Petroleum Science 22 (2025) 2719—2746

®
Petroleum

® Science
KCA] Petroleum Science

CHINESE ROOTS
GLOBAL IMPACT

Contents lists available at ScienceDirect

journal homepage: www.keaipublishing.com/en/journals/petroleum-science

Original Paper

A multi-scale and multi-mechanism coupled model for carbon isotope | ®)
fractionation of methane during shale gas production e

b,d, e, * b,c d, e, **

Jun Wang °, Fang-Wen Chen * ¢, Wen-Biao Li , Shuang-Fang Lu ,

Sheng-Xian Zhao , Yong-Yang Liu !, Zi-Yi Wang *

2 School of Geosciences, China University of Petroleum (East China), Qingdao, 266580, Shandong, China

b Sanya Offshore Oil & Gas Research Institute of Northeast Petroleum University, Sanya, 572025, Hainan, China

€ Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China), Qingdao, 266580, Shandong, China

d National Key Laboratory of Continental Shale Oil, Northeast Petroleum University, Daqing, 163318, Heilongjiang, China

€ Key Laboratory of Continental Shale Hydrocarbon Accumulation and Efficient Development, Ministry of Education, Northeast Petroleum University,
Dagqing, 163318, Heilongjiang, China

f Shale Gas Institute of PetroChina Southwest Oil & Gasfield Company, Chengdu, 610000, Sichuan, China

ARTICLE INFO ABSTRACT

Article history:

Received 20 June 2024
Received in revised form

2 December 2024

Accepted 24 March 2025
Available online 26 March 2025

Edited by Jie Hao and Min Li

Keywords:

Shale gas

Isotope fractionation
Multi-scale

Production prediction
Adsorbed/free gas ratio

Prediction of production decline and evaluation of the adsorbed/free gas ratio are critical for determining
the lifespan and production status of shale gas wells. Traditional production prediction methods have
some shortcomings because of the low permeability and tightness of shale, complex gas flow behavior of
multi-scale gas transport regions and multiple gas transport mechanism superpositions, and complex
and variable production regimes of shale gas wells. Recent research has demonstrated the existence of a
multi-stage isotope fractionation phenomenon during shale gas production, with the fractionation
characteristics of each stage associated with the pore structure, gas in place (GIP), adsorption/desorption,
and gas production process. This study presents a new approach for estimating shale gas well production
and evaluating the adsorbed/free gas ratio throughout production using isotope fractionation techniques.
A reservoir-scale carbon isotope fractionation (CIF) model applicable to the production process of shale
gas wells was developed for the first time in this research. In contrast to the traditional model, this model
improves production prediction accuracy by simultaneously fitting the gas production rate and 6'3C; data
and provides a new evaluation method of the adsorbed/free gas ratio during shale gas production. The
results indicate that the diffusion and adsorption/desorption properties of rock, bottom-hole flowing
pressure (BHP) of gas well, and multi-scale gas transport regions of the reservoir all affect isotope
fractionation, with the diffusion and adsorption/desorption parameters of rock having the greatest effect
on isotope fractionation being D*/D, Pi, Vi, «, and others in that order. We effectively tested the uni-
versality of the four-stage isotope fractionation feature and revealed a unique isotope fractionation
mechanism caused by the superimposed coupling of multi-scale gas transport regions during shale gas
well production. Finally, we applied the established CIF model to a shale gas well in the Sichuan Basin,
China, and calculated the estimated ultimate recovery (EUR) of the well to be 3.33 x 10% m?; the
adsorbed gas ratio during shale gas production was 1.65%, 10.03%, and 23.44% in the first, fifth, and tenth
years, respectively. The findings are significant for understanding the isotope fractionation mechanism
during natural gas transport in complex systems and for formulating and optimizing unconventional
natural gas development strategies.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0)).
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1. Introduction

Shale gas has become a hotspot for exploration and develop-
ment because of its widespread distribution, large resource re-
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commercial exploitation, North America, Canada, and China have
taken the lead globally (IEA, 2016). However, many challenges
remain to be explored and solved. Production forecasting and the
evaluation of the adsorbed/free gas ratio (the ratio of the absorbed/
free gas production rate to the total gas production rate) during
shale gas well production are related to the development and
optimization of production strategies for shale gas wells, thus
attracting the interest of academia and industry.

There are numerous techniques for predicting shale gas pro-
duction. The currently available methods can be categorized into
three groups: production decline analysis methods, analytical so-
lution methods, and numerical simulation methods. The produc-
tion decline analysis method with the simple principle is currently
the most popular used method to predict shale gas well production
(Lee and Sidle, 2010) and includes the Arps model (Arps, 1945),
power law loss ratio rate decline model (Ilk et al., 2008), Duong
model (Duong, 2010), stretched exponential production decline
model (SEPD) (Valké and Lee, 2010), logistic growth model (LGM)
(Clark et al., 2011), Weibull growth model (Mishra, 2012), and BP
neural network model (Tian and Ju, 2016). The production decline
analysis method can predict future gas well production quickly and
intuitively, but it can only analyze production data under condi-
tions of constant or nearly constant bottom-hole flowing pressure
(BHP) and requires continuous and stable production data; that is,
it is only applicable if the production variation of the well has a
definite decreasing law (Yu et al., 2018).

The analytical solution method establishes a corresponding
mathematical model based on the physical model of shale gas hor-
izontal well-staged fracturing, and obtains the analytical solution of
reservoir pressure using mathematical methods such as the Laplace
transformation, while predicting production by combining the his-
torical fitting of actual production data. Researchers have proposed a
linear dual-porosity model (Bello and Wattenbarger, 2010), a five-
region flow model (Stalgorova and Mattar, 2012; Zhang et al.,
2016), a trilinear-flow model (Brown et al, 2011; Ozkan et al.,
2011), and a triple-porosity model (Al-Ahmadi and Wattenbarger,
2011; Tivayanonda et al., 2012). Although the aforementioned
models develop their own governing equations based on various
shale gas reservoir zoning schemes and relate gas flows in each re-
gion through boundary conditions in different regions, finding
analytical solutions to partial differential equations (PDEs) when
variable or complex boundary conditions are encountered is difficult.

The governing equations of gas flow for different flow mecha-
nisms in multiple media areas of the reservoir were established
using a numerical simulation method, and the numerical solutions
of the equations were found using finite element, finite difference,
and finite volume methods (FEM, FDM, and FVM). The majority of
production predictions are based on established commercial nu-
merical simulation software such as CMG (Wu et al., 2021; Xue
et al, 2022), Eclipse (Yan et al., 2015; Kang et al.,, 2019), and
UNCONG (Li et al., 2015), whereas others have constructed their
own mathematical models and used COMSOL or MATLAB to derive
numerical solutions for production prediction (Cao et al., 2016;
Zheng et al,, 2016; Wang et al., 2018; Micheal et al., 2023). The
numerical simulation method has the advantage of being more
relevant, having more rigorous mathematical and physical ratio-
nale, and providing a better fit. However, the model has numerous
parameters that must be calibrated, and the accuracy of the
parameter calibration is dependent on fitting single data sets, such
as production or BHP, resulting in a strong multi-solution character
of the calibration results and the absence of more multidimensional
and sensitive indicators to constrain the model. Furthermore, the
three aforementioned methods fail to accurately analyze the
adsorbed/free gas ratio during shale gas well production because
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they are primarily concerned with predicting gas well production.
As a result, researchers have been searching for novel indicators
and techniques to better predict the shale gas well production and
analyze the adsorbed/free gas ratio.

Recent studies have shown significant multi-stage isotope
fractionation features in the gas well production process (Gao et al.,
2017; Niemann and Whiticar, 2017; Zhang et al., 2018; Zhao et al.,
2022), shale gas field degassing (Chen et al., 2016; Han et al,,
2017; Luo et al., 2019), and core saturation degassing (Tao et al.,
2020; Li et al., 2020a; Wei et al., 2021). The fractionation at each
stage is closely related to the gas-in-place (GIP) (Luo et al., 2019;
Niu et al., 2020; Ma et al., 2020; Li et al., 2022a), gas production
process (Gao et al., 2017; Ci et al., 2019), adsorbed/free gas ratio (Liu
et al., 2016; Liu et al., 2019; Li et al., 2022b), and boundary condi-
tions (Li et al., 2021, 2022c). This study introduces a novel concept
based on isotope fractionation for forecasting shale gas well pro-
duction and assessing the adsorbed/free gas ratio during shale gas
production. However, existing studies have primarily focused on
the observation and qualitative analysis of isotope fractionation
phenomena in shale gas well production processes, and established
isotope fractionation models are only applicable to core-scale gas
transport processes. For example, based on Fick's second law, Zhang
and Krooss (2001) developed an isotope fractionation model for
diffusion processes but ignored the influence of adsorption-
desorption. Based on a one-dimensional (1D) continuous flow
equation and the Langmuir isothermal adsorption theory, Xia and
Tang (2012) developed a diffusion and adsorption/desorption
coupled isotope fractionation model that can characterise the
isotope fractionation caused by gas transport within a homoge-
neous pore structure. Li et al. (2021) constructed an isotope frac-
tionation model applicable to the core degassing process that
combined fractures, matrix pores, and kerogen structural pores.
Nevertheless, current isotope fractionation models are primarily
constructed based on one-dimensional (1D) radial flow or unidi-
rectional flow, making it difficult to effectively characterise the
complex isotope fractionation behaviour caused by the coupling of
multi-scale transport mechanisms within complex gas transport
regions during shale gas production. For example, reservoir-scale
shale gas well production is frequently regarded as a complex su-
perposition of multi-scale gas transport processes within the hy-
draulic fracture (HF), stimulated reservoir volume (SRV), and
unstimulated reservoir volume (USRV) regions (Ozkan et al., 2011;
Jiang et al., 2019; Wang et al., 2019).

In this study, we propose a multi-scale gas transport regions
coupled model for carbon isotope fractionation of methane during
shale gas production based on Darcy's law, the continuity equation,
Fick's diffusion law, the Langmuir equation, and the isotopologues
competing adsorption theory. Under varied BHP conditions, the
model caters to multiple gas flow mechanisms (seepage, diffusion,
and adsorption/desorption) within multi-scale gas transport re-
gions (HF, SRV, and USRV regions) and attains an effective fit for the
gas production rate, cumulative gas production, and 6'3Cy value
under variable BHP conditions. We investigated the features and
influencing factors of isotope fractionation during shale gas pro-
duction using the proposed multi-scale gas transport regions
coupled isotope fractionation model, quantitatively revealed the
superposition effect and mechanism of isotope fractionation,
established an approach to forecasting the shale gas well produc-
tion, evaluated the adsorbed/free gas ratio during shale gas pro-
duction, and performed a pilot application in the Jiaoshiba area of
the Sichuan Basin, China, with positive assessment results, showing
the tremendous potential of the proposed isotope fractionation
model.
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2. Model and simplification

After large-scale hydraulic fracturing operations, shale reser-
voirs may feature a hydraulic fracture network system with intri-
cate geometry and a high-permeability region stimulated by
fractures. As a result, a shale reservoir was divided into three gas
transport regions (Fig. 1): hydraulic fracture (HF), stimulated
reservoir volume (SRV), and unstimulated reservoir volume (USRV)
region. The HF region is an apparent gas transport region composed
of hydraulic fractures and the micro-fractures and macro-pores
that surround hydraulic fractures. The SRV/USRV region is an
apparent gas transport region composed of organic pores, inorganic
pores, and micro-fractures. For ease of calculation, our model se-
lects three HF regions as the basic simulation units (see Fig. 2).

The occurrence states and gas-transport mechanisms differ in
each region. The gas inside the HF region is primarily free state and
flows out as seepage, and the gas mass balance equation is
frequently used to describe the gas transport in this region (Hu
et al., 2022). Gas exists in both free and adsorbed states inside
the SRV/USRV regions (Nie, 2023), and numerous gas transport
mechanisms exist, including viscous flow, Knudsen diffusion, and
surface diffusion (Bird et al., 2002; Ho and Webb, 2006). The spe-
cific transport method used by gas molecules is determined by the
relationship between pore diameter and mean free path. We
consider gas transport in the SRV and USRV regions as free gas
diffusion (the synergistic effect of Knudsen diffusion and viscous
flow) inside the pore space and desorption (surface diffusion) of
adsorbed gas on the pore wall, thus a one-dimensional (1D)
continuous flow equation is often used to describe the gas transport
process (Cui et al., 2009). Under in-situ conditions, multi-scale
coupled shale reservoirs require the consideration of gas flow be-
tween distinct gas transport regions, and traditional plate or col-
umn one-dimensional flow equations may not be appropriate.
Therefore, based on previous work, we propose a three-
dimensional (3D) continuous flow equation (Appendix A shows
the derivation process) to describe gas transport in the SRV/USRV
regions. To summarise, the fundamental assumptions of this model
are as follows: (1) The model incorporates three continuous flow
regions: HF, SRV, and USRV, where free gas exists exclusively in the
HF region, and both free gas and adsorbed gas are present in the
SRV and USRV regions. (2) In the HF region, no isotope fractionation
occurs, and 2CH,4 and '3CHy4 have identical diffusion coefficients.
(3) In the SRV and USRV regions, the diffusion coefficient of >CH,4
and 3CH, in matrix pore is represented as an apparent value,
which effectively combines the viscous flow, Knudsen diffusion,
and surface diffusion coefficients. Notably, the apparent diffusion
coefficient of '>CH,4 exceeds that of >CHa. (4) The >CH,4 and 3 CH4
in adsorbed gas follow the Langmuir isothermal adsorption equa-
tion and the isotopic competitive adsorption theory during
adsorption/desorption processes. (5) The influence of multi-
component gases is not considered; shale gas consists of methane
as a single-component gas. (6) The reservoir temperature is
assumed to remain constant during production. (7) The effects of
water on gas flow and isotope fractionation are not considered.

2.1. Governing equation

2.1.1. HF region

After the volumetric fracturing of the shale gas reservoir, a hy-
draulic fracture network system was formed, centred on each
cluster of injection holes. The hydraulic fracturing network system
is an essential channel for shale gas transportation, and the trans-
portation capacity of the gas network is a critical factor influencing
production capacity after fracturing. Using Ozkan's trilinear flow
model, we treated the hydraulic fracture network system as an
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equivalent high-permeability flow region (Ozkan et al., 2011).
Taking into account the seepage effect of free gas in the hydraulic
fracture, the PDEs (Appendix A shows the derivation process) for
the transport of '>CH,4 and '*CH4 molecules in the HF region are as
follows:

#rg = Kev2Pe
(1)

oPg .
drg = KeV2P

where Py is the pressure of the >CHy in the HF region, Pa; ¢ is the
porosity of the HF region; and K is the apparent transport coeffi-
cient of the HF region, m?/s. The labelled * represents the physical
quantity of 3CH4 molecules, while the unlabelled * represents the
physical quantity of >CH4 molecules.

2.1.2. SRV region

The multiple-fractured horizontal well (MFHW) was enclosed
by a stimulated reservoir volume (SRV) region. This region is
impacted by fracture communication and has a larger gas flow
capacity than the unstimulated reservoir volume (USRV) region.
Taking into account the diffusion of free gas and the adsorption/
desorption of adsorbed gas in the matrix pores, the PDEs (Appendix
A shows the derivation process) for the transport of 2CH, and
13CH4 molecules in the SRV region are

aP, -
(Ci_1Ba_1 — Co_1B1) aitl = V-(By_1D1VP; — By_ID| VFY)
. (2)
ap * *
(C1_1Ba_1 — Co_1B1) a_tl =V-(C_D; VP — Co_1DVP)
with
g (- #1)CKK* Py
- (1+KP + K*P!)?
ot (1= ¢p)c(K + KK*P})
) (1+KP +K*P})? )
By =gy 1™ ¢)c(K” + KK Py)
- (1+KP +K*P;)?
o (1= g)cKK'P}
T (1+KP+KP)?

where P; is the pressure of >CH, in the SRV region, Pa; ¢ is the
effective porosity of the SRV region; K is the Langmuir constant,
Pa~'; ¢ is the mass balance ratio (¢ = prockViZRT/Vin, Pa; prock is the
apparent rock density, g/cm?; Vy represents the utmost amount of
gas that can be adsorbed per unit mass of rock, cm3/g; Z is gas
compressibility factor; R is the ideal gas constant, 8.314 ) mol ' K~ ;
T is the reservoir temperature, K; Vi, is the molar volume constant
of the gas standard condition, 0.0224 m’/mol); and Dj is the
diffusion coefficient in the SRV region, m?/s.

2.1.3. USRV region

The permeability of tight sedimentary rocks increases by 2—3
orders of magnitude after hydraulic fracturing compared with that
before fracturing (Ge et al., 2018), and there is a positive relation-
ship between permeability and diffusion coefficient. Therefore, the
diffusion coefficient of the SRV region (D;) in this model is two to
three orders of magnitude greater than that of the USRV region
(Do). There were more micro-fractures in the SRV region than in the
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(c)
USRYV region: Do, ¢o

Adsorbed gas

SRV region: D,, ¢,

HF region: Kz, ¢¢, W

Horizontal well

Free gas

Fig. 1. Schematic diagram of multi-scale gas transport regions for a shale gas reservoir. The subscript F represents the parameters related to the HF region, the subscript I represents
the parameters related to the SRV region (inner reservoir), and the subscript O represents the parameters related to the USRV region (outer reservoir).

USRV region as a consequence of stimulation by hydraulic frac-
turing; however, the increased volume of micro-fractures was small
in comparison to the reservoir volume. Therefore, the porosity of
the USRV region (¢o) was slightly lower than that of the SRV region
(¢1). Although the reservoirs’ petrophysical parameters differ, the
mechanisms of internal gas transport are similar. As a result, the
same equation was used for characterisation; however, the
parameter values of the equation differed. Similarly, we considered
free gas diffusion as well as the adsorption/desorption of adsorbed
gas in the matrix pores. The PDEs for the transport of >CHy and
13CH4 molecules in the USRV region are

/ USRV: Do, o

SRV: D, ¢,

HF: K¢, ¢¢, We
i

Horizontal well y

Fig. 2. Schematic diagram of the isotope fractionation theoretical model during shale
gas production.
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o _g.

(Ci_0B2.0 — G2 0B1.0) T

(B2_0DoVPo — B1_oDgVPp)

oP, 5 s
(C1_0B2.0 — G2 0B1 0) a_to =V-(C_oDgVP, — G, oDoVPo)

4)
with
. _ (1= ¢0)cKK'Po
T (14+KPy +K*P)?
€ o= g0+ 0= do)c(K + KK*Pz(*))
(1+ KPo + K*PY) 5)
By o = do+ " ¢o)c(K” +I(If*1;o)
(1+KPo + K*Py)
P b ¢0)cKK" P, 2
(1+KPo + K*Py)

2.2. Boundary conditions

2.2.1. Controlled boundary conditions

The partial pressures of >CH, and >CH,4 on the horizontal well
column surface were equal to their respective ratios to the bottom-
hole flowing pressure (BHP).
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P(0)l5, 0y = Puur(t) / (1 + Tusgy, / T2y, ) (6)
P*(0)ls, = Put (£)- (”‘3CH4/”‘2CH4) / (1 Mgy, /”120—14) (7)
with

Swell : V=2l—1\/rw? — (z+0.5h)%,x € (0,d), ze

(0.5h —rw,0.5h +ry)

Mgy, / Mgy, = (90 /1000 +1)-Ryt (9)

where Py is the BHP, MPa; n”cm/"”cm is the initial molar ratio of

12CH, to 3CHy; 6o is the initial carbon isotopic value; Ry is the
carbon isotope atomic ratio of the PDB standard samples,
0.0112372; lis the half-length of the HF region, m; ryy is the radius of
the horizontal well, m; d, 2[ and h are the dimensions of the model
in the x, y, and z directions, respectively, m

2.2.2. Continuity boundary conditions
The instantaneous fluxes of '2CHy4 or 13CHy4 inflow and outflow at
the interface between the SRV and HF regions were equal.

oP oPg

DI |s] P Fa‘ SI-F (10)
E)P E)P*
l|s]F KFaX ‘SIF (11)

The instantaneous pressures of >CH, and >CHj at the interface
between the SRV and HF regions were equal.

PI‘SI,F:PF|517F (12)
PI*‘S[,FZP;‘S[J (13)
with
1,1 1,1
Si_F:X= (6 diEWF)U(E dJ_rin) (—d+—wF) ye(l,2])
z<(0,h)
(14)

where wg is the width of the HF region, m.
The instantaneous fluxes of >CH4 or 13CH, at the interface be-
tween the USRV and HF regions were equal.

oP oP*

X [=0yE 0226 (0h) = 5 | x=dy<(02) ze ) =0

oP oP”

@yzoﬁxe(o,d),ze(oh) = W y=2lxe(0,d),z&(0,0.5h—1,)u(0.5h+1y.h) —
oP oP"

3z z=0y<(0,2) x=(0,d) — oz z=hye(0,2)xe(0,d) — 0

0
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P, P

DO |50F_IFay |507F (]5)
oP; oP:

Do—— O|so F =Kp—— L I So-F (16)

oy

The instantaneous pressures of '>CH, and 3CHy at the interface
between the SRV and USRV regions are equal.

PO‘SO,F:PF‘SO—F (17)
P;)‘SO,F:P;“OJ (18)
with

1, 1 1, 1 1, 1 1, 1
So_p:y=lLxe (gd —EWF%d—i-iWF) u (id —ij,§d+§wp)

5

o(3

1

d=3

5,1
6 WF,éd+§WF>,Z€(O,h)
(19)

The instantaneous fluxes of 2CH, or 3CHy4 at the interface be-
tween the SRV and USRV regions are equal.

0P, Py

DI |sI o H0 4, ay ‘5[70 (20)
op; oP;

DI ‘51 o =Do——~ ay |5[ o (21)

The instantaneous pressures of '>CH, and 3CHy at the interface
between the SRV and USRV regions are equal.

Pl|s[,0 :PO‘ Si-o (22)
1 ‘s[,o :P6| Si-o (23)
with
So:y=Lxe (O d—1 )u(ld—&—le,ld—le)
2 6 2 72 2
1 5.1 5,1 (24)
U(§d+§WF,6d ZWF)U(€d+§WF7d) ZE(O,h)

2.3. Insulation boundary conditions

There are no inflow and outflow fluxes at the outer boundaries
of the model.

(25)
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Fig. 3. Effect of diffusion and adsorption/desorption on gas production rate and isotope fractionation. Parameters: Py = 40 MPa; Pyt = 5 MPa; prock = 2.6 g/cm’; ¢y = 0.05; T =416 K;
Dy*[Dy = 0.999; Dy = 1077 m?/s; dp = —30%o; Py (1/K) = 5 MPa; Vi = 4 cm®/g. Simulation model dimension: 150 m x 73 m x 25 m. Reservoir dimension: 150 m x 1022 m x 25 m. The
calculation formulas for isotope fractionation, gas production rate, gas ratio, and recovery ratio are shown in Appendix B.

2.4. Initial conditions

Initially, the partial pressures of >CH, and '3CHy in each region
were equal to the partial pressure of the initial reservoir.

Pr(t=0) = Py(t =0) = Po(t =0) =Py / (1 gy, /TllzCH4>
(26)

P’ (t=0)=P/'(t=0)=Po (t=0)
:P0'<”13CH4 /n”CH4) / (1 ey, /n‘ZCH4)

where Py is the initial reservoir pressure, Pa.

(27)

3. Parameters, results, and discussion
3.1. Effect of diffusion and adsorption/desorption

Methane can become adsorbed on the surfaces of kerogen and
clay minerals as well as stored as free gas in the pores of argilla-
ceous source rocks. Adsorbed gas represents 20%—85% of the total
gas at these storage locations (Curtis, 2002). Free and adsorbed
gases are critical components in determining the shale gas reser-
voir gas-in-place (GIP), and the adsorbed/free gas ratio determines
the lifespan of shale gas wells to some extent. As a result, the effects
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of diffusion and adsorption/desorption on gas production rate and
isotope fractionation must be investigated.

In this section, we ignore the influence of the USRV and HF re-
gions to investigate the effects of diffusion and adsorption/
desorption on gas flow and isotope fractionation in the SRV region
at a constant BHP. The diffusion fractionation (DF) curve with free
gas contribution, the adsorption/desorption fractionation (ADF)
curve with adsorbed gas contribution, and the apparent fraction-
ation (APP) curve with free gas and adsorbed gas coupled are
shown in Fig. 3(a). The isotope fractionation curve is calculated by
subtracting the initial isotopic value from the instantaneous iso-
topic value of the produced gas (dins—0dp). The three curves exhibited
a monotonically increasing trend as production progressed. The
produced gas was dominated by free gas during early and middle
production, and the APP curve is close to the DF curve. As the
reservoir pressure decreased, the adsorbed gas began to desorb
significantly, becoming the primary source of the produced gas
(Fig. 3(b)). As a result, the APP curve begins to approach the ADF
fractionation curve during late production. There is a special phe-
nomenon where there is a reversal point between the ADF curve
and the APP curve during early production. This is because light
isotope molecules are preferentially desorbed (Xia and Tang, 2012).
In addition to influencing isotope fractionation, diffusion and
adsorption/desorption have an impact on the cumulative gas pro-
duction and gas production rate. In the early to middle production
periods, the cumulative gas production increased linearly with
decreasing average reservoir pressure (Fig. 3(c)), indicating that
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Tee gas is the primary contributor to the produced gas. During late
production, a considerable proportion of adsorbed gas is desorbed,
resulting in a nonlinear increase in cumulative gas production as
the average reservoir pressure decreases. This phenomenon was
comparable to the laboratory results obtained by Hu et al. (2021).
After approximately 1000 days, the gas production rapidly
decreased into a lengthy stage of low-stability production
(Fig. 3(d)), and the arrival time of this low-stability production
stage was closely related to the initial reservoir pressure, petro-
physical parameters, and BHP.

3.1.1. Effect of diffusion
(1) D*/D

D*|D represents the relative diffusion capacity of the >CH, and
13CH,4 molecules. According to the law of kinetic energy, the rate of
molecular transportation at the same temperature is inversely
proportional to the square root of its mass, so the diffusion coeffi-
cient of 3CH4 molecule is smaller than that of '2CH4 molecule
(D* < D), i.e., D*[D is usually less than 1. The difference in diffusion
coefficients between '2CH4 and '3CH,4 molecule is an intrinsic factor
in isotope kinetic fractionation. When the gas transport channel is
much larger than the molecular diameter, the difference in diffu-
sion coefficients between 2CH,4 and >CH4 molecule is smaller, and
when the gas transport channel is smaller, the difference in diffu-
sion coefficients between 2CH4 and '>CH,4 molecule will be more
obvious. For a specific molecule and temperature-pressure
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conditions, the average pore size determines
transport in rocks.

The effect of D*/D on isotope fractionation is evident durin
transport. The more D*/D is below 1, the slower the diffusion o
13CH4 molecules relative to >CH,4 molecules, the smaller the pro-
portion of *CH,4 molecules in the produced gas during early and
middle production, and the greater the proportion of >*CH4 mole-
cules in the produced gas during late production. Therefore, the
more D*/D is less than 1, the more negative the dj,s value during
early/middle production, and the more positive it is during late
production, that is, the greater the isotope fractionation amplitude
(Fig. 4(a)). It could be claimed that the more obvious the isotope
fractionation, the smaller the average pore size of the rock is since
the smaller D*/D symbolizes the smaller average pore size of the
rock. This conclusion also confirms that isotope fractionation is
more likely to be found in the production of unconventional dense
sedimentary rock reservoirs such as shale, coal, and dense sand-
stone compared to conventional sandstone reservoirs. Variation of
D*/D has little effect on the gas production rate and cumulative gas
production (Fig. 4(b)), because small changes in D*/D affect the
relative diffusion capacity of '>CH, and >CH,4 molecules in the pore
space, but have little effect on the total diffusion capacity of CHy
(D + D*).

uring gas

(2)D

D is the diffusion coefficient of >CH4 molecules in the matrix
pores (in this model, D is the apparent value combining the viscous
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e faster methane molecules move. However, the fluctuation in
D had essentjally no effect on isotope fractionation (Fig. 4(c)).
Because incréasing D increases D* in the same proportion for a
given D*/D,/the variation in D at a given recovery ratio has essen-
tially little/influence on the ratio of '>CH4 and >CH,4 molecules in
the produced gas. The changes in D played a significant role in
production, with a higher gas production rate and greater D during
early production (0—400 days) and progressively opposite results
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beyond 400 days (Fig. 4(d)). This is because, for a given reservoir
energy, a faster initial production rate causes the reservoir energy
to decline quickly, resulting in insufficient production capacity later
on (Li, 2020Db).

For D and D*/D, two parameters related to the diffusion effect,
variation in D has a significant impact on the gas production rate
but almost no effect on isotope fractionation, whereas variation in
D*/D has a considerable impact on isotope fractionation but almost
no effect on gas production rate.
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Fig. 6. Effect of different BHP on isotope fractionation and gas production rate. (a) Pys= 5 MPa; (b) 0—2000 days: P = 40 x exp(—0.0010397t) MPa, 2000—4000 days: Pwf= 5 MPa;
(c) 0—2000 days: Pys = —0.0175t + 40 MPa, 2000—4000 days: Pys = 5 MPa; (d) 0—400 days: Pys = —0.029t + 40 MPa, 400—800 days: Pys = 28.33 MPa,800—1200 days:
Pys= —0.029 x (t — 400) + 40 MPa, 1200—1600 days: Pyf = 16.667 MPa, 1600—2000 days: —0.029 x (t—800)-+40 MPa, 2000—4000 days: Pys = 5 MPa. The model's fundamental

parameters are identical to those in Fig. 3.

3.1.2. Effect of adsorption/desorption
(1) PL(1/K)

Py is the Langmuir pressure, which is inverse of the Langmuir
constant (K) (P, = 1/K). P_ describes the ability of a pore wall to
adsorb gas molecules. The lower the Py, the greater the adsorption
capacity of the rock and the easier it is for methane molecules to be
adsorbed on the pore surface. The impact of P variation on isotope

2727

fractionation was evident. During early production, the proportion
of adsorbed gas to produced gas is low, and P, variations have
essentially no effect on the isotope fractionation curve. During
middle production, the smaller P, the more *CH4 molecules are
adsorbed by the rock, the fewer >CH,4 molecules are produced, and
the more negative the di,s. During the late production, the adsorbed
13CH4 molecules in the early and middle production stages begin to
be desorbed in significant quantities; the smaller the P, the greater
the proportion of desorbed >CH4 molecules in the produced gas
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and the more positive the dj,s. This indicates that as the P de-
creases, the fractionation amplitude of the isotope curve increases
(Fig. 5(a)). The role of Py variation in production is also obvious:
during the early production, when the produced gas has a low ratio
of adsorbed gas, P; variation has minimal impact on the production
curve. During the middle/late production stages, as the proportion
of adsorbed gas in the produced gas increases, the smaller the Py,
the higher the rock adsorption capacity for methane molecules,
resulting in decreased cumulative gas production and gas produc-
tion rate (Fig. 5(b)). This agrees with the outcomes of the numerical
simulations by Zhao et al. (2020).

2w

V1 is Langmuir volume, representing the largest quantity of gas
that can be adsorbed per unit mass of rock. Under certain other
parameters, the greater the Vi, the more the amount of adsorbed
gas in the rock. V. had a comparable effect on the isotope frac-
tionation curve as P;. During early production, the produced gas
contained a relatively small proportion of adsorbed gas, and vari-
ations in Vi had little effect on the isotope fractionation curve.
During middle production, >CHs molecules are preferentially
desorbed, and the larger the Vi, the more '2CHs molecules are
produced and the more negative the dj,s. During the late produc-
tion, a substantial quantity of 3CH4 molecules begins to desorb,
and the larger the Vi, the more '*CH,4 molecules are produced and
the more positive the dips. This implies that the fractionation
amplitude of the isotope curve increases with increasing Vi
(Fig. 5(c)). The influence of Vi variation on production is more
intuitive, with a larger V| producing more gas, resulting in a higher
gas production rate and cumulative gas production (Fig. 5(d)).

3) «

« is the fractionation factor between the adsorbate and gas
phase (Xia and Tang, 2012):

a=6"/6)/(P" /P (28)

where 8 and §* are the fractional coverage of adsorbed gas for 12CH,4
and '3CHy, respectively. The relationship between coverage and
pore internal pressure is

o KP

" 1+KP+K*P*
KPP
" 14+ KP+K*P*

(29)

0

where K and K* are the Langmuir constants of 2CH, and 3CHy,
respectively. By combining Eqgs. (28) and (29), we obtain the rela-
tionship between «, K, and K* as

a=K"/K (30)

The difference in the adsorption strength of 2CH, and '*CH,4
molecules by the rock wall is reflected by «. The variation of a also
has an effect on isotope fractionation. During the early to middle
production period, the ratio of adsorbed gas in the produced gas is
minimal, and the variation of « has almost no effect on the isotope
fractionation curve. During the middle and late production, the
ratio of adsorbed gas in the produced gas gradually increases, and
the larger the «, the more obvious the difference in the adsorption
strength of 2CH, and 13CH4 molecules by the rock wall, and the
greater the fractionation amplitude of the isotope fractionation
curve (Fig. 5(e)). Similar to D*/D, the variation of « has essentially
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Fig. 7. Characteristic of gas production rate and methane carbon isotope changes in
shale gas well HG101-X2 (Data is sourced from Ci et al. (2019)).

no effect on the gas production rate and the cumulative gas pro-
duction (Fig. 5(f)).

D*/D and D are related to diffusion, and Py, Vi, and « are related
to adsorption/desorption; the five parameters affect both isotope
fractionation and gas production rate of shale gas. The significance
of their effects on isotope fractionation followed the order D*/D, Py,
VL, «, and D.

3.2. Effect of bottom-hole flowing pressure (BHP)

Various shale gas well production regimes result in distinct
modes of declining BHP. and the BHP is closely related to gas pro-
duction rate and isotope fractionation. The isotope fractionation
curve exhibited a monotonically increasing trend relative to the
monotonically decreasing gas production rate when produced at a
constant BHP (Fig. 6(a)). Changing the BHP to decline exponentially
or linearly to 5 MPa for the first 2000 days and then to a constant
5 MPa for the next 2000 days results in a mutation point in both the
gas production rate curve and isotope fractionation curve at the
junction of the different production regimes (Fig. 6(b) and (c)). This
characteristic is particularly apparent in Fig. 6(d), which shows a
multi-stage decline. The fractionation amplitude of the isotope
fractionation curve is relatively small during the linear decline
stage of BHP before the mutation point (grey area in Fig. 6). When
entering the constant BHP production stage (white area in Fig. 6),
the fractionation amplitude of the isotope fractionation curve in-
creases, and the gas production rate enters a rapid decline stage.
This phenomenon was also observed in the data from a previously
measured production well (Fig. 7). Before the shut-in, the 6'3C; first
decreased and then increased. During the shut-in period, when the
gas production rate was 0 (the grey area in Fig. 7), the 613C; began to
decline, but after the shut-in, the 513C1 started to increase again. It
is consistent with the results obtained from numerical simulations.

We found an interesting phenomenon that the gas production
rate curve and the isotope fractionation curve exhibit opposite
trends during the constant BHP production stage, as indicated by
the arrows in Fig. 6. Furthermore, the greater the fractionation
amplitude of the isotope fractionation curve, the lower the gas
production rate and the closer the gas well is to depletion. Ci et al.
(2019) identified this phenomenon in 2019 using carbon isotope
logging to determine whether a candidate well had retained re-
serves for secondary fracturing. They suggested that if the §3C; of
the produced gas becomes significantly positive and the fraction-
ation amplitude is considerable, it indicates that free gas and the
majority of the adsorbed gas have been produced, resulting in
pressure depletion. This implies that the gas released within the
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initial fracturing release range was exhausted and could be diverted
to new layers for fracturing. When the isotope fractionation
amplitude of the produced gas is relatively small, it suggests that
the fracture closed prematurely and that a large volume of undis-
charged gas remains within the release range of the fracture, which
can be modified in the original fracture. Ci et al. (2019) discovered
the relationship between the isotope fractionation and gas pro-
duction rate and proposed a new application of the isotope tool.
However, the shortcoming of this method is that differences in the
diffusion-adsorption/desorption characteristics of different reser-
voirs can affect the magnitude of isotope fractionation, and it is
difficult to provide a standard to determine whether the fraction-
ation characteristic is obvious.

By identifying the 6'3C; reversal point in the field-monitored
isotopic data, Gao et al. (2017) determined the total reserves of a
shale gas well in Barnett. They applied isotope techniques to predict
production early, inspiring academics to conduct research on
isotope fractionation and production prediction. However, their
method is applicable to circumstances where the gas production
rate of shale gas wells declines continuously and steadily (similar to
Fig. 6(a)). When there are multi-stage fluctuations in production
regimes, as illustrated in Fig. 6(d), the 6'3C; data monitored in the
field may exhibit multiple 6'3C; reversal points, making it difficult
to identify a truly controlled production reversal point to estimate
the reserves of a shale gas well.
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Different BHP have a substantial effect on isotope fractionation
and gas production rate during shale gas production, providing
theoretical guidance for determining which production regimes
can assure long-term stability production and maximize the pro-
duction benefits of gas wells.

3.3. Effect of multi-scale gas transport regions

3.3.1. Characteristics of gas flow and isotope fractionation

In Section 3.1, we discussed the gas production rate and isotope
fractionation characteristics when gas flows only within the SRV
region, and found that the dj,s value monotonically increases with
production time (Fig. 3(a)). However, field monitoring in gas fields
demonstrates that the 6'C; value shows significant multi-stage
isotope fractionation as shale gas production progresses. This is
because multi-scale gas transport regions exist in shale reservoirs
under in situ geological conditions. Therefore, we considered gas
flow with multi-mechanisms (seepage, diffusion, and adsorption or
desorption) under the coupling of multi-scale gas transport regions
(HF, SRV, and USRV) to analyze the isotope fractionation and gas
production rate characteristics during shale gas well production.

Compared to the isotope fractionation curve for a single gas
transport region (Fig. 3(a)), the superposition of multi-mechanism
in multi-scale gas transport regions results in three significant al-
terations to the isotope fractionation curve: (1) a brief "no-
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fractionation" feature during early production; (2) a "decrease first
and then increase" feature during middle production; and (3) a
"stable decrease again" feature during late production (Fig. 8(a) and
(b)). Because the scale of the hydraulic fractures, micro-fractures,
and macro-pores in the HF region is much larger than the
methane molecular diameter, the difference in gas flow capacity
between '>CH,4 and 3CH4 molecules is insignificant in the HF re-
gion; thus, dynamic fractionation does not occur. During early
production, HF region gas comprised a significant portion of the
produced gas (Fig. 8(d)), resulting in a brief period of "no-frac-
tionation" phenomenon on the coupled isotope fractionation curve.
As the contribution of SRV region gas progressively increases dur-
ing middle production, the coupled isotope fractionation curve
approaches that of the SRV region fractionation curve, and the
phenomenon of "decrease first and then increase” manifests. Dur-
ing late production, the SRV region gas has been produced in large
quantities, the proportion of USRV region gas with more negative
0ins Values gradually increases in the produced gas (Fig. 8(d)), and
the coupled isotope fractionation curve approaches that of the
USRV region fractionation curve with a "stable decrease again”
phenomenon. The exploitation time required to improve the re-
covery ratio increases exponentially when the recovery ratio ex-
ceeds 0.4, as shown in the small graph in Fig. 8(b), indicating that it
is difficult to utilize the low-permeability unfractured USRV region
during shale gas development.

The characteristics of the coupled isotope fractionation curves
that do not fractionate during early production can be utilized to

assess the efficacy of fracturing. The fracturing effect of shale res-
ervoirs is better, and the duration of HF region gas as the main
contributor is longer, and the longer the isotope fractionation curve
does not fractionate. When a gas well enters a long-term stable
low-production stage during the late production, the characteris-
tics of the "stable decrease again" of the isotope fractionation curve
can be applied to assess the production state of the gas well and to
evaluate the remaining reserves, providing theoretical support for
subsequent construction operations such as shut-in on well or
secondary fracturing.

3.3.2. Effect of HF region related parameters
(1) Kr

Cui et al. (2009) introduced the apparent transport coefficient to
describe gas transport in dense reservoir rocks. Drawing on this
concept, we introduced the apparent transport coefficient of the HF
region (Kg) as the quotient obtained by dividing the permeability of
the HF region (kg) by the product of the porosity of the HF region
(¢r), gas viscosity (ug) and compression factor of HF region (Cg), i.e.,
Kr = kg/(¢r x pg x Cg). The apparent transport coefficient (K) is
proportional to the hydraulic fracture permeability (kg) for a given
®r, ug, and Cr and reflects the capacity of the HF region to transport
gas. The larger the Kp, the faster the HF region gas is produced, and
the faster the SRV region gas is replenished. The isotope fraction-
ation curve with recovery ratio in the abscissa also reveals a more
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obvious phenomenon of "decrease first and then increase” during
early production (Fig. 9(a) and (c)). The larger the Ky, the faster the
SRV region gas is depleted and the earlier the USRV region gas
replenishment begins (Fig. 9(d)), and the earlier the "stable
decrease again” feature of the isotope fractionation curve occurs in
later production (Fig. 9(c)). The significance of Kg in gas production
rate is evident; the higher the Kg, the faster the gas production rate
during early production, but the faster the reservoir capacity de-
creases; consequently, entering the stable low-production stage
earlier (Fig. 9(b)).

(2) wg

wr is the width of the HF region. The effect of wr on the isotope
fractionation curves is similar to that of K. During the early pro-
duction, the greater the wg, the more pronounced the characteristic
of the isotope fractionation curve being “decrease first and then
increase” (Fig. 10(a)), and the earlier the characteristic of “stable
decrease again” in isotope fractionation curve occurs during late
production (Fig. 10(c)). The difference is that a larger wg increases
the volume of the HF region in the model, and because the porosity
of the HF region is greater than that of the SRV and USRV regions
(¢r > ¢1 > ¢o), the larger the wy, is the greater the total gas volume
inside the reservoir, and the larger the cumulative gas production
(Fig. 10(b)). Similarly, as the wg increases, the recovery ratio cor-
responding to the "stable decrease again" of the isotope fraction-
ation curve is higher.
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The gas transport capacity of genuine hydraulic fractures under
in situ conditions is also closely related to the complex architecture
of the fracture network. Only simple slab fractures were considered
in this study, and the ability of hydraulic fractures to transport gas
was only affected by varying the apparent transport coefficient (Kg)
and width (wg) of the HF region. If we have access to micro-seismic
data from shale gas wells, we would also like to introduce a more
complex hydraulic fracture network system in future studies to
investigate its implications on gas production rate and isotope
fractionation.

3.3.3. Effect of USRV region related parameters
(1) Do

Dg is the diffusion coefficient of '>CH,4 molecule in USRV region.
The larger the Do, the faster the USRV region gas is replenished, and
the greater the ratio of USRV region gas in the total produced gas
during late production (Fig. 11(d)), causing the "stable decrease
again" of the isotope fractionation curve to occur earlier and the
fractionation amplitude to decrease (Fig. 11(c)). The variation in Do
has little effect on the gas production rate and cumulative gas
production curve, and an increase in Dg only slightly increases the
cumulative gas production during late production (Fig. 11(b)).

(2) Do*/Do
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Fig. 11. Effect of Do on isotope fractionation and gas production rate. The basic parameters are the same as in Fig. 8.

Do*/Dg is the ratio of the CHy to >CH,4 molecule diffusion
coefficients in the USRV region. Similar to the impact of D*/D on the
gas production rate and isotope fractionation characteristics for a
single gas transport region discussed in Section 3.1.1, a minor
variation in Do*/Dg has little effect on the gas production rate and
gas ratio (Fig. 12(b) and (d)). The impact of Dp*/Do on isotope
fractionation is most pronounced during late production. The lower
the Do*/Do, the weaker the relative diffusivity of >*CH4 molecules,
the smaller the proportion of 3CH4 molecules produced concur-
rently during late production, the more negative the dj,s, and the
smaller the fractionation amplitude of the isotope fractionation
curve (Fig. 12(a) and (c)).

4. Applications

4.1. General pattern of isotope fractionation during the shale gas
production

Li et al. (2020a) discovered four isotope fractionation stages
during shale core degassing. Through the above numerical simu-
lations, we found that the same four-stage isotope fractionation
exists in the shale gas production process, but the fractionation
mechanism of each stage in the gas well production process is
different from that of the core degassing process. Throughout the
shale gas production process, there are four stages of isotope
fractionation caused by gas transport: (1) seepage stage of the HF
region gas, (2) transition stage between the HF region gas and SRV
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region gas, (3) stable production stage of the SRV region gas, and (4)
gas well depletion stage of the USRV region gas supply (Fig. 13). The
gas transport mechanism and contribution of each gas transport
region to the total gas produced varied at different fractionation
stages. The monotonically decreasing characteristics of conven-
tional production parameters (e.g., BHP and gas production rate)
make it difficult to effectively identify distinct production stages.
However, the four-stage characteristics of isotope fractionation
during shale gas production offer a solution to the problem.

Stage 1 generally occurs during early production when the shale
reservoir is hydraulically fractured and free gas within the HF re-
gion seepage under a large pressure difference (Fig. 13(a)). Because
the scale of the hydraulic fracture, micro-fracture, and macro-pore
in the HF region is much larger than the methane molecular
diameter, the flow capacity of the '2CH4 and '*CH, molecules is
nearly equal (Kg*/Kr = 1), and no significant fractionation occurs at
this stage (Fig. 13(b)). Ci et al. (2019) monitored the §'3C; of well
HG102 using the isotope logging technique, and the results showed
no evident fractionation characteristics during early production,
which was consistent with the fractionation characteristics of stage
1 (Fig. 13).

Stage 2 usually occurs during early or middle production, when
the proportion of HF region gas in the produced gas gradually de-
creases, and as reservoir pressure decreases, the free and adsorbed
gas in the SRV region begin to replenish (Fig. 13(d)). The SRV gas
that is preferentially supplied enriches '?CH4 because the >CHg4
molecule has better diffusion capacity than the 3CH4 molecule and
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the 3CH, molecule is more easily adsorbed than the 2CH4 mole-
cule. As the proportion of SRV region gas to the total produced gas
gradually increases, the §>C; of the produced gas also starts to
gradually become more negative (Fig. 13(e)). Zhao et al. (2022)
conducted in situ monitoring of four shale gas wells in Sichuan
Province, China, and also observed the fractionation pattern in
which 6'3C; continued to become more negative with production
time during shale gas production (Fig. 13(f)). Similarly, Stage 2 was
observed in the study conducted by Zhao et al. (2024).

Stage 3 normally occurs during middle or late production, when
the HF region gas is basically depleted and the SRV region gas is the
primary provider of the produced gas (Fig. 13(g)). A large number of
free and adsorbed 12CH4 molecules of the SRV region have been
output during stage 2, so it causes the adsorbed *CH4 molecule in
the matrix pores of the SRV region during stage 3 to begin to
gradually desorb, and 6'3C; of produced gas starts to become
consistently more positive as production time continues
(Fig. 13(h)). Ci et al. (2019) also detected this phenomenon in the
on-site 6'>C; monitoring data of well HG101-X2 (Fig. 13(i)).

Stage 4 would theoretically occur at the end of production. The
12CH4 molecules in the USRV region are preferentially replenished
as the reservoir pressure of SRV region lowers. The isotope frac-
tionation curve exhibits a "stable decrease again" phenomenon
(Fig. 13(k)) as the ratio of USRV region gas with negative 63C;
values in the produced gas gradually increases (Fig. 13(j)). However,
due to the weak diffusion capacity of the gas in the USRV region, the
gas production rate in Stage 4 is extremely low, and it is difficult to

2733

develop shale gas wells at this stage of actual production for eco-
nomic reasons. Nevertheless, Li et al (2020a) observed a "stable
decrease again" phenomenon of §3C; at the end of the degassing
during laboratory degassing experiments on shale cores (Fig. 13(1)),
attributing the cause to the output of gas in the kerogen pores in-
side the shale core under concentration differences.

Carbon isotope fractionation due to gas transport during a
complete and continuous shale gas production process will exhibit
the four stages described above. However, differences in the
geological backgrounds, production methods, and fracturing effects
of distinct production wells may result in the absence or fluctuation
of a particular fractionation stage. For example, when the average
pore size of the SRV region is large, resulting in a Di*/D; close to 1,
isotope fractionation may not occur, even after a long period of
production. Shut-in on well measures during production may result
in the reversal of 6'3Cy of produced gas into a new cycle (Li et al.,
2022c). The poor fracturing results in a low ratio of HF region gas
in the produced gas, making it difficult to observe the fractionation
phenomenon in stages 1 and 2, and the 6'3C; of the produced gas
directly increases continuously during early production. The frac-
tionation pattern of 6'3C; during shale gas production is strongly
linked to the diffusion and adsorption/desorption-related param-
eters of the reservoir, the BHP of shale gas wells, and the coupling
effect of multi-scale gas transport regions. Besides the gas pro-
duction rate, 6C; is a sensitive indicator for the shale gas pro-
duction process. We can better achieve shale gas well production
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forecasting and adsorbed gas ratio evaluation during the produc-

tion by using the sensitive and multi-stage isotope indicator.

4.2. Evaluation of the future performance of shale gas well

The Jiaoshiba, shale gas well YY6-2HF in China's Sichuan Basin
was chosen to evaluate the practicality of the model established in
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this study. Table 1 contains the basic data for the wells used in the
analysis. In this section, the isotope fractionation model is applied
to the history matching of field data and to evaluate the future
performance of the shale gas well. Before applying the CIF model to
production wells, we have partially validated the reliability of the
model using previous experimental data (see Appendix C for
details).
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A geometric model of the well YY6-2HF was established using
basic construction parameters, and import governing equations,
boundary conditions, and initial conditions for each region. The
model is meshed (Fig. 14(a)) and the reservoir pressure field dis-
tribution can be obtained by numerically solving the nonlinear
partial differential equations (PDEs) with the finite element
method (FEM). The evolution of reservoir pressure shows that
during early production, the pressure decline in the HF region
mainly produces the HF region gas, with a small amount of SRV
region gas produced (Fig. 14(b)). During middle production, the
SRV region pressure decreases significantly, and the SRV region
gas becomes the main contributor (Fig. 14(c)). During late pro-
duction, there is no significant pressure difference between the
SRV region and HF region, and the USRV region gas begins to
diffuse through the pressure difference to the SRV and HF regions
(Fig. 14(d)).

The exponential function is used to match the BHP data pro-
vided on-site in the first 2991 days, When the pressure decayed to
5 MPa, the production was maintained at a constant pressure of
5 MPa (Fig. 15(a)). The cumulative gas production, gas production
rate, and isotope fractionation curves can be obtained by volume
integration of the calculated pressure (P and P*) and coverage (f
and 6*) of 12CH4 and 3CH4 (see Appendix B for the calculation
formula). The cumulative gas production curve, gas production rate
curve, and isotope fractionation curve of the model were fitted with
the field data, and the best fit was obtained by the BOBYQA
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optimization algorithm to determine the diffusion-related param-
eters (Dy*/D;, Do*/Do), adsorption/desorption-related parameters
(V, P), and multi-scale gas transport regions-related parameters
(Kg, Dy, Do, ¢F, ¢1, $o) (Table 1). The calculated results of the model
correspond with the field data (Fig. 15(b), (c), and (d)), demon-
strating that our model can fit the cumulative gas production, gas
production rate, and 6'3C; data of a shale gas well simultaneously.

By substituting these historical fitting calibrated parameters
into the model, we can calculate the EUR of free gas, adsorbed gas,
and total EUR of well YY6-2 as 3.15 x 105 0.18 x 108 and
3.33 x 108 m?, respectively (Fig. 16(a)). In the first, 1st, 5th, and 10th
years, the adsorbed gas ratio during shale gas production were
1.65%,10.03%, and 23.44%, respectively (Fig. 16(b)). In the later stage
of production, the proportion of gas in the USRV region gradually
increases (Fig. 16(c) and (d)), and the free gas in the distant matrix
begins to supplement, so the free gas ratio begins to increase again
in the 13.97th year (Fig. 16(b)). In Section 3.2, we learned that
changes in bottom-hole flowing pressure (BHP) can have an impact
on production and isotopic values of produced gas. The BHP of YY6-
2HF decayed from 39.12 to 5 MPa in the first 2991 days, and then
began production at a constant pressure of 5 MPa. Due to the
sudden change in BHP on the 2991th day, the corresponding gas
ratio was also affected (Fig. 16(d)). This model is applicable to shale
gas wells where significant methane carbon isotope fractionation
can be observed and long shut-in periods are absent.
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5. Conclusions

In this research, we proposed a three-dimensional continuous
flow equation for '>CH4 and '3CH4 based on previous studies,
established an isotope fractionation model applicable to the pro-
duction process in shale gas wells for the first time, and quantita-
tively revealed the isotope fractionation mechanism during shale
gas production. Based on parameter sensitivity analysis, on-site
0'3C; data monitoring, and specific case studies, the key findings
can be summed up as follows:

(1) Field monitoring 6'3C; data show an obvious isotope frac-
tionation phenomenon during shale gas well production,
which is governed by the diffusion-adsorption/desorption
effect of gas, the bottom-hole flowing pressure (BHP) of the
gas well, and the multi-scale gas transport regions coupling
of the reservoir. Variation diffusion-adsorption/desorption
parameters affect the fractionation amplitude of isotope
fractionation curves, shift in BHP will cause fluctuations in
isotope fractionation curves, and coupling of multi-scale gas
transport regions is the main reason for the four stages of the
isotope fractionation curve during shale gas production.

(2) The order of the factors that govern isotope fractionation
during gas diffusion and adsorption/desorption is D*/
D > P > VL > a > others. A small average pore size (D*/D) of
the matrix, strong rock adsorption capacity (P.), high
maximum adsorbed gas volume (Vy), and large fractionation

factor between the adsorbate phase and gas phase («) will all
result in more obvious isotope fractionation phenomena.

(3) In addition to diffusion and adsorption/desorption related
parameters, the BHP and gas production rate are intimately
related to isotope fractionation during shale gas production.
The attenuation way of BHP will affect the amplitude of
isotope fractionation and the decreasing rate of gas produc-
tion rate. Under the condition of constant BHP and no other
regional gas replenishment, isotope fractionation curve and
the gas production rate curve exhibit opposite trends as
production progresses, and as the fractionation amplitude of
the isotope fractionation curve increases, the gas production
rate decreases and the gas well approaches depletion.

(4) Isotope fractionation caused by gas transport in a complete
and continuous shale gas production process will be char-
acterized by four stages of fractionation: the seepage stage of
HF region gas, the transition stage between HF region gas and
SRV region gas, the stable production stage of SRV region gas,
and the gas well depletion stage of the USRV region gas
supply. The coupling of multi-scale gas transport regions (HF,
SRV, and USRV regions) and the superposition of multi-
mechanism (seepage, diffusion, and adsorption/desorption)
in shale reservoirs resulted in the formation of four stages of
isotope fractionation.

(5) By combining geological and construction parameters, we
applied the isotope fractionation model to a well in the
Jiaoshiba area of Sichuan, China, and conducted production
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prediction and adsorption gas ratio evaluation. According to
the research findings, the EUR of the well is 3.33 x 108 m’,
and the adsorbed gas ratio during shale gas production were
1.65%, 10.03%, and 23.44% in the 1st, 5th, and 10th,

These findings offer a theoretical comprehension of gas migra-
tion under in-situ conditions, production evaluation of shale gas
wells, and isotope fractionation phenomenon in on-site moni-
toring. Nevertheless, future studies should consider the coexistence

respectively. of multiple gas transport mechanisms and the impact of complex
discrete fracture geometries on isotope fractionation. To extend this
Table 1
Parameters used for and obtained from the model calibration.

Parameters Value Source

The thick of the reservoir (h), m? 20 Fang (2017)

The length of the horizontal well (), m> 1447 Fang (2017)

The radius of the horizontal well (r,), m 0.1 Fang (2017)
Spacing between the HF region, m 32.82 Fang (2017)

Rock density (proc), g/cm® 2.6 Fang (2017)

Initial reservoir pressure (Pp), MPa 39.12 Fang (2017)
Reservoir temperature (T), °C 85.99 Fang (2017)

The length of HF region (I), m 200.05 Optimize calibration
Width of the HF region (wg), m 5.30 Optimize calibration
The porosity of HF region (¢F) 28.11% Optimize calibration
The porosity of SRV region (¢;) 6.91% Optimize calibration
The porosity of USRV region (¢o) 7.22% Optimize calibration
Transport coefficient of HF region (Kg), m?/s 1.61 x 1074 Optimize calibration
Diffusion coefficient of SRV region (D;), m?[s 853 x 1078 Optimize calibration
Diffusion coefficient of USRV region (Do), m?/s 7.54 x 10710 Optimize calibration
Langmuir volume (Vy), cm?/g 248 Optimize calibration
Langmuir pressure (P.), MPa 3.137 Optimize calibration
Dy*/Dy 0.998 Optimize calibration
Do*/Do 0.9 Optimize calibration
03¢, (t=0), o —30.34%0 Optimize calibration
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model to coalbed methane wells, the influence of adsorption layers
on porosity and the effects of gas-water two-phase flow on isotope
fractionation must also be accounted for.
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Nomenclature

oF The porosity of the HF region, dimensionless o The porosity of the SRV region, dimensionless

o The porosity of the USRV region, dimensionless Pr The pressure of the'>CH, in the HF region, Pa

Py The pressure of the'>CH,4 in the SRV region, Pa Po The pressure of the'>CH, in the USRV region, Pa

K The apparent transport coefficient of the HF region, m?/s D The diffusion coefficient in matrix pore

Do The diffusion coefficient in the USRV region D, The diffusion coefficient in the SRV region

Prock The apparent rock density, g/cm® c Mass balance ratio (prockViZRT/Vsq, Pa)

K Langmuir constant, Pa~" Vi The utmost amount of gas that can be adsorbed per unit mass of rock, cm®/g
T Reservoir temperature, K R The ideal gas constant, 8.314 ] mol~' K"

Pyt Bottom-hole flowing pressure (BHP), Pa Vin The molar volume constant of the gas standard condition, 0.0224 m>/mol
Rst Carbon isotope atomic ratio of the PDB standard samples, 0.0112372 do Initial carbon isotopic value

Tw Radius of the horizontal well, m 1 Half-length of the HF region, m

h The thick of the reservoir WE Width of the HF region, m

Dy*/D;  Ratio of diffusion coefficients of'2CH, and'?CH, in SRV region Do*/Do  Ratio of diffusion coefficients of'?’CH, and'?>CH, in USRV region
C Gas concentration of the matrix pore, mol/m> Po Initial reservoir pressure, Pa

Nfree The mole of free gas, mol Nads The mole of adsorbed gas, mol

a The fractionation factor between the adsorbate and gas phase Tr The Darcy velocity vector of gas in the HF region, m/s

P The internal pressure in the matrix pore Mg The viscosity of gas, Paes

Z The gas compressibility factor Vieservoir  The volume of rock, m?

0 The fractional coverage of adsorbed gas ¢ The porosity of matrix pore

Gsource Mass source, kg/m>/s Fy Flux in the x-direction, molem 2 s~

ke The permeability of HF region, m? Gsink Mass sink, kg/m?/s

CRediT authorship contribution statement

Jun Wang: Writing — original draft, Visualization, Validation,
Software, Methodology, Investigation, Formal analysis, Data cura-
tion, Conceptualization. Fang-Wen Chen: Project administration,
Funding acquisition. Wen-Biao Li: Writing — review & editing,
Supervision, Resources, Project administration, Methodology,
Funding acquisition, Formal analysis, Conceptualization. Shuang-
Fang Lu: Writing — review & editing, Resources, Project adminis-
tration, Methodology, Funding acquisition, Conceptualization.
Sheng-Xian Zhao: Project administration, Investigation, Funding
acquisition. Yong-Yang Liu: Investigation, Data curation. Zi-Yi
Wang: Investigation, Data curation.

Data availability

Data and model will be made available on request.

Declaration of interests

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

This work was supported by the Natural Science Foundation of
China (Grant No. 42302170), National Postdoctoral Innovative
Talent Support Program (Grant No. BX20220062), CNPC Innovation
Found (Grant No. 2022DQ02-0104), National Science Foundation of
Heilongjiang Province of China (Grant No. YQ2023D001), Post-
doctoral Science Foundation of Heilongjiang Province of China
(Grant No. LBH-Z22091), the Natural Science Foundation of Shan-
dong Province (Grant No. ZR2022YQ30).

2738

Appendix A. Derivation of the governing equations for each
region

A.1. Derivation of the governing equation for the SRV and USRV
region

The three-dimensional continuous flow equation for *CH4 and
13 .
CHy is

(C1B; — CzBl)g = V-(B,DVP — B{D"VP")

o (A1.1)
(CiBy — GBy) - = V+(CiD'VP' — GDVP)
with
g (1= $)cKKP
YT A4 KP LK)
€ g (L= 9K KKP)
! (1+KP + K*P*)?
o (A12)
B, 5 (L= #)CK +KK'P)
2 (1+KP + K*P*)?
o _ (1= §)KKP"
2T A+ KP+ K'P)?

The following is the derivation process of Egs. (A1.1) and (A1.2).
From the continuity equation (first considering the simple one-
dimensional equation), we obtain

oC OFx
—= - Al.
ot ox (A13)
where C is gas concentration of the matrix pore, mol/m>; and Fy is
flux in the x-direction, mol-m~2 s~L. Considering that the matrix
pores contain free gas and adsorbed gas, Eq. (A1.3) becomes:
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aCfree aCa\ds _ oFx
ot ot 0x

Based on the gas equation of state (EOS) and Langmuir
isothermal adsorption model, Cgee and Cygs indicate that

(A1.4)

Nfree P(Vreservoir¢)/ZRT P

Crree = = = Al5

free Vreservoir Vreservoir ZRT ( )
and
C ds = Nads _ (VLﬂ) (prockvreservoir(1 - ¢))/Vm

as Vreservoir Vreservoir (A].G)

—(1-¢) VL‘P/rock 9
m

where ngee is the mole of free gas, mol; Vieservoir iS the volume of
rock, m3; P is internal pressure in the matrix pore, Pa; ¢ is the
porosity of matrix pore; Z is gas compressibility factor; R is the ideal
gas constant, 8.314 ] mol~! K=1; T is the reservoir temperature, K;
Nads is mole of adsorbed gas, mol; V; is Langmuir volume, m>/kg; 6 is
the fractional coverage of adsorbed gas; prock is the density of rock,
kg/m>; Vy, is the molar volume constant of the gas standard con-
dition, 0.0224 m*/mol.

Among the above parameters, t and x are independent variables,
P, 6, and Fy are dependent variables, while the rest of the parameters
are constants independent of position and time. Substituting Egs.
(A1.5) and (A1.6) into Eq. (A1.4) we get

¢ OP

¢ or VLProck 6_0 _ _6FX
ZRT ot

Ve Ot  ox

Multiply both sides of equation (A1.7) by ZRT simultaneously,
and we get

+(1-9¢) (A1.7)

oP ViprockZRT 00 0F
¢ at +(1-9) Vi Frimi. ZRT (A1.8)
From Fick's first law in porous media, it follows that
_ DoaC(x)
Fr= — b ox (A1.9)

where D is the diffusion coefficient, m?fs; substituting Eq. (A1.9)
into Eq. (A1.8) we get
D aC
o)

The change in concentration is caused by the free gas flowing in
and out along the x-direction. Thus, we have

oP

or VLprockZRT 6_0 _0
ot

Vo 3 ax (A1.10)

po-+(1-¢)

n PV,ock#/ZRT ~ Pg
C= — -~ rock =_ A1.11)
Vreservoir Vreservoir ZRT (
Substituting Eq. (A1.11) into Eq. (A1.10) we get
P - VipoaZRT 30 3 (0P
U s v T T " (A112)

Here, we set a constant ¢ [¢ = (prockViZRT)/Vm], and Eq. (A1.12)

becomes:
oP
D

If continuous flow is considered in three dimensions, Eq. (A1.13)
becomes:

oP
¢&+

a0 o

o (A1.13)

(1-9¢)c
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W_o
ot ox

oP
¢§+

9
ay

]

0z
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oP
1-¢)c — |+
(1-¢) x ax)

(05) 2 (o) 5 (°2)

(A1.14)
In this model, we do not consider the heterogeneity of the reservoir
and assume that the gas diffusion coefficient is the same in all di-
rections, we have

c af
ot
The three-dimensional continuous flow equation for *CH, and
13 .
CHgy is

92+ (1-g)cor = ¥ (DVP) (AL15)

oP

P i (A1.16)
§) 0 PR—
Por TG =V DV

To homogenise the independent variables into pressure, we
introduced the theory of isotopic competitive adsorption (Xia and
Tang, 2012):

B KP
" 1+KP+K*P*
KPP
" 14+ KP+K*P*

0
(A1.17)

3

where K is the Langmuir coefficient, Pa~!. The connection between
K* and K can be determined using statistical thermodynamics:

K 2
ln(f) =A/T*-B/T (A1.18)
where A = 95.17 K? is for the isotope fractionation of 2CH,4 and
13CHy, and B = 0.125 K is calculated from the experimental data by
Bruner et al. (1966).

Taking partial derivatives of both sides of the equal sign of Eq.
(A1.17) with respect to time we obtain:

oP*
ot

P
K

0 "ot

at

* *aP *
KK'P'" — KK'P
MR i

(1 + KP + K*P*)?
+OP" « OP .
%:K o TKK'P— — KK'P
ot (1+ KP + K*P*)?

Substituting Eq. (A1.19) into Eq. (A1.17) we have

(A1.19)
0P

at

oP”

9 _ v.(DVP)

P
Ki
ot

KK* P*@ — KK'P
ot

(14 KP + K*P*)?

*ap* * 6P* *
K=+ KK'P— — KK'P

(1+KP + K*P*)?

i
ot

(1-¢)c

«OP

¢W+ (1-9¢)c

(A1.20)

Combining similar terms for Eq. (A1.20) we obtain:
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o (1 - ¢)c(K + KK 1; )|aP (1 ¢)cKK'P i P v.(DVP)
(1+KP+K*P*)? |0t (14KP+K*P*)% ot (AL21)
g (L= 9)cK +KK2P) 0P" (1 ¢)cKK'P i P _ e
(14 KP 4 K*P*) ot (14 KP+K*P*)> Ot
To make the equation more concise we introduce four
constants: b (1 ¢)cKK*P,
T (1+KP+KP)
Climoit (1 —¢p)c(K + KK*P})
1= ) 2
g (1= )cKK'P (1+KPi+ K°Py) (A1.26)
YT A+ KPP B, — g L= d1)c(K* + KK*Py)
€ _ g (19K +KK'P") : (1+KP +K'P})?
- * ko 2 * ok
(1+KP + K*P¥) (A122) - (1 — ¢1)cKK" P}
(1+KP+K*P*)?
(1 — ¢)cKK'P" The governing equation of USRV region is
(1 4+KP+K*P*)? c c P L
By o0 — B —— = V- (By_0DgVPy — B1_oDyVP,
Substitute By, Cy, By and G, into Eq. (A1.21), we have ( 1-072-0 >0 1_0) ot ( 2070770 1-070 O)
(Ci_0B2.0 — C2.0B1.0) aito = V- (C1_0DpVPy — C2_0DoVPo)
(A1.27)
* with
C1%§-+—B1§g%-::V'([)V[U
. (A1.23)
Bz%+ ng—P _v.(D'VP) By o — (1 — ¢o)cKK P02
t t T (14+KPo +K*PY)
With a slight transformation of Eq. (A1.22), we obtain the final 1- ¢0)C(K+KK*P*)
three-dimensional continuous flow equations for '2CH, and "3CH,: Cio=¢do+ D
(1+KPo +K*Py)
1 K* + KK*P (A128)
— po)c(K* +
3270:¢0+( bo)c( KX 2o)
(1+KPo + K*Py)
(C1By — Cﬁﬂ% = V-(B,DVP — B{D*VP") Co= (1 = ¢o)cKK Po 5
. (A1.24) (1+KPo + K*Pg)

oP
(C1B2 - CzB1)¥

So, the governing equation of SRV region is

= V-(C;D"VP" — C,DVP)

i

(C1.1B21 — Co_1B1 ) At

= V- (By_|D|VP; — By_|D{VP})

oP, & 5
(Cy_1Ba_1 — Co_1B1.) a_tl = V- (C_D; VP — Co_ID|VP))
(A1.25)

with
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A.2. Derivation of the regional governing equation for HF region

In this section, by drawing inspiration from the Ozkan trilinear
flow model (Ozkan et al., 2011), the hydraulic fracture network
system is considered as an equivalent high permeability flow re-
gion composed of the fracture network and nearby matrix.
Considering the seepage effect of free gas in hydraulic fracturing,
the PDEs for the transport of >CH, and *CH, molecules in the HF
region are as follows:
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OPg

¢F§ = KgV*Pg
A2.1
Py P (A2.1)
¢FW = KpV“Pg

The following is the derivation process of Eq. (A2.1).
The gas mass balance equation for the HF region can be
expressed as (Hu et al., 2022)

d(proF)

- (A2.2)

+V- (PF7F) = (source — {sink

where 7'k is the Darcy velocity vector of gas in the HF region, m/s;
Jsource 1S the mass source, that is, the intensity of the source per unit
volume delivered by the matrix region to the HF region, kg/m>/s;
gsink is the mass sink, that is, the intensity of the sink per unit
volume delivered by the HF region to the matrix region, kg/m>/s;
the subscript F denotes HF region. The Darcy velocity vector in the
HF region is expressed as follows:

(A2.3)

where kg is the permeability of HF region, m?; ug is the viscosity of

gas, Pa-s; VP is the pressure gradient inside the HF region, Pa-m™ .

From the gas equation of state, we obtain:

_M (P
PF=RT\Z

Substituting Eqgs. (A2.3) and (A2.4) into Eq. (A2.2), we obtain:

M P, M Pr k
(ﬁ 7F¢F) V- <ﬁ 71: Iu—:VP;:) = (source — {sink

Using the continuous boundary condition, we can determine the
source and sink terms. Then we get

M Pg M Pg kg _
(ﬁ7¢F) -V (mz,LgVPF =0

In this model, M, R, and T are considered constants. kg, Z and pg both
are functions of the actual gas pressure P. Therefore, Eq. (A2.6) is a
nonlinear partial differential equation, which can be written as
follows:

M PF M PF k]: _
(ﬁ 7¢F> -V (mzugv”F =0
By slightly modifying the lift side of Eq. (A2.7) to equal the sign,
we obtain:

M (A2.4)

0

o (A2.5)

0

m (A2.6)

0

o (A2.7)

Pr 0P

Z(Pg) ot

b 1 1 GZ(PF)} —v. |:k]:(PF) Pr

[ITF  Z(Pp) P u(Pg) Z(Pr)
The relationship between the compression coefficient, pressure,
and compression factor is given by:

VPF] (A2.8)

11 8z(Pp)
C(Pp)= P~ Z(Pr) 0P (A2.9)
Substituting Eq. (A2.9) into Eq. (A2.8) we have
C(Pp)Pp 9Pg { P }
— L V.- |—— VP A2.10
P ke(PrZ(Pr) 0t " (W(PRZ(PR) T (A210)
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Eq. (A2.10) is a general expression of the unsteady gas percola-
tion equation. We use the complex function derivative rule for the
right side of the equal sign of Eq. (A2.10):

C(Pe)Pr 3Pr  Pg

Pe
P ke(Pe)Z(Pr) Ot W(PR)Z(Pr) "

d 2
Pe+ ap; LL(PF>2<PF>} (VF)
(A2.11)

2

d

dPr

Multiplying both sides of Eq. (A2.11) by %{“’F) we have:
u(Pg)C(Pg) OPg Pg

In—-———
ke(Pp) ot [ u(Pr)Z(Pr)
Assuming that the pressure gradient during gas percolation is
small, we obtain (VPF)2 —0 and Eq. (A2.12) becomes:

= VZP]: —+

oF }(VPF)Z (A2.12)

E)PF _ k]: (PF)

Prapr = (A2.13)

In this study, we temporarily do not consider the relationship be-
tween kr, ug, Cr, and Pr drew on the idea of the apparent transport
coefficient introduced by Cui et al. (2009) and defined Kf as

ke(Pr)

Ke=—— "V
™ g (Pr) Ce(Pr) g5

(A2.14)

where Kg is the apparent transport coefficient of the HF region.
Substituting Eq. (A2.14) into Eq. (A2.13) we obtain:

¢Faa—PtF — KpV2P; (A2.15)

Because the scale of the hydraulic fractures, micro-fractures and
macro-pores in the HF region is much larger than the methane
molecular diameter, we do not consider the dynamic fractionation
of methane molecules in the HF region; that is, ’CH,4 and >CH,4
have the same Kg. Therefore, the HF region governing equations for

12CH,4 and ¥CHy are as follows:

#e T = Kev2P;
o (A2.16)
F

—_— 2 *
PF at KgV-Pg

Appendix B. Calculation of gas production rate, cumulative
gas production, 6'3C;, gas ratio, and recovery ratio

B.1. Cumulative gas production
1. HF region:

Pr(x,y,z,tp)  Pp(x,y,2,t)

F _ _
Qaum fee it (O =06 V> [ 755 2 G )RT ™ Zio.y 2. DRTY

Pe'(x.y,2,t0) P (xy,2t)
F _ F o) Pr
Qday fee s (O =98> V> 703y 2 ()RT ™ Z(xy.2.ORT

F
Qeum

dv

()= QcFum_free_‘ZCH4 6+ Qé:ay_free_”CH‘, (t)
(B1.1)

F . . . 12 .
where chm,free,wcm is the cumulative production of '“CHg4 in free
gas from the HF region, m>; QcFum,freeﬁcm is the cumulative pro-

duction of 3CH, in free gas from the HF region, m?; and Qf,, is the
cumulative production in the HF region.
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2. SRV region:

Pi(x,y,z,tp)  Pi(x,y,z1)
I _ | 0 P
Qeum_free_12cH, (£) = ¢1 X Vim < fI//Z(XJhZ, to)RT Z(x,y,z,t)RT

Pl (xy.2t) P (xyz!)
I _ 1 o) 1
Qay_free_13ch, (£) = d1 % Vim x /1//2(267}’727 to)RT  Z(x,y.z,t)RT

where chum_free_‘ZCH4 is_the cu?mlative producti(_)n of 2CH, in fl:ee
gas from the SRV region, m”; chum free 3y, 1S the cumulative

. 13 . = - 4 . 3
production of °CH4 in free gas from the SRV region, m’;
Qlum_ads_2c, 1S the cumulative production of 2CH, in adsorbed
gas from the SRV region, m>; chum_ads_13CH4 is the cumulative pro-
duction of 3CH, in adsorbed gas from the SRV region, m?; and Q},,,,

is the cumulative production of the SRV region.

3. USRV region:

Po(x,y,2,tg) Po(x,y,z,t)

Petroleum Science 22 (2025) 2719—2746

qum_ads_12CH4(t) = (1 - ¢l) X Prock X VL X /[/01(){,_)/72, tO) - 0I(X7y727 t)dv
I

Qlum_ads_ e, (1) = (1= ¢1) X prock x Vi x [0 (x,,2,t0) — 0" (x,y,2,)dV
1

1 I 1 1 1
chm(t) = chm_free_12CH4(t) + Qday_free_‘3CH4 (t) + chm_ads_12CH4 (t) + chm_ads_13CH4(t)

(0] _ _
Qeum_free_12cH, (1) = b0 X Vim x /gZ(x,y,L to)RT  Z(x,y,z,t)RT

Q(?ay_free_13CH4(t) = ¢o X Vi X /é

where the superscript O represents the parameters of the USRV
region.

B.2. Gas production rate

By calculating the derivative of cumulative gas production over
time, it could be done to determine the gas production rate for each
region:

/PO*(X>.V7Z’ tO) _ PO*(X,y,Z, t) dv
Z(X7y727 tO)RT Z(thvza t)RT

QQim_ads_2ch, (1) = (1 = ¢0) X prock x Vi x jé/ﬁo(x, y,z,to) — fo(x,y, 2z, t)dV

Q:m_ads_ i, (1) = (1= b0) X prock x Vi x [[f0” (x..2.tg) — " (x.y.2,t)dV
(6]

[0} (0} [0} (¢] [0}
chm(t) = chm,freeJZCH‘;(t) + Qday,free,”CHq (t) + chm,ads,12CH4 (t) + chm,ads,”CH‘; (t)

(B1.2)
(B1.3)
Q dchllJm_free_‘ZC]-l4 (t)
Qday,freeJZCH4 (t) = ?
QG m_ads_n2ch, ()
chlzay,ads,IZCH‘1 (t) = %
QG free e, (1)
Qfhy_tree g, (1) = —umeee2CHe (B2.1)
dQEm ads_12ci, ()
Q(%y_ads_BCH‘1 ()= %
Q%m0
Q _
og (1) = am®

where Q is a certain region, which can be the HF region (F), SRV
region (I), USRV region (0), or all regions.
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B.3. 613¢y where Vi, V;, and Vg are the volumes of the HF, SRV, and USRV re-
gions, respectively, and Pg(t = 0) = P|(t = 0) = Po(t = 0) = Py (Pg is
the initial reservoir pressure).

613C, e (1) = Quay.free ey 1] x 1000%
1_diffusion (f) <Qdayfree]2CH4 X Rst B

13 Qday,ads,”CH
0"~ C1_adsorption—desorption (f) = (Qdayads”CH‘; ><4Rst - 1) x 1000%o (B3.1)

Q Q
Qday,free,13CH4 + Qday,ads,13CH4

Q Q
Qday_free_‘ZCH4 + Qday_ads_‘ZCH4> X Rst

- 1] x 1000%o

03¢ (t) o = [(

The recovery ratio is
where Ry is the carbon isotope atomic ratio of the PDB standard
samples, 0.0112372. The isotope fractionation curve is calculated by ) Q_cum(t)
subtracting the initial isotope value from the instantaneous isotope recovery ratio =
value of the produced gas (6'3C1(t)—0'3Cy (t = 0)).

GR-HF + GR_inner reservoir + GR_outer reservoir

x 100%
(B5.4)
B.4. Gas ratio
) Quay._free(t) Appendix C. Validation of the model using previous
ratio_ree = W x 100% experimental data
ay
ratio  Quay_ads(t) % 100% B4.1 For the reservoir-scale isotope fractionation model, it is chal-
-345 7 Qs (6) ) (B4.1) lenging to verify the accuracy of its evaluation results. Currently, we
Q can validate the accuracy of our mathematical model to a certain
ratio o = AY( ) %« 100% extent using previous experimental data. Gao et al. (2018) con-
= Quay(t) ducted a depletion development experiment simulating the full life
y

cycle of a shale gas well. The experiment's general procedure
involved placing a full-diameter shale core into a holder, applying
confining pressure around the core, injecting methane for satura-
tion, and then restoring it to the original reservoir pressure. Af-
terward, the outlet valve was opened to simulate the gas well
production process (Fig. C1(a)). The mathematical model developed
in Section 2 of this study was applied to the experimental process to
¢p-Pp(t = 0)-Vg perform numerical simulations of the depletion process of the full-

GR_HF == Zz&kr___ * Vm (B5.1) diameter core, solving for the core's internal pressure field
(Fig. C1(Db)). By integrating the pressure field to calculate cumula-
tive gas production, inlet pressure, and production rate, and per-
é1-Pi(t = 0)-V, forming history matching with experimental data, it was evident

GR_inner reservoir =% X Vi + (1 —¢1) X prock that the CIF model achieved a good fit with the experimental data
Vi x 0 (t—0) x V. for cumulative production, inlet pressure, and production rate

< VL b )<V (Fig. C2(a), (b) and (c)). The porosity obtained through history
(B5.2) matching and inversion calculation was 1.22%, which is close to the
result of 1.13% calculated by previous researchers using the material

balance method (Fig. C2(d)). This partially validated the reliability

B.5. Recovery ratio

The reserve of the SRV region is

The reserve of the USRV region is

$o-Po(t =0)-Vo of the model. In the future, we will conduct isotope fractionation
GR_outer reservoir == ZRT X Vi + (1 = ¢0) X Prock simulation experiments for the full life cycle of shale gas wells to
x Vi x O (t=0) x Vg further validate the established model.
(B5.3)
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Fig. C1. Schematic diagram of depletion development of full diameter core and pressure field distribution calculated by CIF model.
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Fig. C2. The history matching of Gao et al.’s experimental data and the inversion porosity by model were compared with experimental results. Parameters: Py = 29.13 MPa;
Prock = 2.6 glem?; Dina = 7.83 x 1072 m3/s; Dy = 3.07 x 107" m3/s; ¢mi = 1.16%; ¢mma = 0.36 %; T = 25 °C; P, = 1.02 MPa; V| = 21926 cm’/g; reore = 5 cm; H = 15 cm.
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