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Abstract: As a promising enhanced gas recovery technique, CO, huff-n-puff has attracted great attention recently. However,
hydraulic fracture deformation hysteresis is rarely considered, and its effect on CO, huff-n-puff performance is not well
understood. In this study, we present a fully coupled multi-component flow and geomechanics model for simulating CO, huff-n-puff
in shale gas reservoirs considering hydraulic fracture deformation hysteresis. Specifically, a shale gas reservoir after hydraulic
fracturing is modeled using an efficient hybrid model incorporating an embedded discrete fracture model (EDFM), multiple
porosity model, and single porosity model. In flow equations, Fick’s law, extended Langmuir isotherms, and the Peng-Robinson
equation of state are used to describe the molecular diffusion, multi-component adsorption, and gas properties, respectively. In
relation to geomechanics, a path-dependent constitutive law is applied for the hydraulic fracture deformation hysteresis. The
finite volume method (FVM) and the stabilized extended finite element method (XFEM) are applied to discretize the flow and
geomechanics equations, respectively. We then solve the coupled model using the fixed-stress split iterative method. Finally, we
verify the presented method using several numerical examples, and apply it to investigate the effect of hydraulic fracture
deformation hysteresis on CO, huff-n-puff performance in a 3D shale gas reservoir. Numerical results show that hydraulic
fracture deformation hysteresis has some negative effects on CO, huff-n-puff performance. The effects are sensitive to the initial
conductivity of hydraulic fracture, production pressure, starting time of huff-n-puff, injection pressure, and huff-n-puff cycle number.
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1 Introduction after a period of production (Hasan et al., 2017; Li

and Elsworth, 2019). Therefore, some advanced tech-

In recent years, the development of shale gas has
received great attention all over the world (Striolo and
Cole, 2017; Sun et al., 2017; Yan et al., 2018b; Wang
et al., 2019; Liu et al., 2020a). Typically, a shale gas
reservoir has extremely small pores and ultralow
matrix permeability (Song et al., 2016; Fan et al.,
2019). Nevertheless, economic exploitation of shale
gas has been achieved by horizontal drilling (Giger
et al., 1984; Karlsson et al., 1991) and artificial frac-
turing (Hubbert and Willis, 1957; Zeng et al., 2018,
2019). Field data show a rapid decline in productivity
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niques, such as gas injection (Godec et al., 2014),
infill drilling (Urban et al., 2016), and refracturing
(Shah et al., 2017) have been proposed to enhance gas
recovery. CO, huft-n-puff (cyclic injection) is regarded
as promising, as it could be one of the most effective
techniques to enhance gas recovery from reservoirs
with ultralow permeability (Zuloaga et al., 2017; Du
and Nojabaei, 2019). Moreover, it could also con-
tribute to CO, sequestration (Kim et al., 2017).
Although commercialization of CO, huff-n-puff
has not yet been realized, many numerical studies
have been carried out that show the feasibility and
efficiency of this technique. Fathi and Akkutlu (2014)
improved CO, huff-n-puff performance by using a
triple-porosity single-permeability model. Their numer-
ical results showed that competitive adsorption and
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counter-diffusion are important to CH, recovery and
CO, sequestration. Similarly, Xu et al. (2017) devel-
oped a triple-porosity dual-permeability model, in
which competitive adsorption and binary diffusion
are considered, to investigate the feasibility of CO,
huff-n-puff in shale gas reservoirs. Kim et al. (2017)
developed a coupled model considering molecular dif-
fusion, competitive adsorption, CO, dissolution, and
stress-dependent permeability. They used this model
to carry out sensitivity analyses of CO, huff-n-puff
and CO, flooding. Huang et al. (2020) evaluated the
effect of kerogen distribution on different CO, injec-
tion schemes in shale gas reservoirs. These studies
have demonstrated the feasibility and efficiency of
CO, huff-n-puff in shale gas reservoirs, and identified
some of the factors influencing this technology. Nev-
ertheless, most studies focused only on fluid flow, and
the effects of geomechanics were not examined com-
prehensively. Geomechanical effects are expected to af-
fect CO, huff-n-puff significantly (Gala and Sharma,
2018), as the cyclic production/injection process dur-
ing huff-n-puff can be considered as several loading/
unloading periods (Liu et al., 2020b). In this context,
deformation hysteresis (i.e., irreversible deformation)
of hydraulic fracture could occur during CO, huff-
n-puff (Ye et al., 2012; Ghanizadeh et al., 2016; Li
et al., 2017), which would affect fracture proper-
ties and well production. The conventional simplifica-
tion of the geomechanical effects considers only the
pressure-dependent permeability and is insufficient
to accurately model fracture deformation (Yan et al.,
2020). Therefore, hydraulic fracture deformation hys-
teresis and its effect on CO, huff-n-puff performance
should be simulated and investigated through a hydro-
mechanical coupling model that comprehensively
incorporates geomechanical effects. On the other hand,
CO, injection may induce temperature changes because
of cold-CO, injection and the Joule-Thomson phe-
nomenon. These thermal effects also affect aspects of
production and injection performance, such as geo-
thermal energy extraction combined with CO, storage
(Mahmoodpour et al., 2022a, 2022b).

A complex fracture system containing a small
amount of hydraulic fractures and numerous natural
fractures could be created in a shale reservoir through
artificial fracturing (Yan et al., 2018b). As weak sur-
faces and main flow channels, these fractures are
extremely stress-sensitive and have an important

influence on fluid flow (Liu et al., 2020a). To investi-
gate the effect of fractures on fluid flow in deformed
shale reservoirs, researchers have proposed many
numerical models, such as the equivalent continuum
model (Liu J et al., 2019), multiple porosity model
(Pruess, 1991; Kim and Moridis, 2014; Yu and Sepeh-
rnoori, 2014; Zhang and Borja, 2021; Zhang et al.,
2021, 2022), discrete fracture model (Garipov et al.,
2016; Norbeck et al., 2016; Jiang and Yang, 2018), and
a hybrid model (Ren et al., 2016; Yan et al., 2018a,
2018b). Among these models, the hybrid model, in
which hydraulic fractures are represented explicitly
and natural fractures implicitly, has been the most
promising. However, hydraulic fracture deformation
hysteresis has not been considered in the hybrid
models; therefore, they cannot be applied directly to
study how hydraulic fracture deformation hystere-
sis affects CO, huff-n-puff performance in shale gas
reservoirs.

In this study, a novel hydro-mechanical coupling
model is presented to evaluate CO, huff-n-puff perfor-
mance in shale gas reservoirs considering hydraulic
fracture deformation hysteresis. Specifically, a frac-
tured shale gas reservoir is modeled using an efficient
hybrid model consisting of an embedded discrete frac-
ture model (EDFM) (Moinfar et al., 2012; Yan et al.,
2016), multiple porosity model, and single porosity
model. In the flow model, we consider the viscous
flow, molecular diffusion, Knudsen diffusion, and
multi-component adsorption, and adopt the Peng-
Robinson equation of state (Jiang et al., 2014), extended
Langmuir isotherms (Liu LJ et al., 2019), and Fick’s
law (Webb and Pruess, 2003). In the geomechanics
model, a path-dependent constitutive law is applied
for hydraulic fracture deformation hysteresis. For
numerical discretization, we use the finite volume
method (FVM) (Versteeg and Malalasekera, 1995; Zhu
et al., 2019; Qiu et al., 2020) to discretize the flow
model, and stabilized extended finite element method
(XFEM) (Yan et al., 2018b) to discretize the geome-
chanics model. We solve the coupled model by means
of the fixed-stress split iterative method (Kim et al.,
2012). Finally, we verify the proposed method, and
then use it to investigate how hydraulic fracture defor-
mation hysteresis affects CO, huff-n-puff performance
in a 3D shale gas reservoir.

This paper is structured as follows: the coupled
multi-component flow and geomechanics model are



presented in Section 2, and its numerical solution in
Section 3. Numerical examples used to test the pro-
posed method and study the effect of hydraulic frac-
ture deformation hysteresis on CO, huff-n-puff perfor-
mance are presented in Section 4, and conclusions are
summarized in Section 5.

2 Mathematical model

Fig. 1 is a sketch of a typical shale gas reservoir
that includes two different regions: one is close to the
hydraulic fractures, and contains a huge number of
natural fractures. This region is usually named the
stimulated reservoir volume (SRV). The other region
outside of the SRV contains few natural fractures.
Here, we apply an efficient hybrid model for the simu-
lation of CO, huff-n-puff in such a shale gas reservoir.
In this model, a single porosity model is applied to
the part outside the SRV since only the shale matrix is
of interest, and a multiple porosity model is adopted in
the SRV for considering the shale matrix and natural
fractures. The EDFM is used to explicitly represent
hydraulic fractures and accurately consider hydraulic
fracture deformation hysteresis.

Natural fractures Hydraulic fractures

Horizontal
well

R

SRV

Fig. 1 Schematic diagram of a typical shale gas reservoir

2.1 Multi-component flow model

In this study, we assumed that the gas contains
two components (i.e., CH, and CO,), and exists as
adsorbed and free phases in the matrix, but only as
free phase in the fractures. According to the mass con-
servation law (Wu et al., 2014), the isothermal single-
phase multi-component flow satisfies:

04,
ot

:Fi+qi7 (1)
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where ¢ denotes the time; the subscript 7 indicates the
component index; 4, F, and ¢ indicate the mass accu-
mulation, mass flux, and source, respectively. The
mass accumulation of component 7 is

Ai:¢Lpgxi+ (1_¢L)mia (2)

where ¢, is the Lagrange porosity that considers the
geomechanical effect on porosity (Yan et al., 2018b);
p, is the gas molar density, which can be obtained
from the Peng-Robinson equation of state (Jiang et al.,
2014); x, is the component molar fraction; m, indicates
the adsorbed molar of component i, which can be cal-
culated using the extended Langmuir isotherms (Liu
LJ et al., 2019) as a function of gas pressure and the
component molar fraction:

V14 S (xpPy)

m.=

i

)

where p, is the rock density; V, indicates the gas
molar volume at standard condition; p denotes the gas
pressure; P, and ¥V, indicate the Langmuir pressure
and Langmuir volume, respectively, of component i.
The mass flux term F is

F.=-V- (ngf") +V: (DCfﬂfv(pgx"))’ )

where the first and second items (right side) represent
the mass flux caused by Darcy flow and molecular dif-
fusion, respectively. Here, we assume that the molecu-
lar diffusion satisfies Fick’s law (Webb and Pruess,
2003); v is the gas velocity; D, is the effective diffu-
sion coefficient, as defined by Liu LJ et al. (2019).
According to Darcy’s law, the gas velocity is

v=="2(Vp=p,evD). 5)

where u is the gas viscosity, which can be calculated
using the Lohrenz-Bray-Clark method (Lohrenz et al.,
1964); g denotes the acceleration due to gravity; D is
the depth; k, indicates the apparent gas permeability
(Song et al., 2016; Fan et al., 2019; Liu LJ et al.,
2019):
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(6)

ka:kw(1+aKKn)(1+ 4Kn )

1-b.,Kn

where k, indicates the intrinsic permeability; b, denotes
the slip coefficient, which is equal to —1 in the entire
Knudsen regime; a; is the rarefaction coefficient and
Kn is the Knudsen number, and their detailed defini-
tions are given in Section S1 of the electronic supple-
mentary materials (ESM).

2.2 Geomechanics model

Assuming a quasi-static process, the linear mom-
entum balance equation for geomechanics is given as:

V-6+p,g=0, (7)

where p, denotes the bulk density. Here, the sign con-
vention of compressive stress being negative is adopted
for internal force. The total stress tensor ¢ can be
defined as (Yan et al., 2018b)

Ce—apl, outside the SRV,

T \c,e+ S Kubpl  intheSRY,

®)

where C is the elasticity tensor of the shale matrix; «
is its Biot coefficient; C,, is the upscaled elasticity
tensor in the SRV, since there is more than one sub-
gridblock in each gridblock; K, represents the upscaled
drained bulk modulus; I denotes the identity tensor; b,
indicates a coupling coefficient; subscript / represents
the /th sub-gridblock. The details of C,, K, and b, are
given by Yan et al. (2018b). With a small deforma-
tion, the strain tensor ¢ is defined as the symmetric
gradient of the displacement vector u, and its expres-
sion is £€=1/2(Vu+V'u), where V is the gradient
operator and the superscript T means transpose.

A sketch of the geomechanic boundaries is shown
in Fig. 2. We can mathematically express these bound-
ary conditions as:

oc-n=t on I, u=u on I,

u

€

6 Ny=—(py+0o,) -ny on Iy,

where 7 is the prescribed traction on traction-boundary
I, and n, is the unit normal vector to /; u is the dis-
placement on the displacement-boundary 7I',. In Fig. 2,
I represents the boundary and 2 denotes the region; p

and ¢ are the prescribed pressure and flow rate on pres-
sure boundary I, and flow rate boundary 7', respec-
tively. In our model, we include an inner boundary
I due to hydraulic fractures, and we use n; to repre-
sent its normal vector. On this inner boundary, the trac-
tion is composed of the gas pressure p,. and the nor-
mal effective stress ¢, arising from fracture closure.
The determination of ¢, will be elaborated in the next
section.

Fig. 2 Sketch of a fractured reservoir and its boundaries

2.3 Constitutive relations

The properties of the shale matrix, natural frac-
ture, and hydraulic fracture are all stress-sensitive in
shale reservoirs. Therefore, we need to specify these
constitutive relations in terms of the stress explicitly
or implicitly before simulating the CO, huff-n-puff pro-
cess. The dynamic change in the matrix intrinsic per-
meability &, is associated with the Lagrange porosity
#,, which is given by the Kozeny-Carman equation
(Liu et al., 2011). In the multiple porosity model, the
dynamic permeability of natural fracture k; for each
gridblock is given as a function of the volumetric
strain ¢, (Yan et al., 2018b). The expressions for &,
and k. are given in Section S1 of the ESM.

In this study, to consider the hysteresis effect on
the deformation and permeability evolution of hydrau-
lic fractures, the incremental forms for the stress—strain
relationship and stress—permeability relationship are
given by Li et al. (2017) and Liu et al. (2020b):

LbL
ar’ipz’ 6,>0,,
Koz 9o _ (0,+5;) (10)
"do, | albY
R 0,<0,,
(an+bp)
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where a,, b,, c,, and d, are the fitting parameters,
which can be obtained from laboratory experiments (Li
et al., 2017; Liu et al., 2020b); the superscripts L and
U represent the loading and unloading stages, respec-
tively; o, indicates the maximum normal effective
stress during the loading history; K, is the bulk mod-
ulus, and &, the permeability of hydraulic fracture; ¢,
is the normal strain, defined as ¢,=—[u] - n,/d,y,
where [u]] =u"—u indicates the displacement discon-
tinuity across hydraulic fracture interfaces, and d,
represents the initial aperture of hydraulic fracture.

Now, the properties of hydraulic fracture are
updated as:

ol=0!""+ Kl Ast,

dk
A k
do, o>

k-1
O

dl.=dl "'+ [[Au"]] -

k _ k-1
kHF_kHF +

(12)

where the superscript & represents the calculation step,
A indicates the increment, and d,,, is the hydraulic frac-
ture aperture. Note that we consider only the normal
deformation of a hydraulic fracture here.

3 Numerical schemes

In this section, we present a numerical method
for the hydro-mechanical coupling model. As shown
in Fig. 3, the reservoir region without hydraulic frac-
tures is discretized using orthogonal grids, then hydrau-
lic fractures are embedded into these grids. The nested
grids for the multiple porosity model are constructed
in the SRV region according to the improved multi-
ple interacting continua (MINC) method (Yan et al.,
2018b). After geometry discretization, the flow and
geomechanics equations are discretized with the FVM
and stabilized XFEM (S-XFEM), and the coupling
model is iteratively solved via the fixed-stress split
iterative method.
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Fig. 3 Sketch of the geometry discretization (blue line:
hydraulic fracture; red line: horizontal well). References
to color refer to the online version of this figure

3.1 Flow equations discretization

Firstly, we apply the FVM for the discretization
of Eq. (1), then write it in the residual form:

R'= Z[(pgxfz)j;j Ty )} +

2

(ngi)l;H-l_ ( pgx1)1n+l

n

men,

> DA

d,d,,
V[ pepxrgom]™
Vg )i - ot
{V |:¢Lpgxi+(1_¢L) mi}}tn
At - (13)

where the subscripts n and m denote the element
index; superscript tn is the time level; #, indicates all
the neighbors of element n; d, denotes the vertical dis-
tance from the element center to the interface; 4, rep-
resents the interface area; V is the element volume; A=
1/u, is the gas mobility; subscript (nm+1/2) indicates
the upstream weight; ¥Y=p—-p,gD, is the flow potential
including both pressure and gravity terms; 7, is the

transmissibility between element n and m, defined as
T,,= A,k 1n/(d,,+d,,), where k., denotes the
harmonic-weighted permeability. More details for cal-
culating 7,, in different domains have been given by
Yan et al. (2018b). Finally, we solve Eq. (13) using the
Newton-Raphson method, as:

vm

R (14
Z %,
Xik+1 :XchJ'_AXj,kH’

AX,‘.kH:_R:’.nn”(XjA,k)v (14)

where subscripts j and & denote the index of primary
variables and the iteration level, respectively; y indi-
cates the primary variables; Ay represents primary vari-
able increment.
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3.2 Geomechanics equations discretization

For discretization of the geomechanics equations,
we first substitute Egs. (8) and (9) into the weak form
of Eq. (7), which is obtained based on virtual work
theory (Zienkiewicz and Taylor, 2000). Equal-order
linear interpolation is applied to approximate displace-
ment in the XFEM. This does not satisfy the discrete
Ladyzhenskaya—Babuska—Brezzi stability condition
(Liu and Borja, 2010), and could result in displace-
ment oscillation at hydraulic fractures (Yan et al.,
2018b). To eliminate this oscillation, a stabilizing term
based on the polynomial pressure projection technique
(Liu and Borja, 2010) is added into the weak form:

f Ss:Caeszf oe:p, 1dQ+
Q Q
fr [3u]( puto,) -y dl+

| Bup,gdQ+ | wtdr-

T

M (80,-1180,) (0,~Tlo,) dI’ (15)

Stabilizing term

where the stabilization term can be regarded as a
mathematical correction term used to weaken the sta-
bility condition and lead the interpolation to obtain
stable approximations. & denotes virtual quantities or
weighting functions; for C, and p,, we have C=C and
p.=p when the grid is outside of the SRV, while C=
C,and p,=— Z,Kd,blp, when the grid is in the SRV.

7 is a non-dimensional coefficient used to adjust the
stabilization level. Here, its value is 1.0. M is the bulk
modulus, assumed to be K. With the linear interpola-
tion, the projection operator I can be defined as the

volume mean I1(*) = f * dQ/V.
Q

In this study, we add the Heaviside, fracture tip
asymptotic, and junction enrichment functions to the
standard finite element space (Khoei, 2014) for simu-
lating the displacement discontinuity at hydraulic frac-
tures. Then, the enriched displacement field and its
test function are substituted into Eq. (15), and the ne-
cessity that Eq. (15) must keep for any kinematically
admissible test function is considered. Eq. (15) is writ-
ten as (more details can be seen in the Section S1 of
the ESM)

f:xint=-/;€)<1, a=u, a, b, C, (16)
with
) T
fim= f (B C,edQ, (17)
Q
ﬁext:f (B‘Z)Tmp”dQ-Ff [[N:]]T(pHF-i_o-n) '
o T
mdl+ [ (N9 fa0+ | (N dar-
o It
[ o[-0 me) ([N -nne]) "
re 2M\  Oe, dyg ’ '

Stabilizing term

where f™ and f* represent the internal and exter-
nal force vectors; u, a, b, and ¢ are the standard and
enriched displacement degrees of freedom (DOFs),
respectively; m=[1, 1, 1, 0]" (3D), and m=[1, 1, 0]
(2D); the definitions of N/ and B? can be found in
(Yan et al., 2018b). Due to the nonlinearity of o,, the
Newton-Raphson method is applied to solve Eq. (16),
and its discretized form is

K, K, K, K, Ay R
K. K, K, K, | Aa* R
K, K, K, K, || Ab° T R (19)
K. K., K, K. )LAc R

where superscript ¢ denotes the iteration step; u, a, b,
and c¢ are the vectors of standard and corresponding
enriched DOFs; R, =f."—f."" is the vector of residual
force; Aa indicates the increment of DOFs; K is the
stiffness matrix, which is defined as:

K,= | (B)' C.Bla0+

1 @
s o [N (g @ ) [N ]ar+

! aO'n éilao-“ a a T.
fpszdz,Fo % | e, (Ive]-nle])

(e @ e ) (LN2] -1 VD)

Stabilizing term

(20)

where & represents the dyadic product.



3.3 Fixed-stress split iterative method

To solve the hydro-mechanical coupling model,
the fixed-stress split iterative method is adopted here
due to its stability and flexibility (Kim et al., 2012).
As shown in Fig. 4, the flow model is first solved with
the fixed stress, and then the geomechanics model is
solved with the gas pressure obtained from the flow
model. Within each time step, this iteration procedure
is repeated until the solution converges to an allow-
able tolerance. In addition, we update the properties
of the matrix and fracture according to the geome-

chanics results.
Start and input
Grimary variables initializatioD

Time step advance (t+1)
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Fig. 4 Flow diagram of the fixed-stress split iterative method

4 Numerical examples

In this section, we work through a series of num-
erical examples. Firstly, we verify our codes of the
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multi-component model by comparison with the GEM
of Computer Modelling Group (CMG, 2015), which
is a commercial unconventional reservoir simulator.
However, hydraulic fracture deformation hysteresis
cannot be considered in CMG-GEM; then, we verify
the S-XFEM iterative formulation for simulating
hydraulic fracture deformation hysteresis by compari-
son with COMSOL Multiphysics (COMSOL, 1998),
which is a multiphysics simulation software based on
the finite element method. In COMSOL, fractures are
explicitly represented using matching refined gridding,
leading to high computational costs. Unlike COMSOL,
our proposed approach can explicitly represent frac-
tures with non-matching grids, thus the challenges
associated with matching refined gridding are bypassed
entirely. After that, a classical Terzaghi’s consolida-
tion problem (Jaeger et al., 2005) in porous media is
introduced to verify the fixed-stress split iterative
method. Finally, we work through some examples to
study the effect of deformation hysteresis of hydraulic
fracture on CO, huff-n-puff performance.

4.1 Model verification
4.1.1 Multi-component model validation

To verify our codes of the multi-component model,
a simple naturally fractured shale gas reservoir was
modeled using our codes and CMG-GEM. As shown in
Fig. 5, the reservoir size was 100 mx100 mx4 m, and it
was assumed to be a dual-porosity single-permeability
medium with the pseudo-steady inter-porosity flow.

(b)

Fig. 5 Schematic of the reservoir (a) and its computational
grids (25%25x1) (b)
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A vertical production well is set at the center of this
reservoir and connects to natural fractures. The reser-
voir and its component properties (Vermylen, 2011)
are given in Table 1. Fig. 6 shows the cumulative pro-
duction and production rate of each component. The
results from our codes and CMG-GEM show close
agreement.

Table 1 Reservoir and its component properties for
multi-component verification

Parameter Value
Matrix permeability (m?) 8.0x107
Natural fracture permeability (m®) 5.0x107"
Natural fracture spacing (m) 0.1
Natural fracture aperture (m) 5.0x10°°
Matrix porosity 0.08
Natural fracture porosity 1.50x10™*
Matrix compressibility (Pa™) 1.0x10”°
Natural fracture compressibility (Pa™) 1.0x107
Rock density (kg/m’) 2850.0
Initial reservoir pressure (MPa) 20.0
Bottom hole pressure (MPa) 10.0
Reservoir temperature (K) 387.59
Langmuir pressure of CH, (MPa) 11.00
Langmuir pressure of CO, (MPa) 8.65
Langmuir volume of CH, (m*/kg) 1.11x107°
Langmuir volume of CO, (m'/kg) 5.20x107°
Critical pressure of CH, (MPa) 4.60
Critical pressure of CO, (MPa) 7.38
Critical temperature of CH, (K) 190.60
Critical temperature of CO, (K) 304.25
Acentric factor of CH, 0.008
Acentric factor of CO, 0.225
Molar weight of CH, 16.0
Molar weight of CO, 44.0
Initial molar fraction of CH, 0.6
Initial molar fraction of CO, 0.4

4.1.2 Hydraulic fracture deformation hysteresis

Fig. 7a shows a 3D model used to verify the
S-XFEM formulation that was developed to simulate
hydraulic fracture deformation hysteresis. This model
is homogenous. Its Poisson’s ratio is 0.2, and its
Young’s modulus is 1.0 GPa. We set a vertical frac-
ture (1.68 mx1.68 mx0.005 m) at its center. Here, the
constitutive model considering deformation hysteresis
(i.e., Eq. (16)) was adopted, and the parameters a,, b,,
a,, and b, were set as 0.8415, 10.88, 0.5249, and
25.29 MPa, respectively. The top boundary was the
traction-boundary with a uniform load increased (0
to 100 MPa) and then decreased (100 to 0 MPa)
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stepwise. The other boundaries were the fixed normal
displacement boundary. A stress observation point
(red point) was set at the fracture center, and two dis-
placement observation lines (dotted lines, y=1.0 m, z=
1.75 m) were set on the fracture. Then, the two differ-
ent methods (i.e., COMSOL and the S-XFEM) were
applied to simulate the mechanical problem. The grid-
ding of COMSOL was refined, and its number was
56190. On the other hand, a uniform gridding (15x
25%25) was applied to the S-XFEM. The computa-
tional times used by COMSOL and the S-XFEM were
18 s and 7 s, respectively. Figs. 7b and 7c¢ show the x—
displacement fields of the two methods. It can be seen
that these two fields are almost the same.

Fig. 8a shows the residual fracture apertures of
whole fracture after unloading obtained from COMSOL
(black dots) and the S-XFEM (surface). The residual
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Fig. 7 Schematic of the fractured medium model (a) and x—displacement fields obtained from COMSOL (b) and the
S-XFEM (c). References to color refer to the online version of this figure

fracture apertures along two displacement observation
lines obtained from the different methods are shown
in Fig. 8b. The two methods show close agreement.
In addition, another two cases with different cycle
loads (0—25—0 MPa and 0—50—0 MPa) were car-
ried out for comparison. Fig. 8c gives the stress—strain
curves (the relationships between normal stress and
normal strain) at the observation point for the three
cases, which were obtained from the two methods.
The results from S-XFEM and COMSOL are almost
the same. Moreover, the significant deformation hys-
teresis (irrecoverable strain at no-load state) and non-
linear feature caused by the constitutive model consid-
ering deformation hysteresis can be seen.

4.1.3 Terzaghi’s consolidation problem

Terzaghi’s consolidation problem in porous media
is introduced here to verify the fixed-stress split itera-
tive method. The geometry model and boundary con-
ditions are shown in Fig. 9a. The initial fluid pressure
was 0 MPa. We applied a uniform constant load on
the top and bottom boundaries, and maintained them
throughout the consolidation process. The viscosity,
density, and compressibility of fluid were 1 mPa-s,
1000 kg/m’, and 5x10” Pa™', respectively. The Pois-
son’s ratio, Young’s modulus, Biot coefficient, porosi-
ty, and permeability of matrix were 0.3, 1 GPa, 0.79,
0.3, and 1x10™"° m’, respectively. We simulated this
consolidation problem by using the fixed-stress split
iterative method, and then compared the results with

the analytical solutions (Jaeger et al., 2005). The fluid
pressure comparison is shown in Fig. 9b, and the
upper surface displacement comparison in Fig. 9c.
They show excellent agreement. Note that we have
plotted only the upper half of the pressure profile, due
to its symmetry.

4.2 Application and discussion

In this subsection, we analyze some case studies
to illustrate how hydraulic fracture deformation hys-
teresis affects the CO, huff-n-puff performance in frac-
tured shale gas reservoirs. A 3D model of dimensions
700 mx340 mx30 m, including three layers (overbur-
den, shale reservoir, and underburden), is shown in
Fig. 10a. The height of each layer is 10 m, and the
SRV region (dashed line) with five hydraulic frac-
tures is 540 mx220 mx10 m. The spacing, height, and
length of the hydraulic fractures are 100 m, 10 m, and
190 m, respectively. A horizontal well (red line) is set
through the centers of hydraulic fractures, and the
observation point (white point) is set at the center
of the 3rd fracture. This reservoir is initially satu-
rated with CH,. Its flow boundaries are closed. The
right, back, and top geomechanics boundaries are the
traction-boundary with uniform normal loads (45, 50,
and 45 MPa, respectively), and the other boundaries
are the fixed normal displacement boundary. The com-
ponent properties can be obtained from Table 1, and
the reservoir properties are given in Table 2 (Ryder,
1996; Yan et al., 2018b; Liu et al., 2020b). Note
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that the initial porosity of natural fractures is an equiva-
lent porosity, which is the product of the intrinsic poro-
sity and volume fraction. The dynamic properties of
the matrix and fractures presented in Section 2.3
are adopted here. Fig. 10b gives the computational
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Fig. 9 Sketch of the consolidation model (a) and its
pressure comparison (b), and displacement comparison (c)
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Fig. 10 Sketch of the shale gas reservoir (a) and the result
of gridding (b). References to color refer to the online
version of this figure

grids. Note that the overburden and underburden
in this model are used to improve consideration of



Table 2 Reservoir properties used for application and

discussion
Parameter Value

Initial porosity of matrix 0.05
Initial permeability of matrix (m®) 5.00x107
Initial porosity of natural fracture 7.5x107°
Initial permeability of natural fracture (m’) 1.0x107'
Initial porosity of hydraulic fracture 0.5
Initial permeability of hydraulic fracture (m*) 6.0x107"
Initial aperture of natural fracture (m) 5.00x107°
Initial aperture of hydraulic fracture (m) 0.02
Natural fracture spacing (m) 1.0
Well radius (m) 0.1
Volume fraction of matrix sub-gridblock 1 0.154
Volume fraction of matrix sub-gridblock 2 0.213
Volume fraction of matrix sub-gridblock 3 0.379
Volume fraction of matrix sub-gridblock 4 0.254
Poisson’s ratio of matrix 0.25
Poisson’s ratio of natural fracture 0.10
Drained bulk modulus of matrix (GPa) 40.0

Drained bulk modulus of natural fracture (GPa) 0.1

Intrinsic solid grain bulk modulus (GPa) 100.0
Matrix density (kg/m’) 2850.0
Tortuosity 4.0
Fitting parameter a;; (MPa) 0.3415
Fitting parameter b}, (MPa) 60.88
Fitting parameter ¢}, (m’) -2.646x107"
Fitting parameter d, (MPa) 99.02
Fitting parameter @, (MPa) 0.05249
Fitting parameter b, (MPa) 15.29
Fitting parameter ¢; (m”) -5.65x107"
Fitting parameter d,’ (MPa) 1263
Initial reservoir pressure (MPa) 20.0
Production pressure (MPa) 5.0
Reservoir temperature (K) 343.15

geomechanical effects, and they are both imperme-
able. In other words, gas exists only in the reservoir
part. For convenience, we have plotted only the reser-
voir part in the following analysis.

Three cases are presented here to study the effect
of deformation hysteresis of hydraulic fractures on
CO, huff-n-puff performance. In Case 1, a shale gas
reservoir continuously produces for 10 a without CO,
injection. In Cases 2 and 3, after 5 a of depletion pro-
duction, CO, is injected for 18 months at a constant
injection pressure (20 MPa), followed by 6 months of
soaking, then the shale gas reservoir produces for 3 a.
The only difference between Cases 2 and 3 is that
hydraulic fracture deformation hysteresis is neglected
in Case 2. Figs. 11a and 11b illustrate a comparison of
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gas pressure and CO, mole fractions between the dif-
ferent cases after 7 a. The gas pressure and CO, mole
fractions in Cases 2 and 3 are obviously higher than
those in Case 1. This means that the CO, huff-n-puff
can re-pressurize the reservoir and sequestrate CO,.
The gas pressure and CO, mole fraction in Case 3 are
slightly different from those in Case 2. This is caused
by the effect of deformation hysteresis. To better visu-
alize the impact of the deformation hysteresis, Fig. 11c
plots the gas pressure and CO, mole fraction along the
observation line (xe[0, 700] m, y=80 m, and z=15 m)
for Cases 2 and 3. The gas pressure and CO, mole
fraction in Case 3 are both lower than those in Case 2.
This is because deformation hysteresis hinders CO,
injection.

Fig. 12 shows a comparison of CH, cumulative
production, CO, cumulative sequestration, and CH, pro-
duction rate among the three cases. The CO, huff-n-puff
not only enhances CH, recovery, but also sequestrates
CO,, but its performance declines when the deforma-
tion hysteresis of hydraulic fracture is considered. This
could be partly because deformation hysteresis may
hinder the recovery of hydraulic fracture permeability
during the CO, huff-n-puff process. The evolution of
normal effective stress and hydraulic fracture permea-
bility at the observation point is shown in Fig. 13.
Although the difference between the normal effective
stress of Cases 2 and 3 is not obvious, the hydraulic
fracture permeability of Case 3 is significantly lower
than that of Case 2 due to the effect of hydraulic frac-
ture deformation hysteresis.

During the production process, shale gas could
be contaminated by the injected CO,. Therefore, CO,
capture should be carried out to remove CO, from
shale gas. According to the data from International
Energy Agency (IEA), the average cost of CO, capture
from natural gas is 20 USD/t (IEA, 2021), and the nat-
ural gas prices in Europe, Asia, and the USA are about
7.0, 25.0, and 25.0 USD/MMBHtu, respectively (IEA,
2022). Here, MMBtu is the million British thermal
units, and 1IMMBtu=1.055 GJ. In Case 3, the amount
of CO, that needs to be removed is 1.15x10" m’
(22965.5 t), and the increase in natural gas (CH,)
resulting from the use of CO, huff-n-puff is 9.8x10° m’
(equivalent to 34608 MMBtu). The calculated average
cost of CO, capture is 459310 USD, and the profit from
increased natural gas is 242256 USD (in the USA)
and 865200 USD (in Europe and Asia), respectively.
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Therefore, CO, huff-n-puff is cost-effective in Europe
and Asia at present. In the future, it will become more
cost-effective with further development of CO, capture.

In the above case study, the negative effect of
hydraulic fracture deformation hysteresis on CO, huff-
n-puff performance was roughly estimated, but this
effect could be different under various reservoir prop-
erties and production conditions. Therefore, sensitivity
analyses were carried out to understand when the
effect of deformation hysteresis would be significant.
In the following subsections, Cases 2 and 3 are used
for the sensitivity analyses.

4.2.1 Sensitivity to the initial conductivity of hydraulic
fracture

First, we studied the sensitivity to the initial con-
ductivity of hydraulic fracture through three cases with
initial conductivity of 6, 12, and 24 mD-m (1 mD
(millidarcy) is equivalent to 0.9869233x10™"" m* and

here was approximated as 1x10™"° m’). Fig. 14 shows
a comparison of the CH, cumulative production, CO,
cumulative sequestration, and CH, production rate
among the different cases. When the deformation hys-
teresis was neglected, the errors of CH, cumulative
production for the three cases were 4.03%, 1.85%, and
0.37%, respectively. The CO, huff-n-puft performance
correlated positively with the initial conductivity of
hydraulic fracture. In addition, the negative impact
caused by deformation hysteresis on the enhanced CH,
recovery decreased with the increase of initial con-
ductivity. Therefore, the final design should strive
to achieve highly conductive hydraulic fractures to
enhance CO, huff-n-puff performance and reduce the
negative effect caused by deformation hysteresis.

4.2.2 Sensitivity to the starting time of huff-n-puff

Three cases with different starting times (i.e.,
after 3, 5, and 7 a, respectively) were constructed to
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study the sensitivity to the starting time. A compari-  different cases is plotted in Fig. 15. When the defor-
son of the CH, cumulative production, CO, cumula- mation hysteresis is neglected, the errors of CH,
tive sequestration, and CH, production rate among the  cumulative production for the three cases were 1.17%,
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1.85%, and 2.57%, respectively. A later starting time
leads to a stronger negative effect of deformation hys-
teresis and a lower CH, recovery. Therefore, to reduce
the negative effect of deformation hysteresis and
improve CH, recovery, an early starting time of CO,
huff-n-puff is recommended.

4.2.3 Sensitivity to production pressure

Here, we constructed three different cases with
production pressures of 1, 5, and 9 MPa, respectively.
Fig. 16 compares the performance of CO, huff-n-puff
between the different cases. When deformation hyster-
esis was neglected, the errors of CH, cumulative pro-
duction for the three cases were 2.13%, 1.85%, and
0.65%, respectively. This clearly shows that CH, cumu-
lative production correlates negatively with the produc-
tion pressure. Also, the negative effect of deformation
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hysteresis becomes more obvious as a lower pro-
duction pressure is used. This is because a lower
production pressure results in larger normal effective
stress acting on the hydraulic fracture, leading to more
significant differences in hydraulic fracture permeabil-
ity among the cases with and without deformation
hysteresis.

4.2.4 Sensitivity to injection pressure

The sensitivity to injection pressure was stud-
ied using three different cases with injection pres-
sures of 10, 15, and 30 MPa, respectively. Fig. 17
shows a comparison of CO, huff-n-puff performance
among the different cases. When deformation hyster-
esis was neglected, the errors of CH, cumulative pro-
duction for the three cases were 0.54%, 1.37%, and
2.04%, respectively. This shows that CO, huff-n-puff



performance increases as the injection pressure incr-
eases. This is because the shale gas reservoir can be
considerably re-pressurized as the injection pressure
increases. In addition, the increase of injection pres-
sure would result in more CO, being injected into the
shale gas reservoir, thereby replacing more CH, due
to competitive adsorption. Deformation hysteresis can
lead to an obvious negative effect with high injection
pressure. This is because a higher injection pressure
results in a greater unloading force, and this further
amplifies the differences in the permeability of the
hydraulic fractures.

4.2.5 Sensitivity to cycle number

Lastly, we studied three cases with different CO,
huff-n-puff schemes to test sensitivity to cycle number.
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During the cycle of CO, huff-n-puff, CO, is injected
for 5 months at a constant injection pressure (20 MPa),
followed by 1 month of soaking, then 18 months of
production by the shale gas reservoir. After 4 a of
depletion production, the cycle of CO, huff-n-puff
repeats for 1, 2, and 3 times in Cases 4, 5, and 6,
respectively. After the CO, huff-n-puff process, the
shale gas reservoir continues to produce for 10 a. Two
different situations (i.e., without and with hydraulic
fracture deformation hysteresis) were considered in
each case.

A comparison of CO, huff-n-puff performance
among the different cases is given in Fig. 18. When
the deformation hysteresis was neglected, the errors
of CH, cumulative production for the three cases were
1.16%, 2.12%, and 3.49%, respectively. Note that the

20 - 20
=——t— CH,, Case 4, without DH
48| “rrr+ee CH, Case 4, with DH —
o =——*— CH,, Case 5, without DH I
€ <+eex:eee CH,, Case 5, with DH 168
& 16 —e— CH, Case 6, without DH 1% <
< ++++0e+ CH,, Case 6, with DH <
— 14 =-===CO0, Case 4, with DH 5
5 - -®=-CO0,, Case 5, with DH =
$ 12} --*--CO0, Case 6, with DH 112 8
3 3
g 10 & =
@
2]
2 8 n. A 18 o
s AL !oe 2
g Y [N ©
2 6 A w ! Y 5
5 ALY f L IS
o ' .‘ u =}
4 ' o “ . 14 3
T ! ., S8 em o)
S 5, j e, )
0 > 1 1 1 0
0 2 4 6 8 10
Time (a)
(a)
1000
= Case 4, without DH
esee4eees Case 4, with DH
S 100 —— Case 5, without DH
E sesexsece Case 5, with DH
2 ——o—— Case 6, without DH
= +e++¢-+-- Case 6, with DH
~ 10 L
L
©
c
kel
B 1k
>
©
o
[o%
f 0 1 L
5 .
0.01 .
0 2 4 6 8 10

Time (a)

(b)

Fig. 18 Comparison of CH, cumulative production and
CO, cumulative sequestration (a), and CH, production
rate (b) among cases 4—-6. References to color refer to the
online version of this figure



52 | JZhejiang Univ-Sci A (Appl Phys & Eng) 2023 224(1):37-55

blue dashed line in Fig. 18 overlaps the black solid
line at the end. This shows the CO, huff-n-puff perfor-
mance correlated positively with the cycle number,
and the negative effect of deformation hysteresis on
the enhanced CH, recovery increased with the cycle
number. This is because a higher cycle number leads
not only to more CO, injection, but also to a longer
period of exposure to the negative effects of deforma-
tion hysteresis. Therefore, to improve CO, huff-n-puff
performance, multiple cycles are recommended, but
the effect of deformation hysteresis cannot be ignored
in this situation.

5 Conclusions

In this paper, we have presented a fully coupled
multi-component flow and geomechanics model, which
includes viscous flow, molecular diffusion, Knud-
sen diffusion, multi-component adsorption, and path-
dependent constitutive law, to evaluate CO, huff-n-puff
performance in shale gas reservoirs considering hydr-
aulic fracture deformation hysteresis. A numerical
solution method for the hydro-mechanical coupling
model is also presented in detail. The proposed method
was verified using some numerical examples, and
then applied to some sensitivity analyses of the effect
of hydraulic fracture deformation hysteresis on CO,
huff-n-puff in a 3D shale gas reservoir. From the sim-
ulation results, we reached the following conclusions:
(1) hydraulic fracture deformation hysteresis could
hinder the recovery of fracture permeability during
the CO, injection periods, and is unfavorable for CO,
huff-n-puff performance; (2) a lower initial conductiv-
ity and production pressure, later starting time, higher
injection pressure, and higher cycle number would
increase the negative effects of deformation hystere-
sis; (3) CO, huff-n-puff performance correlates posi-
tively with the initial conductivity, starting time, injec-
tion pressure, and cycle number, but correlates nega-
tively with the production pressure. In our future stud-
ies, the proposed method will be extended to consider
thermal effects and coupling fracture propagation.
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