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ARTICLE INFO ABSTRACT

Keywords: Thanks to the continuous depletion of conventional gas reservoirs, shale gas plays an important role to meet the

Shale gas global natural gas demand. The CO5 "huff-n-puff’ process has been proven to be an effective method to enhance

;OZ huff-n-puff shale gas recovery and sequestrate CO,. Unlike conventional reservoirs, shale media can contain a significant
anopores

number of nano-scaled pores and their pore volume can be comparable to that of macropores and fractures in
which fluids behave as bulk. While previous works studied the mechanisms of CO; ‘huff-n-puff’ process in shale
gas exploitation, the volume partitioning between nanopores and macropores/fractures is not fully taken into
account. In this work, we built a nanopore-bulk multiscale model with varying pore size distributions (PSDs) to
study the COy "huff-n-puff’ process in a constant volume depletion (CVD) setting by using density functional
theory (DFT). We found that the volume partitioning effect on adsorption, fluid compositions, hydrocarbon
mixture (Cq, Cy, and C3) recovery is significant in the CO5 "huff-n-puff’ process. The majority of hydrocarbon
mixtures can be released from micropores and smaller mesopores during the CO, ‘huff’ and ‘soak’ process, while
the average hydrocarbon densities in larger mesopores might increase. During the CO5 ‘huff’ and ‘soak’ process,
due to a stronger confinement effect in smaller pores, the PSD case with a higher volume ratio of smaller pores
releases fewer hydrocarbons, while stores more CO, per unit pore volume. Overall, the volume partitioning has a
significant effect on hydrocarbon adsorption, compositions, and recovery as well as CO; storage during the CO4
‘huff-n-puff’ process in shale gas exploitation and geological CO5 sequestration.

Enhanced gas recovery
CO, sequestration

1. Introduction

Thanks to the continuous depletion of conventional gas reservoirs
[1] and the growing global energy demand [2], shale gas has become an
important natural gas supply. Due to the presence of a significant
amount of nanosized pores [3] shale media is associated with ultra-low
permeability and porosity [4-6]. In contrast to the conventional gas
reservoirs, in shale media, surface adsorption plays a dominant role in
total gas uptake and estimation of the gas-in-place (GIP) [7]. On the
other hand, based on the field data [8], shale gas production rates
generally plummet rapidly which greatly hampers its exploitation and
development activities. In fact, the average recovery efficiency of shale
gas is less than 10%, if only horizontal and hydraulic fracturing methods
are implemented [9]. As an enhanced gas recovery (EGR) method, CO,
injection has been proven to be an effective method to drive up shale gas
production rate by up to 8 times [8]. Additionally, considering abundant
storage capacity and the readily-available underground as well as sur-
face infrastructures [10,11], CO injection into shale gas reservoirs can
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be a viable option to alleviate carbon emissions through geological CO,
sequestrations (GCSs) [12,13].

During the CO2-EGR process in shale gas exploitation, CO, ‘huff-n-
puff’ is one of the most widely used methods [8,14-16] which can be
generally separated into CO- injection (‘huff’), well shut-in (‘soak’), and
production (‘puff’) periods [17,18]. There have been a few experimental
measurements on gas adsorption in shale and CO, ‘huff-n-puff” process
[19-22]. Holmes et al. [19] conducted experimental measurements to
study N, and Ar uptake in pure organic/inorganic components (kerogen,
silica, calcite, and illite), idealized (i.e., mixing different pure compo-
nents), and actual shale samples. They observed that organic matter
shows a stronger adsorption capacity than inorganic matters. In ideal-
ized shale samples, for a given clay content, adsorption capacity has a
linear correlation with total organic carbon content (TOC), while for a
given TOC, adsorption amount also increases as clay content increases.
On the other hand, gas uptake in actual shale samples generally in-
creases as TOC increases. Liu et al. [20,21] used the low-field nuclear
magnetic resonance (NMR) spectroscopy to quantitatively identify the
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Table 1

Volume ratios and absolute volume in the nanopore-bulk multiscale systems of PSDs from the Eagle Ford (EF) [71], Middle Bakken (MB) [73], and Horn River (HR)
[72] shale sub-formations. In our modeling, all PSDs have the same total pore volume as 1 m>.

Nanopores Bulk
2nm Snm 15nm  30nm
. EF 11.50 27.50 12.00 18.00 31.00
Volume ratio

%) MB 2.87 15.00 33.38  34.53 14.22

HR 0.48 2.59 4.61 20.73 71.59

EF 0.115 0.275 0.12 0.18 0.31

Absolute volume

3 MB 0.0287 0.15 0.3338 0.3453  0.1422
(m’) HR 0.0048  0.0259 0.0461 0.2073  0.7159

adsorbed, pore-medium-confined, and free C; during pressure draw-
down and CO; ’huff-n-puff’ process under simplified laboratory condi-
tions at 35 °C. They found that the desorption efficiency of adsorbed C;
is enhanced by ~ 26% due to CO; injection. On the other hand, nu-
merical simulations have been widely used to investigate CO5 ’huff-n-
puff’ process for shale gas recovery and CO; sequestration [23-25]. Xu
et al. [23] studied the performance of CO, ’huff-n-puff’ in a triple-
porosity dule-permeability shale model by considering gas adsorption/
desorption, competitive adsorption, and binary gas diffusion. They
found that the supercritical COy ’huff-n-puff’ can increase shale gas
recovery by 15%. Their simulation results also revealed that gas pro-
duction rate and ultimate recovery would be higher for a higher total
organic carbon (TOC) content. Kim et al. [24] assessed the performance
of COg ’huff-n-puff’ in three different shale formations by multi-
component numerical simulations. They reported that the CO, "huff-n-
puff’ enhances C; production by 6% in the Barnett shale, while it is less
effective in the other two shale models due to different shale rock
properties. Although these numerical simulations can reveal the effect of
CO;, injection on shale gas recovery and GCS, the underlying mecha-
nisms governing these phenomena occurring in nanoporous media, such
as competitive adsorption and compositional changes during CO in-
jection, remain largely ambiguous.

In this context, molecular simulations and theoretical modeling have
also been applied to study CO; "huff-n-puff’ performance in shale gas
recovery and GCS from molecular perspectives [7,26-33]. Yuan et al
[27] studied the enhanced recovery, adsorption energy, and configura-
tion of C;-CO, mixtures in carbon nanotubes (CNT) by molecular dy-
namics (MD) simulations. They found that the pre-adsorbed C; can be
displaced by CO- injection in CNT and the recovery of C; is enhanced by
more than 15%. Zhou et al. [30,31] studied pure and hydrocarbon
mixture recovery during CO5 "huff-n-puff’ in kerogen micro-/mesopores
by GCMC simulations. They explicitly investigated the effect of moisture
content, pore size, and injection cycles. They found that during pressure
drawdown, while C; in the adsorption layer and the middle of the pores
can be recovered, C3 can only be recovered in the middle of the pores.
On the other hand, the injected CO, can recover hydrocarbons in the
adsorption layer. Zhang et al. [32] studied the recovery mechanisms of
C1-C2-C3 mixtures in organic and inorganic micro-/mesopores during
the CO; "huff-n-puff’ process. They revealed that CO5 "huff’” and ‘soak’ is
more efficient in organic micro-/mesopores in terms of hydrocarbon
recovery, especially for the heavier component (C3). During COs injec-
tion, CO3 storage in micro-/mesopores is mainly by displacing hydro-
carbons from the micro-/mesopores, while dominating in the first
adsorption layers. Bakhshian et al [33] used a lattice-based density
functional theory to study CO adsorption-induced deformation in shale
micro-/mesopores. They observed stronger adsorption in duct pores
comparing to slit pores and a sharp rise in adsorption isotherm as well as
swelling strain at conditions close to the bulk critical point of CO,. While
these molecular simulations and theoretical studied CO5-EGR and CO-
sequestration from molecular perspectives, they generally assume that
the bulk phase volume is much larger than that of nanopores so that the

fluid injection into and release from the nanopores do not alter the fluid
compositions in bulk.

However, in shale reservoirs, the pore volume in nanopores can be
comparable to that of macropores/fractures [34,35] and the volume
partitioning among nanopores and macropores/fractures (bulk) plays an
important role in fluid properties and phase behaviors [36-40]. Due to
the comparable pore volume, adsorbed/released fluids in/from nano-
pores could influence bulk fluid properties, which in turn could further
affect fluid density distributions in nanopores through chemical equi-
librium [31,32,41,42]. A few works incorporated such a nanopore-bulk
multiscale system to study properties of pure and hydrocarbon mixtures
[36,38-40,43-45]. They generally show that hydrocarbon mixture
phase behaviors in the nanopore-bulk multiscale system are different
from those in the systems with infinitely large bulk reservoirs. Thus, to
simulate the hydrocarbons recovery process in shale reservoirs, a con-
stant volume depletion (CVD) method can be implemented. In our
previous work [37] we studied the effect of volume partitioning on
hydrocarbon mixture adsorption in three different shale samples in a
CVD setting by using engineering DFT. We found that due to the volume
partitioning, the bulk fluid composition keeps changing during the
pressure drawdown process and the released hydrocarbon properties are
dependent on pore size distribution (PSD). However, to the best of our
knowledge, the effect of volume partitioning on CO2-EGR and CO;
sequestration during the CO» ‘huff-n-puff’ process has not been revealed
yet.

Thus, in this work, we explicitly study the effect of volume parti-
tioning on hydrocarbon mixtures and CO2 adsorption in shale nano-
porous media during the CO5 "huff-n-puff’ process. Kerogen is the main
constituent of organic matter in shale, which greatly contributes to the
total GIP [29,46-48]. For simplicity, in this work, we use carbon slit
nanopores [42,49-51] to represent kerogen nanopores, which have
shown a good agreement with experimental measurements on gas
adsorption in kerogen nanoporous media [52-54]. We note that the
nanopores consist of micropores (<2 nm) and mesopores (2-50 nm)
[55] while macropores (>50 nm) are treated as bulk region, as fluid
properties in macropores are similar to those in bulk [56,57]. Three
different PSD cases based on characterizations of shale sub-formations
are considered in a CVD setting, in which nanopore volume is compa-
rable to that in the bulk region. By using perturbed-chain-statistical-
associating-fluid-theory-based DFT (PC-SAFT DFT) [58-60], which has
shown an excellent agreement with experimental measurements and
molecular simulations in terms of fluid adsorption characteristics
[59-69], hydrocarbon mixtures and CO, adsorption, their density dis-
tributions, and average densities in nanopores can be explicitly calcu-
lated. On the other hand, in contrast to molecular simulations, PC-SAFT
DFT can significantly reduce the calculation time [62-65,70]. During
the primary pressure drawdown and the CO5 ’puff’ processes, hydro-
carbon mixtures and CO5 are depleted from the nanopore-bulk multi-
scale system by the CVD method, while during the CO ‘huff’ and ‘soak’
process, CO; is injected without any fluid recovered from the entire
system. Our work should provide fundamental understandings about the
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Table 2
Initial bulk mole fractions for C;-C,-C3 mixtures in different PSDs.

Cy () C; Sum
Eagle Ford 0.85 0.15 0.05 1
Middle Bakken  0.85 0.15 0.05 1
Horn River 0.85 0.15 0.05 1

effect of volume partitioning on hydrocarbon mixtures and COy
adsorption characteristics and important insights into shale gas exploi-
tations and GCS during the CO2 "huff-n-puff’ process.

2. Model and methodology
2.1. Nanopore-bulk multiscale system

The nanopore-bulk multiscale system consists of two distinct parts:
nanopores and the bulk region [37]. The bulk region may refer to hy-
draulic/natural fractures as well as macropores in the shale matrix.
Similar to our previous work [37], we assume that hydrocarbon mix-
tures and COs in pores larger than 50 nm behave as bulk. On the other
hand, pores of size smaller than 50 nm are treated as nanopores in which
fluid-surface interactions are explicitly considered. Based on the PSDs
from Eagle Ford (EF) [71], Horn River (HR) [72], and Middle Bakken
(MB) [73] shale sub-formation characterizations, four distinct pores are
used to represent micropores and mesopores in shale: 2 nm (<2 nm), 5
nm (2-10 nm), 15 nm (10-20 nm), and 30 nm (20-50 nm) [37]. The
pore volume fractions in each nanopore and the bulk region are shown
in Table 1. In our model, the pressure P is dictated by the fluid pressure
in the bulk region. While the chemical potential of each component in
nanopores is the same as that in bulk at equilibrium, we do not consider
the interfaces between nanopores and bulk region. It has been shown
that the mechanical equilibrium between nanopores and bulk is always
automatically satisfied by the equality of chemical potentials [74].

2.2. Material balance

In this work, material balance calculation is necessary for 1) primary
pressure drop; 2) COz ‘huff’ and ‘soak’; 3) CO; ‘puff’ processes. During
the CVD process, the bulk region volume is expanded to lower the bulk
pressure, while the fluids in the excess bulk volume are removed from
the entire system [40]. The system temperature is fixed at 333.15 K with
an initial pressure Py = 500 bar, which can represent typical shale gas
reservoir temperature and pressure [13,75,76]. C1-Co-C3 mixtures are
used to represent hydrocarbon mixtures and the initial bulk composi-
tions for three different PSD cases are listed in Table 2. The initial mole
fraction of component k in the entire system, X;;”“, at Py is given as

i (Po)

X{"(Po) = o, k= C1,C2, G, o)
, Zk:CI‘CZ.Cgmk ’(Po)
with
m"(Po) = piy (Po)Vi+ Y _pimt s (Po) Vo, k= Ci,C2, Cs, @
w

where V), w is the pore volume of the nanopore of W, V; is the bulk
volume. In this work, we set the entire system volume identical for all
three PSD cases as 1 m>. The pore and bulk volume, as well as their
volume ratios, are listed in Table 1. pj(P) and pifit,
density of component k in bulk and average molar density of component
k in nanopore of W at P, respectively, mi"t(P,) is the total mole number
of component k at Po. While pi(P,) is obtained from the PC-SAFT

equation of state (EOS) at Py, p2Z,  (Po) is obtained from the PC-

(Po) are molar
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Table 3
Injected CO, amount and its molar ratio in the total system at P; = 100 bar in
each PSD.

Injected CO,
Absolute amount ~ Molar ratio in
(mol) system
Eagle Ford 2379.58 27.1%
Middle Bakken 2379.58 30.0%
Horn River 2379.58 33.9%
SAFT DFT.

During the CVD process, V,w does not change but V;, expands as P
decreases, and the fluids in the excess bulk volume are then removed.
The material balance is applied to calculate the expanded bulk volume
Vp, (P) based on component k before fluid removal at given P and the

removed fluid m}¢ (P) of component k in the excess bulk volume,

0 o mZ(P) - prave.k,W(P)Vp.W
VilP) == B )

, k=C,, G, G, 3

m(P) = [Vy (P) = Vy |y (P), k= C1,Ca,Cs, 4

where mg (P) is the total mole number of component k at P before
removal; g, i w(P) and p,,(P) are average molar density of component k
in nanopore of W and molar density of component k in bulk at P,
respectively; X , (P) refers to the mole fraction of component k in bulk at
P. An iterative method is used to find the bulk mole fraction {Xy; (P) },
which satisfies that V}, (P) converge at the actual expanded bulk vol-
ume V} (P). Thus, the remaining fluids in the entire system m}(P) of
component k at Pare given as

mi(P) = m{(P) —m(P), k = C\,C,, Cs. %)

Then, m}(P) serves as m; at the subsequent pressure condition. In
each step, we lower P by 2 bar in all PSD cases until P; = 100 bar, which
is a typical COs injection pressure in the fields [8,15,25,77,78].

Then, the CO; ‘huff’ and ‘soak’ process during which bulk fluids and
those in nanopores reach chemical equilibrium after CO; injection is
initiated by injecting an equal amount of CO5 in each PSD case as listed
in Table 3. We note that in this process, both bulk and nanopore volumes
remain unchanged and no fluids are released from the entire system.
Due to CO; injection, the bulk pressure is elevated to a higher pressure
P,, while the bulk composition is altered. To find the equilibrium bulk
composition and pressure, the materials balance equations are solved,
which are given as,

mi(Py) = mi(Py) = p,(P)Vi + Y Paesw(P2)Vow, k= C1,Co, G5
w
Meoy (P2) = mid (1) = peyy »(P2)Vi + Z/)averog.W(Pz)vl’-W
w

Z Xip(P2) + Xco, p(P2) =1

k=C1,C3,C3

(6)

where my(P;) and my(P2) are the total mole number of component k in
the entire system at P; and P,, respectively; m?{,z (P1) is the total mole
number of injected CO3 at P;; mco, (P2) is the total mole number of CO2
in the entire system at P,. The bulk composition and pressure are ob-
tained by solving Eq. (6) iteratively. The equilibrium bulk pressures and
compositions in each PSD case are listed in Table 4.

During the COy ‘puff’ process, the pressure continues to decrease
from P,. The bulk volume expands and fluids released from the entire
system during the CO, ‘puff’ process as pressure drops. The material
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Table 4
Bulk pressure, composition, and densities of hydrocarbons and CO, in various PSD cases before and after CO, ‘huff’ and ‘soak’ processes. Note that the APy, afer is

P b.after — P, b.after
defined as APy ger = B x 100%, where Py 4f.r and Pb,af[er are bulk pressure for each PSD and the average bulk pressure for all three PSDs after CO5 ‘huff’
b.after
¢ s . bef aft
and ‘soak’, respectively. Ap, /py” = (pb

— pﬁef ) / pgef represents the relative increases of bulk density, where p;ﬁ , pgef are bulk densities of each component before and

after CO, "huff’ and ‘soak’, respectively.

Bulk

PSD DP er Bulk composition Bulk density p , (kmol/m’) Apolps’?
pressure

A phay P G G G € G G G G G G
Before CO, EF 100 N/A 0.825 0.139 0.036 0 3.55 0.60 0.15 0 N/A N/A N/A
aff and o MB 100 N/A 0809 0148 0043 0 352 064 019 0 NA  NA NA

HR 100  N/A 0801 0151 0048 0 350 066 021 0 NA  NA NA
Aferco, FF 1467 L1 0588 0118 0037 0257 399 080 025 174 012 033 064
haff and soae MB 144802 0557 01140039 0290 377 077 026 196 007 020 042

HR 143.7 0.9 0.526  0.102 0.035 0.337 3.56 0.69 0.24 2.27 0.02 0.05 0.13

balance of hydrocarbon mixtures and CO; in the entire system during
the CO4 ‘puff’ process is given as,

mZ(P) - anve,k.W(P)VP-W
Xis (P)py(P)
m(P) = [Vg (P) - Vb]pk,b(P)

mi(P) = mi(P) — m’(P)

PSD case is slightly different as shown in Table 4, the end pressure of all
PSDs is set as P; = 50 bar, which is a typical shale gas reservoir aban-
donment pressure [31,32,79,80].

Ve, (P) =
(P) 2.3. The perturbed-chain-statistical-associating-fluid-theory-based density

o k=G, 6, G, COn functional theory (PC-SAFT DFT)

)

The perturbed-chain-statistical-associating-fluid-theory-based den-
sity functional theory (PC-SAFT DFT) [58,59] is used to consider the

The bulk pressure decreases by 2 bar in each step. Though P, in each chemical equilibrium between hydrocarbon fluids in bulk region and

N 1 1 1 1 1 40 . 1 1 1 . 1 1
12 ]@C. (0)C, e g
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Fig. 1. The average molar densities in W = 2 nm pores of (a) C;; (b) Cy; (c) Cs; and (d) CO- in various PSD cases at T = 333.15 K. The black solid lines represent
average density from Eagle Ford. Red dashed lines are from Middle Bakken and blue dotted lines are from Horn River. Thick and thin lines represent CO5 "huff-n-puff’
and direct pressure drawdown process, respectively. Squares represent the initial condition. The route from squares to circles represents the primary pressure drop;
the route from circles to triangles is the CO, ‘huff’ and ‘soak’ processes; the route from triangles to rhombs is the CO, ‘puff’ process. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The molar density profiles in W = 2 nm pores of (a) C;; (b) Co; (c) Cs; and (d) CO, in various PSD cases at T = 333.15 K. Black lines represent molar density
profiles at initial condition (Py). Red, bulk, and green lines represent molar density profiles at pressures of end of the primary pressure drop (P;), CO; ‘huff’ and ‘soak’
(P;), and CO;, ‘puff’ (P3), respectively. Solid, dashed, dotted lines represent mole density profiles from Eagle Ford, Middle Bakken, and Horn River, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

nanopores. Based on the Wertheim’s first-order thermodynamic
perturbation theory [81-84] fluid molecules in the framework of PC-
SAFT DFT are treated as coarse-grained representations of real ones,
where non-spherical molecules are assumed to be chains of tangentially
bonded spherical segments with the Van der Waals interaction [58]. In
this work, segments in each chain are treated identical [58,85]. The
temperatures in nanopores and the bulk region are the same. The PC-
SAFT DFT calculations are applied to the fluids in nanopores only, for
a given pressure and temperature condition. The equilibrium hydro-
carbon mixture and CO, densities in the bulk region and their density
distributions in nanopores are determined by mass conservation and
chemical equilibrium between the fluids in nanopores and those in bulk.
Within the framework of DFT, for a given nanopore, the grand po-
tential Q[{p,(r) } ], which is functional of density distribution {p,(r) }, is
the thermodynamic function of choice and related to the Helmholtz free-
energy functional F[{p,(r) } ] via the Lagrange transformation [86]

Ql{p(r)}] = Fl{p() } 1+ / Per)[Wi(r) — py Jdr, ®)

where dr is differential volume, and W(r) is the solid surface external
potential of the component k at the positional vector r; g is the chemical
potential of component k in bulk [87]. p,(r) is the number density dis-
tribution of component k at positional vector r, given as p(r) =
mypy 8 (r), in which my is the segment number of component k and p;(r)
is the local averaged number density of all segments of component k
[58,59,66].

The Helmholtz free-energy F[{p;(r)}] is further decomposed into

two parts [59]: ideal-gas term F[{p,(r) }] and the excess term arising
from the intermolecular interactions and molecular configurations

F{p(r) },
Fl{pu(r) }] = F[{p(r) } ]+ F*[{pi(r) }] ©)

The ideal-gas term is given as [87]
ﬂFid[{pk(r) = Z//’k(’) [ln(ﬂk(r)/\i) - 1]dra (10)
k

where = 1/(kgT); A is the de Broglie wavelength of component k. kg
and T represent the Boltzmann constant and the absolute temperature,
respectively.

In Eq. (9), molecules are modeled as chains of freely-joined spherical
segments. The total excess Helmholtz free-energy F*[{p,(r) } | is given as
[58,59]

F{pr)}=F" [0 A F" o (r) I+ F [{pi (r) + = [{pe () }],
an

where F*™[{p, (r) } ] and F*"[{p, (r) } ] represent the excess Helmholtz
free energy arising from the hard-sphere and the connectivity of seg-
ments in hard-chain, respectively. The dispersion term F&d[{p, (r) }]
accounts for the attractive Van der Waals interactions of chain mole-
cules. The association term F&®%¢[{p, (r) } ] describes excess Helmholtz
energy due to the formation of hydrogen bonds. Details about the excess
Helmbholtz free-energy term F*[{p,(r) } | are shown in Supporting In-
formation (SI) Section 1. In this work, the C;, Cy, C3, and CO- are
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Fig. 3. The average molar densities in W = 15 nm pores of (a) Cy; (b) Cy; (c) C3; and (d) CO. in various PSD cases at T = 333.15 K. The black solid lines represent
average density from Eagle Ford. Red dashed lines are from Middle Bakken and blue dotted lines are from Horn River. Thick and thin lines represent scenarios with/
without CO, "huff-n-puff’, respectively. Squares represent the initial condition. The route from squares to circles represents the primary pressure drop; the route from
circles to triangles is the CO, ‘huff’ and ‘soak’ processes, and the route from triangles to rhombs is the CO; ‘puff’ process. The CO, ‘huff’ and ‘soak’ processes are
amplified in inset figures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

considered to be without a charge so that the association term is omitted
[88]. The parameters for hydrocarbons and CO; are from PC-SAFT EOS
[89] which are listed in SI Section 2 Table S1.

At equilibrium, the grand potential functional reaches the minimum
with respect to density profile p,(r) [49]
Q[p,(r) }] _

) 12)
pi(r)

where the symbol § represents the functional derivative. The equilib-

rium density distributions of species are obtained by the minimization of

the grand potential functional [90]

_ PpF{p(r) }]
p,(r)

The density distribution in Eq. (13) is solved by the Picard iteration
method [91]. The bulk density is used as the initialization for the
calculation of the first pressure condition. The initial guess for other
pressure conditions is from the density distributions at the preceding
pressure [49].

For simplicity, we use carbon-slit pores which are described by two
planar structureless graphite surfaces to represent nanopores in the
system [42,49-51]. Such carbon nanopore structures have been applied
to the study of gas adsorption in shale and shown excellent agreement
with GCMC simulation results and experimental data [92]. In a carbon-
slit pore, the density distributions only vary in the z direction perpen-
dicular to the solid surfaces, i.e., pi(r) = pi(2). The Steele 10-4-3 po-
tentials [93] is used to describe the fluid-surface interactions ¢,

Pi(r) = exp| iy, — f¥(r) (13)

4 4
_ Ok
) 3A(0.61A + 2)°

2 o, 10 o
P (2) = 2mmip eacy A | (7k> - <7k 14)

where z represents the position in a perpendicular direction relative to
the pore surface. my is the segment number of component k. p, = 114
nm > is the density of graphite and A = 0.335 nm represents the
interlayer spacing of graphite; ey and oy are potential expansion pa-
rameters and follow the simple mixing rule: eq = /&, and o4 =
(o5 + dik(T) )/2. The energy and size parameters of the graphite surface
are o; = 0.3345 nm, &;/kg =28 K [36,94]. ¢ is the fluid energy of
segment of composition k, and di(T) is the temperature-dependent
effective segment diameter of composition k, which is defined as di (T) =
ox(1 —0.12exp( — 3(ex/kgT) )) [58]. The fluid energy & and the
segment diameter o, parameters are from PC-SAFT EOS [89] and listed
in SI Section 2 Table S1. In slit-nanopores, the external potential W (r)
for component k in Eq. (13) is given as,

Wi(2) = gu(2) + ou(W —2)

The average density of component k in nanopores p,,, is calculated
as,

(15)

foW«f p(2)dz

1
T (16)

Paver =

where W, = W —o; is the effective pore size; W is the pore size as used in
Egs. (2) and (3) [95].
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Fig. 4. The molar density profiles in W = 15 nm pores of (a) Cy; (b) Cy; (c) Cs; and (d) CO. in various PSD cases at T = 333.15 K. Black lines represent molar density
profiles at initial condition (Py). Red, bulk, and green lines represent mole density profiles at pressures of end of the primary pressure drop (P;), CO5 ‘huff’ and ‘soak’
(P3), and CO,, ‘puff’ (P3), respectively. Solid, dashed, dotted lines represent mole density profiles from Eagle Ford, Middle Bakken, and Horn River, respectively. The
densities of the middle of pores are amplified shown as inserted figures. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 5. Compositions of each component in (a) W = 2 nm; (b) W = 15 nm pores in various PSD cases at T = 333.15 K. Phase 0 represents the initial condition; Phase 1
represents the primary pressure drop process; Phase 2 is the CO, ‘huff’ and ‘soak’ process, and Phase 3 is the CO5 ‘puff’ process. The pore compositions shown for

Phase 1, 2, 3 are the composition at the pressure of the end of each phase.
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drop process; Phase 2 is the CO, ‘huff’ and ‘soak’ process, and Phase 3 is the CO,, ‘puff’ process. The bulk compositions shown for Phase 1, 2, 3 are the composition at

the pressure of the end of each phase.

2.4. Grand canonical monte carlo (GCMC) simulation

GCMC simulation has been widely used as one of the most powerful
tools to study hydrocarbons and CO; adsorption under confinement
[26,96-99]. To calibrate our PC-SAFT DFT calculations, we compared
density profiles and average densities in nanopores of hydrocarbon and
CO5 mixtures from PC-SAFT DFT with those from GCMC simulations.
The details of GCMC simulation and comparison with PC-SAFT DFT are
shown in SI Section 3, and SI Section 4, respectively.

3. Results and discussions

In this section, we use three simplified PSDs from Eagle Ford (EF)
[71] Middle Bakken (MB) [73] and Horn River (HR) [72] shale sub-
formations to study the effect of volume partitioning on hydrocarbons
and CO, mixture adsorption during CO5 ‘huff-n-puff’ process. The initial
mole fractions in the bulk region are set the same in each PSD case as
shown in Table 2.

In Fig. 1, we present the average molar densities of hydrocarbons and
CO4 during CO5 "huff-n-puff’ process in W = 2 nm pores. For compar-
ison, we also depict the average molar densities in a direct pressure
drawdown from P, to P3. During the primary pressure drawdown from
P, to Py, C; is released from the pores, while C3 adsorption in micropores
increases. As P drops, the PSD case with a higher volume ratio of smaller
pores (i.e. EF) releases less C; and Cg from 2-nm pores, while adsorbing
less C3. As CO; is injected, the bulk pressure increases with slight dif-
ferences among three PSD cases as shown in Table 4. During the COy
‘huff’ and ‘soak’ process, the decrease in all hydrocarbon densities is
smaller in the EF case. In addition, with the same amount of injected
COg, the CO, average density in the 2-nm pores in the EF case is the
lowest. During the CO, ‘puff’ process, C; is continuously released from
pores, while C3 adsorption in micropores increases, then decreases at

low pressures. The CO, average density decreases in all PSD cases during
the CO, ‘puff’ process, while CO, adsorption in the EF case decreases
less.

In Fig. 2, we present molar density profiles of hydrocarbons and CO,
in 2-nm pores. During the primary pressure drawdown, C; densities in
the adsorption layer and the middle of the pores decrease, while the
opposite is true for C3 due to strong fluid-surface interactions, as in our
previous work [37]. During the CO2 ‘huff’ and ‘soak’ process, C1, Cy, and
Cs are released from both adsorption layers and the middle of pores. In
the EF case, hydrocarbon release from the 2-nm pores due to the CO2
‘huff’ and ‘soak’ is less significant than those in the MB and HR cases,
especially for Cs. Due to the stronger competitive adsorption in the vi-
cinity of the pore surface, the volume partitioning shows a more obvious
effect on adsorption layers. On the other hand, due to volume parti-
tioning and competitive adsorption between COz and hydrocarbon
mixtures, CO, densities in the adsorption layers and the middle of the
pores in the EF case is the smallest in all PSD cases. In this work, during
the CO; ‘huff’ and ‘soak’ process, the same amount of CO; is injected
into different PSD cases. Due to the highest micropore volume in EF, the
total amount of adsorbed CO; in micropores is the highest, which in turn
results in the lowest CO, composition in the bulk region. Thanks to the
chemical equilibrium, the CO5 density of CO5 in micropores in the EF
case is the lowest. During the CO, ‘puff’ process, C;, Cy, and CO; den-
sities decrease, while C3 density increases. Compared with other PSD
cases, the EF case releases more Ci, Cy, and CO5, while adsorbs less Cs,
which is opposite to that during the primary pressure drop.

The average molar densities of each componentin W = 15 nm pores
are shown in Fig. 3. The average densities for W= 5 nm and W = 30
nm pores as well as in the bulk region are shown in SI Section 5. During
the primary pressure drop, all hydrocarbon densities decrease as P
drops. During the CO; ‘huff’ and ‘soak’ processes, hydrocarbon densities
increase in the EF and MB cases as CO; is injected, while the opposite is
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true for the HR case. For CO», similar to Fig. 1, its average molar density
in the EF case is higher. During the CO» ‘puff’ process, all components
are released from the pores as pressure drops.

In Fig. 4, we present the molar density profiles for each component in
W = 15 nm pores. The molar density profiles for W= 5nm and W =
30 nm pores are shown in SI Section 6. During the primary pressure
drop, C; is released from adsorption layers and the middle of pores,
while Cy and C3 are mostly released from the middle of pores. The
change in the C; adsorption layers is negligible, while the C3 adsorption
layer becomes more prominent. The CO» ‘huff’ and ‘soak’ process has an
opposite effect on hydrocarbons densities in the adsorption layers and
the middle of pores: they are released from adsorption layers, while their
densities in the middle of pores increase.

The effect of volume partitioning on the compositions of each
component in W = 2 nm and W = 15 nm is shown in Fig. 5. The com-
positions of each component in W = 5 nm and W = 30 nm pores are
shown in SI Section 7. During the CO; ‘huff’ and ‘soak’ process, PSD
strongly affects the equilibrium compositions in micro-/mesopores. In
the EF case, the compositions of hydrocarbons in pores reduce less.
During the CO5 ‘puff’ process, in W = 2 nm pores, though C;, Co, and
CO,; are released from pores, the C; and CO, compositions decrease,
while the Cy composition increases. On the other hand, the C3 compo-
sition in 2-nm pores increases. In W = 15 nm pores, C; composition
decreases, while Cy and C3 compositions increase. However, the CO5
composition increases in W = 15 nm pores.

The bulk pressure, composition, and densities of hydrocarbon com-
ponents and CO5 in various PSD cases before and after CO, ‘huff’ and
‘soak’ processes are listed in Table 4. Though the same amount of CO3 is
injected in each PSD case, more CO; is adsorbed into micro-/mesopores
in the EF case. Thus, in the EF case, the CO; equilibrium bulk compo-
sition is smaller, while the hydrocarbon component compositions are
higher. On the other hand, P, in different PSD cases are similar.
Meanwhile, the bulk density increases due to CO injection, while
increasing more in the EF case. Bulk compositions in different PSD cases
are also presented in Fig. 6. During the CO5 ‘huff’ and ‘soak’ process,
PSD strongly affects the equilibrium bulk compositions. As the volume
ratio of the bulk region decreases, more CO5 is absorbed into micro-/
mesopores, and more hydrocarbons (Cy, Cy, and Cs) are released from
the micro-/mesopores to the bulk region. As a result, in the EF case, the
hydrocarbon bulk composition is higher. In turn, their average molar
densities in micro-/mesopores increase. During the CO ‘puff’ process,
both Cy and COy bulk compositions increase as P drops, while the
opposite is true for C; and Cs.

To investigate hydrocarbons recovery from nanopores and the bulk
region in different phases, we calculate the hydrocarbon-releasing fac-
tor, which is given as,

beg end

Hydrocarbon - releasing factor = pkp;pk, k=Cy,C,,Cs, a7

int

k

where pieg, pi"d represent bulk or pore molar density of component k at
the beginning and end of a phase, respectively. pi® represents bulk or
pore molar density of component k at the initial condition (i.e. Phase 0).
In Fig. 7, we present hydrocarbon-releasing factors in nanopores (W = 2
nm and W = 15 nm) and the bulk region in various PSD cases. The
hydrocarbon-releasing factors in W = 5 nm and W = 30 nm pores are
shown in SI Section 8. During the primary pressure drop, the EF case has
a lower Cj-releasing factor, while higher Cy- and Cs-releasing factors in
both pores and the bulk region. During the CO2 ‘huff’ and ‘soak’ process,
the EF case has a lower releasing factor for all components in both pores
and the bulk region. The recovery of hydrocarbon mixtures for the CO5
‘huff’ and ‘soak’ process is mainly from small pores. In the CO5 ‘puff’
process, the EF case has higher releasing factors for all components in
pores and higher C;- and Cp-releasing factors in the bulk, while the MB
shows a slightly higher Cs-releasing factor in the bulk.

In Fig. 8, hydrocarbon components recoveries from the entire
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nanopore-bulk multiscale system in different phases and various PSD
cases with CO5 "huff-n-puff’ process are shown, which is defined as,

beg end
bes _ T

T,"v k=Cy, G, G, (18)

Recovery =
where Nzeg and N¢ represent the molar number of component k at the
beginning and end of each phase, respectively. Ni' represents the molar
number of component k at the initial condition. As there is no production
during the CO ‘huff’ and ‘soak’ process, the recovery is zero in Phase 2.
To show the CO; ’huff-n-puff’ enhancement effect, hydrocarbon recov-
ery in each pore, the bulk region as well as the entire nanopore-bulk
multiscale system with/without CO, "huff-n-puff’ processes are listed
in Table 5. The COy "huff-n-puff’ process enhances the total hydrocarbon
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Fig. 7. The hydrocarbon-releasing factors in (a) W = 2 nm; (b) W = 15 nm; (c)
the bulk region in various PSD cases at T = 333.15 K. Phase 1 represents the
primary pressure drop process; Phase 2 is the CO, ‘huff’ and ‘soak’ process, and
Phase 3 is the CO, ‘puff’ process; All phases represent the whole process from
the initial condition to the abandoned pressure in the CO; "huff-n-puff’.
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Table 5

Hydrocarbon recoveries in each pore, the bulk region, and the entire nanopore-bulk multiscale system with/without the CO, "huff-n-puff’ process. Note that w/ and

w/o represent with and without, respectively.

Recovery
cpaigs 2nm Snm 15nm 30nm Bulk System
C [ G [ C G C C [ Ci [ Cs [ C Cs G C Cs

wico, EF 0737 0323 0085 0847 0671 0485 0887 0816 0749 0896 0857 0833 0902 088 0915 0864 0715 0538
R MB 0756 0349 -0.189 0856 0.684 0440  0.893 0822 0726 0901 0860 0817 0906 0891 0904 0888 0799  0.669
Imection g 0765 0434  -0.144 0861 0724 0459 0897 0844 0735 0905 0878 0822 0910 0904 0906 0906 0886  0.846
wioco, EF 0608 0129 0249 0776 0580 0402 0837 0771 0715 0851 084 0814 0861 0867 0910 0802 0639 0469
e MB 0630 0.05 -0468 0783 0569 0308 0841 0762 0667 0854 0816 078  0.863 0859 0889  0.834 0731  0.59
ijection R 0641 0134 0667 0786 0583 0221 0842 0768 0622 0855 0820 0749 0863 0860 0871 0857 0831 0784
Enbanced EF 129% 193% 164%  7.1%  9.0% 83%  50% 45% 35%  45% 33% 20% 4% 22% 05%  62% T.6%  69%
Recovery MB  126% 244% 279%  73% ILS% 132%  52%  60% 59%  A7% 4% 3%  Ad%  32% 1% S4% 6%  13%

HR  123% 300%  523%  7.5%  14.1% 238%  55%  7.6% 112%  50%  58%  73%  46%  44%  35%  49%  54%  62%

recovery by more than 5%, while the enhancement in the heavier
component recovery in small pores (2-nm pores) can be between 16.4%
and 52.3% in different PSD cases. Due to the volume partitioning, the EF
case has the highest enhanced hydrocarbon recovery due to the CO5
“huff-n-puff’ process.

The CO, sequestration ratio in nanopores, bulk, and the total
nanopore-bulk multiscale system in various PSD cases are shown in
Fig. 9, which is defined as,

sequestered
. . co.
CO, sequestration ratio = —>—— 19
Nfersoak”
Co,

where Ni3“"*! represents the molar number of CO, remaining in
nanopores, bulk, or the total nanopore-bulk multiscale system at the
abandoned pressure, and N’ ~*** represents the initial molar number
of CO; in nanopores, bulk, or the total nanopore-bulk multiscale system
after COz ‘huff’ and ‘soak’ process. A stronger confinement effect in
smaller pores allows enhancing CO, storage. A higher volume ratio of
smaller pores case can store more CO» in nanopores and the bulk region.
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As a result, the PSD with a higher volume ratio of smaller pores has a
higher total CO sequestration ratio.

4. Conclusions

In this work, we use the PC-SAFT DFT to study the CO; "huff-n-puff’
process in a nanopore-bulk multiscale system by a CVD process, in which
mass balance and volume partitioning are explicitly considered. During
the CO; ‘huff’ and ‘soak’ process, a large amount of hydrocarbons can be
released from small micro-/mesopores, especially for the heavier com-
ponents. On the other hand, in the larger mesopores (W>15nm), the
average density of hydrocarbons might increase. For hydrocarbon den-
sity distributions, the CO; injection has mixed influences on the
adsorption layers and the middle of pores: hydrocarbons are released
from the adsorption layers, while their densities in the middle of pores
increase. Compared with the case without the CO; "huff-n-puff’ process,
the CO, "huff-n-puff’ process prompts hydrocarbon release from nano-
pores, especially for the heavier components in the smaller micro-/
mesopores.
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Fig. 9. The CO; sequestration ratio in nanopores, bulk, and the total nanopore-bulk multiscale system in various PSDs.

The volume partitioning effects on nanopores adsorption, composi-
tions are significant in the COy “huff-n-puff’ process. During the CO»
‘huff” and ‘soak’ process, a PSD case with a higher volume ratio of
smaller pores (W = 2 nm and W = 5 nm) releases fewer hydrocarbons
(Cy, Cg, C3). The volume partitioning also shows a more obvious effect
on altering the density of adsorption layers than that in the middle of
pores, especially in the larger pores (W>15nm). In addition, it also
shows a strong influence on the equilibrium bulk composition. Hydro-
carbon recovery is also strongly affected by volume partitioning. For
small micro-/mesopores (W = 2 nm and W = 5 nm), the recovery of C;
and C3 mainly stems from the CO; ‘huff’ and ‘soak’ period, while, in
larger pores (W>15nm)., the hydrocarbon recovery is mainly from
pressure drops. In the nanopore-bulk multiscale system, the hydrocar-
bon recovery due to CO» injection is mainly from the smaller pores (W =
2 nm and W =5 nm). The smaller micro-/mesopores with a stronger
confinement effect can adsorb more CO2 per unit pore volume. As a
result, a PSD case with a higher volume ratio of smaller pores can store
more CO,.

Collectively, the volume partitioning shows strong influences in
hydrocarbon adsorption and recovery as well as COy sequestration in
nanopores during CO "huff-n-puff’ process. Our work should provide
fundamental understandings about the effect of volume partitioning on
hydrocarbon mixtures adsorption characteristics and important insights
into the optimization of enhanced shale gas recovery and CO, seques-
tration. On the other hand, moisture exists in shale media which can
affect hydrocarbon and CO; adsorption [13]. Besides, kerogen in shale
can contain various heteroatoms [30,47,100]. Unlocking these effects
coupled with volume partitioning in the nanopore-bulk multiscale sys-
tem on hydrocarbon and CO5 adsorption will be explicitly studied in our
future works.
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