
tained. During Process A2, a total of five groups of ATyp1) vs. AVp; were
obtained, and are given in Table 2. The ATxp1) Vs. AVp, relationship is
linear (Fig. 7) as:

AVpy = 9.792 X 1075 X ATypyy  (R? = 0.998) 5)
where AT,y is the change of P1 amplitude, while the AVp, is the
corresponding AOS variation of adsorbed CH,.

Eq. (5) can also be written as.

Vp1= 9792 X 1075 X Ty (R = 0.998) ®)

Table 2

0.016 -

0.014 y=0.00009792x

-l R’=0.998
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Vipry (mol)
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Fig. 7. The linear relationship between AT, (p1) and AVp;. ATy is the change of P1
amplitude, while AVp, is the corresponding AOS variation of adsorbed CHy4. Source data
used in this figure are given in Table 2.

where Typ;) represents the P1 amplitude and Vp, is the corresponding
AOS of adsorbed CHj,.

Eq. (6) shows that the AOS of adsorbed CH,4 can be calculated from
the P1 amplitude. Using Egs. (3) and (6), the AOS variation of adsorbed
CH,4 and non-adsorbed CH, in different experimental processes were
calculated.

3.3. Desorption of adsorbed gas both with and without injected CO, at
ambient pressure

As shown in Process Al (Fig. 8) and Process A2 (Fig. 6), when the

Variation of T, amplitude and the corresponding AOS of CH, in different phases during Process A2.

After CO, injection  Non-adsorbed methane (P2 + P3)

Adsorbed methane (P1)

T, (beginning) (p.u.) T, (ending) (p.u.) ATz p2+p3) (P-u.) AVpaips (mol) T, (beginning) (p.u.) T, (ending) (p.u.) ATz 1y (p.u.) AVp; (mol)
Oh 3869.7 4202.4 332.7 0.00962 453.1 357.3 95.8 0.00962
0-1.5h 4202.4 4723.7 521.3 0.01501 357.3 202.8 154.5 0.01501
1.5-3.0h 4723.7 4834.4 110.7 0.00322 202.8 171.9 30.9 0.00322
3.0-4.5h 4834.4 4906.2 71.8 0.00204 171.9 152.4 19.5 0.00204
4.5-6.0h 4906.2 5182.8 276.6 0.00792 152.4 69.2 83.2 0.00792

Note: 0 h represents the moment of CO, injection. The T, amplitudes are from the NMR measurements shown in Fig. 6. AVp, , p3 were calculated using Eq. (3).
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exhibits a weak decrease while the amplitudes of both P2 and P3 de-
crease substantially (Fig. 11, Fig. 12). This indicates that the mass of

800 i adsorbed CH,4 decreased slightly but the non-adsorbed CH,4 suffered a
700 significant loss during the decompression process.
1 In Process B1, the complete desorption of the adsorbed CH, at
—~ 600—_ 1.5 MPa required 13.5 h where the AOS of the adsorbed CH, reduced
2 500 from 0.0462 mol to 0.0338 mol (Fig. 9b). This suggests that 26.84%
4 4 (Fig. 10a) of adsorbed CH4 had desorbed and the PRPH was 1.99%
T 4004 (Fig. 10b).
= 50 0_' In Process B2, an adequate CO,-CH,4 displacement process required
E ] 9 h. After sufficient CO,-CH, interaction, the residual AOS of adsorbed
200 CH,4 was 0.0226 mol, while it was 0.0462 mol at the moment of CO,
100 1 injection (Fig. 9b). Thus the desorption efficiency is 51.08% and the

0.01 0.1 1 10 100 1000 10000

Time (ms)

—o— Dry sample —o— CH, saturation

—— Depressurize to 0.1 MPa —s— Natural desorption (0.1 MPa)

Fig. 8. T, spectra of CH,4 in different phases during Process Al.

sample cell was depressurized to ambient pressure, the amplitudes of
peaks of P1, P2 and P3 steadily decreased, indicating the desorption of
adsorbed methane and release of non-adsorbed methane gases. The
reduced amplitude of P1 is lower than that of P2 and P3, suggesting that
the desorption of the adsorbed methane lagged the release of non-ad-
sorbed CH, during the decompression process.

In this study, we defined the ‘desorption efficiency’ and ‘percent
recovery per hour (PRPH)’ to quantify the methane desorption pro-
cesses. The desorption efficiency is the percentage of the total desorbed
mass amount relative to the original adsorbed mass that is present at
the moment of CO, injection, whereas the PRPH represents the average
desorption efficiency per hour. For Process Al, the complete desorption
of adsorbed CH, required approximately 19.5h, and the AOS of ad-
sorbed CH, varied from 0.0444 mol to 0.0188 mol (Fig. 9a). Thus, the
desorption efficiency was 57.66% (Fig. 10a) and the PRPH was 2.96%
(Fig. 10b) for the adsorbed CH.,.

For Process A2, after CO, injection, adequate CO,-CH,4 displacement
required 6 h, and the AOS of adsorbed CH, varied from 0.0444 mol to
0.0068 mol (Fig. 9a). This demonstrates that a total of 84.68%
(Fig. 10a) of adsorbed CH4 had been desorbed with the injected CO»
and the PRPH for adsorbed CH4 was 14.11% (Fig. 10b). Compared with
Process Al, injected CO, desorbed an additional 27.02% of adsorbed
CH,4 (Fig. 10a) and caused the PRPH for adsorbed CH,4 to increase by
11.15% in Process A2 (Fig. 10b).

3.4. Desorption of adsorbed gas both with and without injected CO, at
abandonment pressure

In the decompression processes Bl and B2, the P1 amplitude

PRPH 5.68% for the adsorbed CH,4. This demonstrates that the deso-
rption efficiency was improved by 26.24% and the PRPH was enhanced
by 3.69% for the adsorbed CH, with the CO, injected in Process B2
when compared to Process Bl (Fig. 10a, b).

3.5. Mechanism of displacement of adsorbed methane by injected CO-

In this study, the non-adsorbed/free-gas CH, includes that in large
pores and fractures (P2) and the CH, in the free space between shale
particles or within the sample cell (P3) (Yao et al., 2014). According to
Egs. (3) and (6), the change in P1, P2 and P3 amplitudes directly re-
present the change of the adsorbed, porous-medium-confined, and free
methane in the sample cell, respectively.

Fig. 13 shows the amplitude changes of the three peaks (P1, P2 and
P3) after CO, injection during Processes A2 and B2. After CO, injection,
the amplitude of P1 decreases, but the amplitudes of both P2 and P3
increase (Fig. 13). For the P1 amplitude, a decreasing rate was apparent
during the two stages of the CO,-CH, interaction: rapid during the first
1.5 h but slowing after 1.5 h (Fig. 13). During the CO,-CH, interaction,
some adsorbed CH,4 was driven into the non-adsorbed/free-gas phase
because some of the free CO, was adsorbed and occupied some of the
adsorption sites available for the adsorbed CH,. In the previous 1.5 h,
the displacement of CH, by the free-gas CO, was relatively faster than
during the remaining time. The P2 amplitude exhibits a relatively weak
rate increase during the CO,-CH, interaction (Fig. 13), indicating that
only some desorbed CH4 within the micropores desorbed and diffused
into the mesopores and macropores. The P3 amplitude experienced a
rapid increase during the first 1.5 h, followed by a steady increase after
1.5 h (Fig. 13), - the opposite trend exhibited in that of P1. This suggests
that a major portion of the CH4 desorbed from adsorbed-phase and was
driven into totally free-phase CH,, indicating a distinct improvement in
gas desorption and related extraction effects (provided high perme-
abilities may be maintained in stressed media).

As discussed previously, the total pressure in the sample cell was
0.1 MPa of CH, for Process A2 and 1.5 MPa of CH, for Process B2 before
CO,, injection, while it was 4.5 MPa for both A2 and B2 after CO, in-
jection. This means that after CO, injection, the original concentration
ratio of CO,/CHy in Process A2 was higher than that in Process B2,
which is the main reason that desorption efficiency and the PRPH for

0.05 - 0.05 - Fig. 9. The AOS variation of adsorbed CH,4 during different
E] @ experimental processes. Vp; represents the AOS of adsorbed
0.04 F 004k CH,. Data were calculated from the NMR measurements per
’ Eq. (6).
= g = Process Bl
S 0.03F Process Al S o0k rocess
£ £
f 0.02 - '\_\: 0.02 F Process B2
Process A2
0.01 001 -
0.00 — L . ! ! ; 0.00 L1 . . . . .
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adsorbed CH, in Process A2 were higher than in Process B2 (Fig. 10). In
other words, a higher concentration ratio of CO,/CH4 improves effi-

ciency for CO,-CH, displacement, assuming all other conditions remain
constant. Nevertheless, both at ambient pressure and at the

14.11
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Fig. 10. The desorption efficiency (a) and percent recovery
per hour (b) for adsorbed gas in different experimental
processes.

Bl B2

Experimental Process

abandonment pressure, there was a similarly enhanced desorption ef-
ficiency (~25%) for the adsorbed methane. This indicates that an ad-
ditional ~25% of residual gas in the adsorbed phase can be recovered
from a depleted shale reservoir with injected CO, - with significant
implications for the practice and economics of shale gas exploitation.

According to the investigations of the shale gas plays such as the
Barnett, Fayetteville, Haynesville Marcellus, and Woodford in USA, the
unrecoverable gas of these shale reservoirs is commonly > 90% of
original gas in-place (Sandrea, 2012). The average recovery efficiency
is about 7%, if only the processes of horizontal drilling and hydro-
fracturing were implemented (Sandrea, 2012). This study suggests an
additional ~25% gas recovery efficiency can be obtained with injected
CO,, than that without CO, injection — provided elevated permeabilities
of the stressed media may be maintained. Fathi and Akkutlu (2014)
ever did a numerical simulation research of 10 years of primary pro-
duction followed by 5 years of CO, injection and 30 years of final
production in shale gas reservoirs. Their results indicate that 5 years of
CO, injection and soaking made the methane recovery increased by
30%, i.e. from 55% in 10 years of primary production to 85% in the
30 years of final production. Although the simulation scenario in Fathi
and Akkutlu (2014) is a little different from this study, the simulation
results agree well with the experimental results in this study. Both the
simulation results and experimental results demonstrate that the in-
jection of CO, have great benefit of producing additional adsorbed
methane gas in shale gas reservoirs.

This study provides a preliminary experimental evaluation of the
recovery of adsorbed CH4 with CO, injection under simplified condi-
tions in the laboratory. In situ reservoir conditions, such as high tem-
perature, water-rock reactions, and other reservoir characteristics are
not considered. Moreover, the NMR measurements can also bring some
uncertainties in results. First, some hydrogen impurities (remnant me-
thane, hydrocarbon or moisture) may remain in the shale samples even
though drying and vacuum extraction are carefully applied before the
experiments. Second, the shales may contain some paramagnetic sub-
stances such as pyrite. Theoretically, the impurities of both the hy-
drogen fluids and paramagnetic minerals contained in the shales may
add some systematic noise to the NMR measurement. In this study, as
shown in Figs. 6, 8, 11 and 12, the spectra curves (black ones) of dry
samples are too small, indicating that the level of noise is negligible. We
suggest that the method provided in this study is effective in quanti-
tatively evaluating the enhanced recovery of adsorbed-gas resulting
from CO, injection.

4. Conclusions

We evaluate the exchange of adsorbed and non-adsorbed/free-phase
CH,4 during the injection of CO,. The method uses low-field NMR
spectroscopy to quantitatively identify the adsorbed, porous-medium-
confined, and free methane during the experimental processes. Based
on a suite of four contrasting injection conditions (pressures and the
presence/absence of CO,), the following conclusions are made:
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0.05 — T T T —0.14 Fig. 13. The AOS change of CH, in different phase after
' CO, injection. (a), Process A2; (b), Process B2. “Oh” re-
0.04 1 presents NMR measurements taken either before or after
1013 the initiation of CO, injection. The adsorbed methane vo-
=) - < 5 - lume (P1) is calculated based on Eq. (6); while the non-
E ~ E - adsorbed methane volume (P2 and P3) is quantified based
Q Jo12 2 g =
& s = o) on Eq. (3).
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Comparing the situations both with and without injected CO,, the
desorption efficiency of adsorbed CH, is enhanced by ~27% and ~ 26%
with CO, injection at ambient pressure and abandonment pressure,
respectively. An additional ~ 25% of residual gas in the adsorbed phase
can be obtained from a depleted shale reservoir with CO, injection. The
injected CO, can also enhance the PRPH of adsorbed CH4 by ~11% at
ambient pressure and by ~4% at abandonment pressure.

Based on two experiments with CO, injection, the higher con-
centration ratio of CO,/CH, is more effective for CO,-CH, displace-
ment, and the CO,-CH, displacement rate is more rapid during the early
CO,-CH, interaction period.

This study has verified the quantitative capability of NMR-based
measurements and methodology to analyze the recovery efficiency of
adsorbed CH,4 in shale. In general, this potential for significantly en-
hanced recovery efficiency of adsorbed methane with CO, injection,
and its quantification under simple laboratory conditions, suggests
considerable promise for CO»-EGR in shale gas reservoirs, if the per-
meability may be retained to access the gas.
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