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ABSTRACT: Significant differences exist between deep and medium-shallow coalbed methane (CBM) reservoirs.
The unclear understanding of flowback and production behavior severely constrains the development of deep CBM
resources. To address this challenge, guided by the gas-liquid two-phase flow theory in ultra-low permeability
reservoirs, and integrating theoretical analysis, numerical simulation, and insights from production practices, this
study classifies the flowback and production stages of deep CBM well considering the Daning-Jixian Block, Eastern
Ordos Basin as a representative case. We summarize the flowback characteristics for each stage and establish a
standard flowback production type curve, aiming to guide field operations. The results indicate that: (a) The production
process of deep CBM horizontal wells can be divided into five distinct stages: initial single-phase water dewatering
stage, initial gas appearance to peak water production stage, gas breakthrough to peak gas production stage, stable
production and decline stage, and low-rate production stage. (b) Based on reservoir energy, two standard type curves
for horizontal well flowback production are established: the ‘Sufficient Reservoir Energy’ type and the ‘Insufficient
Reservoir Energy’ type. The former achieves a higher initial gas rate (up to 12 x 10* m®/d) but exhibits poorer stability,
while the latter achieves a lower stable rate (up to 8 x 10* m®/d) but demonstrates stronger stability. Numerical
simulation confirms these behavioral patterns and reveals the underlying mechanisms related to the effectively drained
area where pressure is significantly depleted. The findings from this study have guided the flowback production
operations in 53 deep CBM wells with positive results, demonstrating high potential for broad application.

KEYWORDS: Daning-Jixian Block; deep coalbed methane; horizontal well; reservoir energy; flowback production
behavior

1 Introduction

The study area is located in the Daning-Jixian Block, situated on the eastern margin of the Ordos
Basin, which is noteworthy for its geological and resource characteristics (Fig. 1). This region is particularly
rich in various vertically stacked resources, prominently featuring coalbed methane (CBM), tight gas, and
shale gas. The geological structure within the study area is relatively simple, characterized by gently
dipping strata with an angle of less than 2 degrees and a distinct lack of significant faults. Previous research
primarily focused on deep coal seams, which were studied mainly as source rocks. However, these seams
had not been systematically examined as potential reservoirs for gas production until more recently [1,2].
Since 2018, there have been significant breakthroughs in the cost-effective development of deep coalbed
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methane, which has propelled the implementation of two innovative pilot projects along with a substantial
construction project aimed at achieving a production capacity of 1 billion cubic meters annually (bcm/a).
As a result of these efforts, the Daning-Jixian Block has established itself as a pioneering deep CBM field in
China, boasting an impressive annual output that exceeds one million tons of oil and gas equivalent. This
milestone marks a substantial achievement in the country’s energy landscape and underscores the region’s

importance in the broader context of natural resource development.
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Figure 1: Location of the deep coalbed methane (CBM) proved reserves area in the Daning-Jixian Block, eastern

margin of the Ordos Basin.

Current operational practices within the block reveal marked differences between deep CBM horizontal
wells and their medium-shallow CBM counterparts. These differences manifest in various aspects,
including drilling techniques, fracturing operations, and flowback production methodologies [3-5]. A
notable challenge arises from the considerable variability observed in critical aspects of post-fracturing
flowback, such as the duration of flowback time, the recovery rates of fracturing fluids, and the distinctive
characteristics of gas and water production [6-8]. These factors are particularly intriguing, given that
they can vary significantly even among wells situated within the same geological block and under similar
engineering conditions. Such variability can subsequently lead to substantial differences in well productivity
outcomes [9,10], making it essential to closely examine these phenomena to enhance understanding of the
underlying mechanisms.

In light of these observations, there is an urgent need to conduct thorough investigations into the
post-fracturing flowback behavior of deep CBM wells. This exploration is crucial for better evaluating
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their productivity potential and developing tailored production management systems that can optimize
output and efficiency. Currently, there is a notable gap in the literature, as no published research findings
specifically addressing the flowback behavior of deep CBM wells have been made available, neither within
China nor on an international scale [11-14]. This absence of data presents a unique opportunity for further
research and exploration into this pivotal aspect of deep CBM development.

Consequently, this study aims to provide a comprehensive analysis of the geological characteristics
relevant for development, fracturing engineering principles, and the unique flowback production features
associated with deep CBM. By integrating empirical data from flowback and production experiences,
the research investigates the intricacies of post-fracturing flowback behavior specifically for deep CBM
horizontal wells. The findings of this study are anticipated to offer crucial guidance for optimizing field
flowback operations, thereby enhancing recovery rates and overall performance in deep CBM development
endeavors. This research not only aims to fill the existing knowledge gap but also seeks to contribute
valuable insights that can benefit industry stakeholders and policymakers alike.

2 Development Characteristics of Deep Coalbed Methane

There are significant differences between deep and medium-shallow coalbed methane (CBM) reservoirs
that impact their development and production potential. Understanding these differences is crucial
for optimizing extraction strategies. The development characteristics of deep CBM reservoirs can be
summarized in three key areas: development geology [15,16], fracturing engineering [17,18], and flowback
production [19,20]. The Daning-Jixian Block represents China’s first and most productive deep CBM field,
making it a highly representative case for studying deep CBM characteristics. To clarify the distinctions
between deep and medium-shallow CBM reservoirs, Table 1 summarizes key differences in geological,
engineering, and production aspects. These differences directly influence development strategies: deep
CBM requires horizontal wells with large-scale multi-stage fracturing to overcome ultra-low permeability,
whereas medium-shallow CBM often uses vertical wells with smaller-scale stimulation.

Table 1: Comparisons between deep CBM and medium-shallow CBM.

Characteristics Deep CBM Medium-Shallow CBM  Influences on Deep CBM Development
Depth (m) >1500 m (typically <1500 m (typically Higher stress, lower permeability, requiring

P 2000-2500 m) 500-1000 m) more aggressive fracturing.
Initial pressure Normal to high Normal to low Higher reservoir energy in deep CBM favors

faster initial flowback.

Horizontal wells with large-scale hydraulic
fracturing are essential for
economic production.

Ultra-low Low to moderate

Permeability (mD) (0.0001-0.001 mD) (0.1-10 mD)

High, with significant Deep CBM exhibits a “free gas + adsorbed

Gas Content Mainly adsorbed gas ,, . .
free gas gas” co-production mechanism.
Fracturing Scale Large-volume, high Moderate volume Deep CBM require§ more fluid and proppant
proppant concentration and proppant to create effective fracture networks.
Flowback Behavior Rapid 1n1t}al gas, but Slower gas appearance, Flowpack strategy m}lst be afijusted‘to
may decline quickly more stable decline reservoir energy (sufficient vs. insufficient).

2.1 Geological Characteristics for Deep CBM Development

The target layer in this study is the No. 8 coal seam of the Taiyuan Formation. The overall geological
structure is relatively simple, featuring a continuously developed coal seam, high gas content, relatively
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well-developed fractures, and effective sealing conditions in both the roof and floor. Additionally, it
operates under a normal pressure system. However, there are minor variations between the northern and
southern parts of the study area in terms of micro-structures, burial depth, coal seam thickness, gas-bearing
properties, and fracture development. The primary structural feature of the roof of the No. 8 coal seam is
a northwest-dipping slope, characterized mainly by gentle structural areas and positive micro-structural
areas. The northern section is relatively flat, while the southern section shows low-amplitude uplifts. The
burial depth of the No. 8 coal seam generally ranges from 2200 to 2360 m in the north and from 2100 to
2220 m in the south. The thickness of the coal seam is predominantly between 8 to 10 m in the north and 5
to 8 m in the south, indicating that the seam is thicker in the northern section.

Fracture development, predicted through pre-stack seismic azimuthal anisotropy and ant body tracking,
indicates that fractures are generally well-developed, with a greater degree of development in the south
compared to the north [17,18]. The distribution of coal rock thermal maturity shows higher values in
the north and lower values in the south, with vitrinite reflectance (Ry) ranging from 2.4% to 3.0% in the
north and from 2.1% to 2.6% in the south. The higher thermal maturity in the north enhances hydrocarbon
generation capacity, making it more capable of generating hydrocarbons and providing better gas content
than the south. These differences lead to greater reservoir energy in the north compared to the south,
thereby facilitating the formation of coalbed methane (CBM) reservoirs with higher saturation [19-24].

2.2 Fracturing Engineering Characteristics for Deep CBM Horizontal Wells

Deep coal reservoirs are distinguished by their unique geological characteristics, primarily low porosity
and ultra-low permeability, which create significant challenges for effective resource extraction. As a result,
these reservoirs are typically developed using advanced techniques such as horizontal drilling combined
with large-scale multi-stage hydraulic fracturing. To optimize the extraction process from these challenging
formations, specific fracturing parameters are essential. For instance, horizontal wells are generally designed
to operate at a pumping rate of approximately 20 cubic meters per minute. The fluid volume used per well
can range significantly, typically between 23,000 and 53,000 cubic meters, depending on the particular
geological conditions and operational goals. In terms of proppant usage, each well usually requires a
proppant volume ranging from 3500 to 7600 cubic meters. This proppant plays a critical role in ensuring
that the fractures remain open after the hydraulic pressure is released, thereby facilitating the continuous
flow of natural gas or coalbed methane. Further emphasizing the granularity of the fracturing approach,
the fluid volume required per meter of horizontal wellbore is generally between 27 and 38 cubic meters.
Correspondingly, the proppant volume employed per meter averages around 3.5 to 5.5 cubic meters. Notably,
there is a regional variation in proppant requirements; in well operations located in the southern regions,
the proppant volume needed per meter is approximately 1.1 times greater than that required for wells in
northern regions. These parameters not only reflect the technological advances in resource extraction but
also underscore the importance of tailored engineering strategies to navigate the complexities associated
with deep coal reservoir development. By meticulously adjusting these variables, operators can enhance
the efficiency and effectiveness of their extraction processes, potentially leading to improved economic
returns and resource recovery rates.

2.3 Flowback Production Characteristics of Deep CBM Horizontal Wells

Geological variations create a significant disparity in reservoir energy between the northern and
southern parts of the study area, which dramatically influences the flowback production behaviors of deep
coalbed methane (CBM) horizontal wells. In the northern region, wells exhibit robust reservoir energy
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characteristics, resulting in an impressive flowback time of just 20 days and a flowback recovery ratio of
18.4%. Upon commissioning, these northern wells showcase their potential by initially producing gas at
rates between 90,000 and 160,000 m®/d, ultimately stabilizing at an impressive 120,000 m?/d (refer to Fig. 2).
In stark contrast, wells located in the southern part of the study area struggle with insufficient reservoir
energy, as evidenced by a longer flowback time of 24 days. They have a recovery ratio of 21.2%, an initial
gas production rate that ranges from 60,000 to 130,000 m®/d, and a stabilized gas rate of only 80,000 m*®/d
(see Fig. 3). Wells in regions with adequate reservoir energy enter a phase of high and stable production
immediately following commissioning, allowing operators to maximize output right from the start. After
a brief period of peak production, these wells typically experience a gradual decline, yet their gas-water
ratio (GWR) consistently increases and stabilizes at an impressive 10,000 m?/m?®. Conversely, wells with
insufficient reservoir energy can achieve high and stable production levels after a brief ramp-up period
of 30 to 40 days and are capable of maintaining this output for a relatively extended duration. However,
their GWR stabilizes at a much lower rate of 5000 m®/m?®. This clear distinction in production capabilities
underscores the importance of evaluating reservoir energy as a critical factor in overall well performance,
revealing that the geological context plays a crucial role in optimizing resource extraction and driving
economic viability in the region.
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Figure 2: Flowback production curve for Well JS6-7P01 in Daning-Jixian Block (with sufficient reservoir energy).

The differences in production characteristics between the northern and southern regions of the
study area can be attributed to several key factors, including geological foundations and the specific
techniques employed for fracturing stimulation. First, examining the geological aspects, the northern area
is characterized by thicker coal seams, higher gas saturation levels, and a greater free gas content in its
coal reservoirs compared to the southern area. These geological advantages provide a more favorable
environment for gas production, directly impacting the overall resource potential of the northern region.
Second, when we consider fracturing stimulation techniques, the results differ notably between the two
regions. In the northern area, wells that have sufficient energy have typically undergone smaller-scale
fracturing treatments. In contrast, wells in the southern region that have sufficient energy benefitted from
larger-scale treatments. Due to better natural fracture development in the south, larger-scale fracturing
treatments create a more complex network, resulting in a larger ESRV (Effectively Stimulated Reservoir
Volume). In contrast, northern reservoirs with higher energy require less intensive fracturing, leading to a
simpler fracture network and smaller ESRV. ESRV refers to the reservoir volume that is both hydraulically
fractured and effectively drained during production. Unlike conventional SRV (Stimulated Reservoir
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Volume), which only considers fractured volume, ESRV emphasizes the productive portion connected to
the wellbore under actual flow conditions.

A comprehensive analysis of the production characteristics reveals that the northern region possesses
a high abundance of coal reservoir resources, a rapid initial production ramp-up rate, and a consistently
high stabilized daily gas rate. However, the smaller ESRV in this area results in a limited effective drainage
area, which poses challenges for maintaining sustainable high-rate production over time. On the other hand,
the southern area exhibits relatively lower resource abundance, a slower initial production ramp-up rate,
and a lower stabilized daily gas rate. Nevertheless, the larger ESRV achieved through extensive fracturing
treatments contributes to a greater effective drainage area. This larger drainage area, in turn, enhances the
production stability of the gas wells in the southern region, allowing them to maintain steadier output over
longer periods, despite the initial disadvantages in resource abundance and production rates. Overall, the
interplay between geological characteristics and fracturing techniques explains the distinct production
outcomes observed in these two regions, highlighting the importance of tailored approaches to maximize
gas extraction efficiency.
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Figure 3: Flowback production curve for Well JS14-5P02 in Daning-Jixian Block (with insufficient reservoir energy).
3 Numerical Simulation of Production Performance for Deep CBM Wells

Field observations from the Daning-Jixian Block have revealed two distinct production behavioral
patterns correlated with reservoir energy. To move beyond empirical correlation and gain a mechanistic
understanding of these behaviors, particularly the rapid decline in high-energy wells versus the prolonged
stability in low-energy wells, a numerical simulation investigation was undertaken. This approach is
necessary to quantify the impact of key parameters, such as initial pressure and fracture network extent, on
production dynamics and to visualize the evolving pressure fields and drainage areas that are not directly
measurable in the field. The following section details the mathematical model and presents simulation
results that validate and elucidate the field-based classification.

3.1 Mathematic Model

In coalbed methane development, the injection and flowback of fracturing fluids represent a highly
dynamic and complex process of gas-water two-phase flow. To accurately characterize the post-fracturing
core mechanism—where injected water rapidly channels through the fracture system while simultaneously
imbibing into the matrix, as desorbed gas diffuses within the matrix before ultimately flowing into the
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fractures for production—it is imperative to adopt a dual-porosity/dual-permeability model that more
closely reflects geological reality. This model conceptualizes the reservoir as coupled matrix and fracture
systems. Building upon this conceptualization, separate governing equations for gas-water two-phase flow
are established for each system. The following section details the governing equations and corresponding
auxiliary conditions for both the matrix and fracture systems.

3.1.1 Governing Equations for Gas-Water Two Phase Flow in Coal Matrix

In the matrix, the motion equations for gas-water two phase flow are as follows:

KnKrg(Swom)
Ug’m - _ m rz w,m ng,m (1)
8
K, K, (S
Do = _Mva’m @)
w

In those equations, subscripts g and w represent gas phase and water phase, respectively; subscript m
represents matrix; K, denotes the absolute permeability of the coal matrix, mD; K, and K., represent the
relative permeability of gas phase and water phase, respectively; S,, represents the water saturation; Py and
P,, represent the pressure of gas phase and water phase, respectively; y, and ., are viscosity of gas phase
and water phase, respectively.

In accordance with the gas-water two phase motion equations and the fundamental continuity equation,
we obtain the governing equations of each component in coal matrix.

K., K (PS B
v. |: mirg 'ng’m] — g = (Qb g,m/ g) (3)
Hgbg ot
|:PmeKrw va,m:| = a(QZI’Pwa,m/Bw) (4)
LBy at

where g, and g,, is the gas crossflow rate and water crossflow rate between fracture and matrix; B, is the
gas phase volume coeflicient.

Notably, the coal matrix permeability usually changes with the formation pressure, known as the
stress dependence effect, which can be given as the exponential function. Notably, in deep CBM reservoirs
under high stress conditions, the permeability change is dominated by stress dependence. Matrix shrinkage
effect is relatively minor compared to shallow CBM and is thus neglected in this model to simplify the
simulation while preserving key flow mechanisms.

Kn/Kmo = exp®@~P) (5)

where K, represents the absolute permeability of coal matrix at the initial pressure condition, mD; K,
represents the absolute permeability of coal matrix at the current pressure condition, mD; P; and P are the
initial pressure and current pressure, respectively; « is the coefficient for stress dependence effect.

Other complementary auxiliary equations are below.

Sg,m + Sw,m =1 (6)
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Pc:Pg,m_Pw,m (7)
¢ = ¢il1+ Cp(P - P)] (3)
Pw = pwi[l + CL(P - Pz)] (9)

where P, is the capillary pressure, presenting the difference between the gas phase pressure and water
phase pressure, MPa; @; and @ is the matrix porosity at initial condition and current condition, respectively;
pwi and p,, is water density at initial condition and current station, respectively; Crand Cp is the coal matrix
compressibility and water compressibility, respectively.

3.1.2 Governing Equations for Gas-Water Two Phase Flow in Fractures

Because of the significant pressure drop around the wellbore, high flow gases will experience fast,
non-Darcy flow in the fracture area, which increases flow resistance. This phenomenon can be characterized
by the Forchheimer number, as illustrated in the following equation:

—Vp = %v + Bpv? (10)
Frederick and Graves’ (1994) second non-Darcy correction equation is used to obtain the f.

~6.923 x 10"

(11)
where K represents the absolute permeability of fractures; mD; K,; represents the relative permeability of
gas phase or water phase.

Other complementary auxiliary equations are provided below.

Sg)f + Sw)f =1 (12)
Pgf—Pyy=0 (13)

where subscript f represents fractures; S, represents the gas saturation.

3.1.3 Equations for the Capillary Pressure

When fracturing fluid is injected into a reservoir, it seeps into the deeper areas due to significant
capillary forces. This seepage determines how the fracturing fluid is distributed within the reservoir, which
in turn affects both the backflow rate and the overall productivity of the fracturing fluid. Therefore, capillary
force plays a crucial role in this process. In this simulation, the capillary force during the displacement
process is calculated using the empirical formula as follows.

53 O ¢ .®
P.p=6.895%x 10> ——(— 14
D X az(SW)“‘(Km) (14)

where P.p represents the capillary pressure for displacement, MPa; o is gas-water interfacial tension, mN/m;
ai, az, and as are constants here, which are 1.86, 6.42, and 0.5, respectively.
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The seepage mechanisms differ significantly between the shut-in period and the flowback period.
During the shut-in period, the process involves the wet phase displacing the non-wet phase. In contrast, the
flowback period features the non-wet phase displacing the wet phase. This difference is characterized by
variations in capillary displacement and suction, which leads to a lag in the suction curve. The inhalation
curve can be calculated using the following formula.

P = bl + b2(1 - Swn)b3 - b4 ’ Sﬁ?n (15)
(Sw B ch)
Swn = ﬁ (16)

where P, represents the capillary pressure for imbibition, MPa; S,,, is the dimensionless water saturation;
Swe is the residual water saturation; by, by, bs, by, and bs are constants, which are 0, 20, 20, 450, and 5,
respectively.

3.2 Numerical Model

A dual-porosity, dual-permeability numerical model was established using CMG software [25],
representing a typical multi-stage hydraulic fracturing horizontal well. The artificial fractures are evenly
distributed at both ends of the horizontal section of the well. The horizontal section of the well is 1000 m
long. A schematic diagram of the model is provided in the following Fig. 4. To illustrate the difference in
production performance between deep coalbed methane (CBM) wells with insufficient reservoir energy
and those with sufficient reservoir energy, we utilize two sets of parameters, as shown in Table 1. The
initial pressure for the wells with sufficient reservoir energy is set at 20 MPa, while the initial pressure for
those with insufficient reservoir energy is 15 MPa. Moreover, the case with insufficient reservoir energy
is simulated with 15 fractures, whereas the case with sufficient reservoir energy has 10 fractures. This
aligns with field conditions, where coalbeds with insufficient reservoir energy typically exhibit a larger
Enhanced Strain Recovery Volume (ESRV). In summary, a dual-porosity/dual-permeability numerical model
was adopted to simulate matrix-fracture interaction, which accounts for gas desorption, diffusion, as well as
two-phase flow. Main parameters for deep coal seams are listed in Table 1. Temperature, as listed in Table 2,
is incorporated into the calculation of gas phase properties, including the gas formation volume factor (By)
and viscosity (), which are pressure- and temperature-dependent. And, fracture counts (10 vs. 15) are
based on post-fracturing micro-seismic interpretation. Matrix permeability of 0.0002 mD is derived from
core analysis and well test data in deep CBM reservoirs.

Table 2: Main parameters utilized in the numerical simulation.

Parameters Value Parameters Value
Formation thickness 10 m Fracture porosity 0.6
Formation depth 2000 m (Suf'ﬁcic::nt reservoi'r energy) Fractur'e' 100 mD
1500 m (Insufficient reservoir energy) permeability
Matrix porosity 0.05 Formation 8?°C (Sufﬁci§nt reservoif energy)
temperature 65°C (Insufficient reservoir energy)
Matrix permeability 0.0002 mD Initial formation 20 MPa (Sufficient reservoir energy)

pressure 15 MPa (Insufficient reservoir energy)
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Table 2: Cont.

Parameters Value Parameters Value

Number of fractures 15 (Insuﬁ.ment Teservoir energy) Initial W.ater 0.20
10 (Sufficient reservoir energy) saturation
Coal 6 4
Fracture half-length 100 m . 4 x107° KPa
compressibility
Horizontal wellbore 1000 m Bottom-hole 3 MPa
length pressure
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Figure 4: The schematic of the established numerical model for the multi-fractured horizontal well.
3.3 Production Performance

As depicted in Fig. 5A, the production trend analysis reveals two distinct profiles that significantly
impact gas output over time. In scenarios characterized by sufficient reservoir energy, the gas production
rate experiences a swift peak, reaching impressive levels of up to 80,000 m®/d. However, this initial surge is
followed by a pronounced decline, indicating a rapid depletion of the resource. Conversely, in situations
where reservoir energy is insufficient, the production rate begins at a lower level. Yet, this profile is notable
for its ability to maintain a stable production plateau over an extended duration, lasting approximately
450 days. This observation draws a clear distinction between the two cases, highlighting how energy
levels within the reservoir can drastically influence production profiles. Correspondingly, Fig. 5B presents
pressure distribution maps that further elucidate these differences. The maps reveal that the effectively
drained area in the high-energy scenario is considerably more confined compared to the other case. Notably,
the effectively drained area is defined as the region where pressure drops below 80% of initial reservoir
pressure. It is visualized via pressure contours in the simulation. This phenomenon can be primarily
attributed to the larger stimulated fracture network in the insufficient energy scenario, which allows for
a greater controlled reservoir volume. As a result, the coal matrix provides a more robust and sustained
gas supply capacity, facilitating better long-term production stability. The simulation captures the key
flow mechanisms: (1) initial displacement of water by free gas in the fracture network, (2) capillary-driven
imbibition of water into the matrix, (3) pressure depletion triggering gas desorption from the matrix, and
(4) diffusion of desorbed gas towards the fractures. The ‘effectively drained area’ visualized in Fig. 5B is the
region where this coupled process has significantly reduced pressure, governing the long-term gas supply.

Moreover, the numerical simulation results indicate the presence of distinct productivity zones that
align closely with the field performance analysis discussed in Section 2. This correlation not only reinforces
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the classification of deep CBM well production dynamics observed in the study area into these two distinct
types but also underscores the scientific rigor and reliability of this analytical approach. Such findings are
crucial for optimizing resource extraction strategies and informing future developments in the field.
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Figure 5: Impact of reservoir energy on production performance of deep CBM wells: (A) Daily gas production and
daily water production; (B) Pressure fields after 1000 Production days.

4 Flowback and Production Stage Division and Behavioral Patterns

4.1 Flowback Stage Division

Based on the geological and engineering characteristics of deep coal reservoirs, guided by the gas-liquid
two-phase flow theory for ultra-low permeability reservoirs, and referencing the flowback and production
experience from 29 deep CBM horizontal wells in the study area, the flowback and production process of
deep CBM horizontal wells is divided into five stages (Fig. 6). Building on this stage division, flowback
and production parameters for these five stages across the 29 horizontal wells were statistically analyzed,
clarifying the parameter variation patterns for each stage (see Tables 3-5).

Stage I—Initial Single-Phase Dewatering Stage: The period from well opening for flowback until gas is first
detected and ignited at the wellhead.

Stage II—Initial Gas Appearance to Peak Water Production Stage: The period from sustained combustible
gas flaring at the wellhead until the daily water production rate gradually increases to its peak.

Stage III—Gas Breakthrough to Peak Gas Production Stage: The period where the daily gas production
rate rapidly increases from a relatively low level to its peak, and the wellhead pressure gradually rises and
stabilizes relatively.

Stage IV—Stable Production and Decline Stage: The period where the daily gas production rate stabilizes at
a relatively high level before slowly declining, and the wellhead pressure stabilizes relatively before slowly
decreasing.

Stage V—Low-Rate Production Stage: The period of stable production at a relatively low rate, with relatively
low wellhead pressure.
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Figure 6: Stage division for the production performance of deep CBM horizontal wells.

Table 3: Flowback and production stage parameters for Well JS6-7P01, Daning-Jixian Block.

Production Duration Water Production (m?/d) Gas Production (10* m?/d) Flowback

Stage (days) Initial End Initial End Recovery (%)
Stage I 1.9 - 253 - - 0.5
Stage II 23 253 634 - - 16.6
Stage III 8 634 221 - 10.2 22.9
Stage IV 407 221 5 10.2 23 44.6
Stage V - 8 - 24 - -

Table 4: Flowback and production stage parameters for Well JS14-5P02, Daning-Jixian Block.

Production Duration Water Production (m*/d) Gas Production (10* m?/d) Flowback

Stage (days) Initial End Initial End Recovery (%)
Stage [ 0.4 - 217 - - 0.1
Stage II 9 217 807 - - 7.4
Stage III 95 807 43 - 13.6 28.1
Stage IV 309 43 2 13.6 2.9 35.1
Stage V - 11 - 4.6 - -

Table 5: Flowback and Production Stage Parameters for 29 Horizontal Wells, Daning-Jixian Block.

Production Duration Water Production (m?/d) Gas Production (10* m?/d) Flowback
Stage (days) Initial End Initial End Recovery (%)
Stage I 2+0.2 - 140 £ 0.9 - - 0.6 +£0.1
Stage II 11+0.8 140 +£ 2.3 660 + 18.3 - - 10.7 £ 1.3

Stage III 17 £ 1.3 660 + 9.2 136 £ 7.1 - 11.0 £ 0.5 284 +29
Stage IV 350 £ 8.3 136 +£12.8 29+1.2 11.0 £ 2.6 2.6 £0.7 395+3.2

Stage V - 103 +£1.2 - 35+06 - -
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4.2 Flowback Production Behavioral Patterns

In an analysis of the stage division and parameter evaluation for 29 deep coalbed methane (CBM)
horizontal wells, the flowback production patterns across the five distinct stages were thoroughly clarified.
This detailed examination highlighted several key aspects of the production process. Typically, deep CBM
wells do not experience an extended shut-in period following hydraulic fracturing, and this is for two
primary reasons. Firstly, a prolonged shut-in can lead to swelling of the clay minerals present within the
coal reservoir. When these minerals come into contact with the fracturing fluid, they can expand and cause
blockages in existing pores and fractures. This phenomenon is critical as it can significantly impair the
reservoir’s permeability, ultimately leading to reduced gas production. Secondly, minimizing the shut-in
period is crucial to prevent long-term retention of the fracturing fluid within the formation. If fracturing
fluids remain in the reservoir for an extended duration, they can contribute to water blocking effects,
which hinder gas flow by reducing the relative permeability of the formation to gas. Both of these factors
underscore the importance of managing flowback strategies effectively in deep CBM operations to optimize
overall production outcomes.

4.2.1 Stage I—Initial Single-Phase Dewatering Stage

This stage lasts from well opening until gas is first detected at the wellhead, with single-phase liquid
flow in the wellbore. Due to the massive injection of fracturing fluid, the pressure within the induced
fractures is significantly higher than the original reservoir pressure. Fracturing fluid in the main fractures
can flow back rapidly due to this high pressure. The flowback liquid volume gradually increases during this
stage, producing only liquid and no gas. Initially, due to the high-pressure differential, the flowback rate
must be controlled to prevent proppant flowback or even transport back into the wellbore. Excessively
rapid flowback can also cause the closure of distal fractures or loss of fracture conductivity, compromising
the stimulation effectiveness. This stage typically employs a 2-3 mm choke to control flowback, lasts about
2 days, sees the daily liquid rate gradually rise to 140 m®, and ends with a flowback recovery of 0.6%.

4.2.2 Stage II—Initial Gas Appearance to Peak Water Production Stage

Gas begins to appear at the wellhead in this stage, transitioning the wellbore flow to a gas-liquid
two-phase regime. As fracturing fluid from secondary fractures continuously converges into the main
fractures, the flowback liquid volume increases further, reaching its peak. Simultaneously, as fracturing
fluid continues to be produced, free gas in the coal reservoir migrates with the fluid and gradually gathers
within the fractures. However, since the fracture pressure still exceeds the formation pressure at this stage,
only a small amount of free gas—released from the coal matrix during fracturing—is produced with the
fluid. The gas-liquid ratio remains relatively low (<0.01 x 10* m*/m?®) due to the increasing liquid rate and
minimal free gas production. This early two-phase flow regime, characterized by water dominance with
minor gas, initiates the pressure depletion process that later evolves into the distinct drainage patterns
shown in Fig. 5B.

Given the strong heterogeneity of coal reservoirs and variations in gas content, different fracture stages
may have been stimulated to varying degrees even under identical operations. This heterogeneity leads
to differing gas productivity per stage. Using too large a choke early in gas production can cause rapidly
increasing gas production from the more productive stages, negatively impacting liquid and gas production
from other stages and hindering overall well depressurization. Furthermore, because fracture pressure
remains relatively high, a small choke is still required to control flowback and prevent fracture closure or
loss of conductivity. Wellhead pressure continues to decline throughout this stage. At the end of this stage,
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wells with sufficient reservoir energy exhibit higher wellhead pressure than those with insufficient energy.
This stage lasts about 11 days, sees the daily liquid rate rise to 660 m®, and ends with a flowback recovery
of 10.7%.

4.2.3 Stage III—Gas Breakthrough to Peak Gas Production Stage

As fracturing fluid is continually produced, the overall pressure within the fracture network equalizes
with the formation pressure. Free gas is produced continuously, increasing the gas saturation and decreasing
the water saturation within the fractures, leading to a rapid rise in gas relative permeability. With substantial
free gas production, the wellhead pressure begins to slowly rise. As the pressure within the fracture network
drops further below the formation pressure, free gas is produced rapidly, adsorbed gas in the matrix begins
to desorb slowly, the gas production rate increases sharply, the liquid production rate drops rapidly, the
gas-liquid ratio increases swiftly and continuously, and the wellhead pressure rises rapidly to its peak.
This stage lasts about 17 days, sees the gas rate climb rapidly to 11 x 10* m?/d, the daily liquid rate falls to
136 m®, the gas-liquid ratio rises to 0.1 x 10* m*/m?®, and ends with a flowback recovery of 28.4%.

4.2.4 Stage IV—Stable Production and Decline Stage

Initially, wellhead pressure and daily gas rate are relatively stable. Notably, stable production in this
work is defined as a period with <10% variation in daily gas rate over 30 consecutive days. As pressure within
the fracture network continues to decrease, the reservoir pressure around the network slowly declines. Free
gas continues to be produced in large quantities, and the volume of adsorbed gas desorbed per unit pressure
drop increases slowly but steadily. The daily liquid rate drops rapidly to a low level and stabilizes. In the
later part of this stage, due to the low permeability of the coal reservoir, gas migration from the matrix to
the fractures encounters significant resistance and requires relatively long time. The volume of adsorbed
gas desorbing in the low-pressure zone near the wellbore fractures is less than the reduction in free gas
volume, coupled with insufficient supply from distal parts of the fracture network, leads to a production
decline in the later part of this stage. Gas production in this late phase is predominantly from adsorbed gas,
and the gas volume produced per unit pressure drop increases rapidly. As the gas rate decreases, artificial
lift methods such as foam assisted lift may be needed to maintain production and prevent liquid loading.
This stage has a relatively long duration. The initial stable gas rate is around 11 x 10* m%/d, declining later
to a stable 3-4 x 10* m%/d. The liquid rate drops rapidly initially to 40-50 m?/d, then declines slowly later
to 10-20 m®/d. The gas-liquid ratio ranges from 0.5 to 1.0 x 10* m?/m?.

4.2.5 Stage V—Low-Rate Production Stage

Wellhead pressure is relatively low in this stage. Formation pressure continues to decrease slowly and
production is primarily from desorbed gas. The gas volume produced per unit pressure drop continues to
increase. However, due to the slow decline in formation pressure, the gas production rate stabilizes at a low
level. Since the production rate falls below the critical liquid-carrying rate, artificial lift is typically required
to ensure continuous and stable well production.

5 Standard Type Curves for Flowback Production of Deep CBM Horizontal Wells

Integrating theoretical analysis and insights from production practices, the 29 deep CBM horizontal
wells in the Daning-Jixian Block were categorized into two types: those with Sufficient Reservoir Energy
and those with Insufficient Reservoir Energy. This included 11 wells of the sufficient energy type and
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18 wells of the insufficient energy type. Standard type curves for flowback production were established for
each type respectively, which can guide field flowback and production operations.

5.1 Flowback Production Behavior of Horizontal Wells with Sufficient Reservoir Energy

For deep CBM horizontal wells with sufficient reservoir energy, flowback is initially controlled using
a 2 mm choke. When the flowback rate and pressure stabilize, the choke size is gradually increased
step-by-step until gas is consistently detected and flares sustainably at the wellhead. Upon entering the
initial gas appearance stage, the wellbore flow regime transitions from single-phase liquid to gas-liquid
two-phase flow, and wellhead pressure declines slowly. Flowback rate must still be controlled during this
stage, and the choke should only be changed once the flowback rate and pressure have stabilized under
the current size. When the wellhead pressure begins to rise slowly, the daily gas production rate increases
rapidly. During this stage, the choke size should be adjusted promptly based on production rate and pressure.
When wellhead pressure and daily gas rate stabilize, the choke size should be maintained, and the well can
be switched to pipeline production. Wells with sufficient reservoir energy exhibit a relatively high initial
gas production rate, reaching up to 120,000 m*/d. However, their production stability is relatively poorer.
After a short high-rate stable production period of about 60 days, production enters a slow decline phase.
In the later production stages, assisted deliquification techniques like foam lift and surface compressors
are often required to ensure continuous and stable production. When the production rate falls below the
critical liquid-carrying rate, artificial lift is implemented (Fig. 7). For wells with sufficient energy, rapid
choke adjustment and early artificial lift are recommended.
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Figure 7: Standard flowback production type curve for deep CBM horizontal wells with sufficient reservoir energy in
the Daning-Jixian Block.

5.2 Flowback Production Behavior of Horizontal Wells with Insufficient Reservoir Energy

For deep CBM horizontal wells with insufficient reservoir energy, the wellhead pressure declines
relatively rapidly during both the initial single-phase dewatering stage and the initial gas appearance to
peak water production stage. After the daily water production rate peaks, the wellhead pressure drops to
0 MPa, and the daily water rate decreases swiftly. Due to the lack of reservoir energy, gas lift is typically
employed during this phase to ensure continuous flowback, usually for a duration of about 42 h. Following
this, the wellhead pressure begins to rise slowly, and the daily gas production rate increases rapidly. During
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this stage, the choke size should be adjusted promptly based on production and pressure to ensure stable
wellhead pressure and gas rate, after which the well can be switched to pipeline production. Wells with
insufficient reservoir energy have a lower initial gas production rate compared to the sufficient energy type,
with a maximum stable gas rate of up to 80,000 m®/d. However, this well type exhibits relatively stronger
production stability, maintaining stable production for over 130 days. The later production stages are
managed similarly to wells with sufficient reservoir energy (Fig. 8). In comparison, sufficient-energy wells
decline at ~15% per month after peak, while insufficient-energy wells maintain a plateau for >130 days with
<5% monthly decline. For insufficient-energy wells, extended gas lift during early flowback and conservative
choke management are advised to maintain stability.
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Figure 8: Standard flowback production type curve for deep CBM horizontal wells with insufficient reservoir energy
in the Daning-Jixian Block.

5.3 Application of the Standard Flowback Production Type Curves for Deep CBM Horizontal Wells

Notably, the standard type curves are statistical summaries derived from the production data of
29 wells, representing the characteristic behavior for each reservoir energy type. While precise numerical
history matching for each well is challenged due to geological heterogeneity, the simulation results (Fig. 5)
successfully reproduce the fundamental trends, suggesting that rapid initial production followed by decline in
high-energy cases, and a lower but more stable plateau in low-energy cases, thus validating the conceptual
model behind the type curves and aligning with field observations. In this section, the flowback and
production operations for 53 deep coalbed methane (CBM) horizontal wells, part of the 1 BCM/a production
capacity construction project in the study area, were conducted in accordance with the previously mentioned
standard type curves. Of these wells, 36 exhibited sufficient reservoir energy, while 17 had insufficient
energy. The characteristics observed at various stages across the different well types demonstrated a
strong alignment with the standard type curves. Currently, all 53 horizontal wells have reached the stable
production phase. The average stabilized gas production rate per well is 75,000 m®/d. Specifically, the wells
with sufficient energy are stabilizing at a production rate of 80,000 m3/d, whereas those with insufficient
energy are stabilizing at 70,000 m*/d, both showing favorable production performance. Production practices
have indicated that these standard type curves effectively guide the development of deep CBM horizontal
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wells in the Daning-Jixian Block. Therefore, they can be recommended for broader application in deep
CBM development within the region.

6 Conclusions

This research presents the first systematic framework for understanding the post-fracturing flowback
behavior of deep CBM horizontal wells. By integrating gas-liquid two-phase flow theory with field data
from 29 wells, it establishes a novel five-stage division of the production process. Crucially, the study
introduces two reservoir-energy-based standard type curves ("Sufficient" and "Insufficient"), validated by
numerical simulation, which explain distinct production stability patterns linked to effectively drained
areas. This original classification provides practical guidance for choke management and artificial lift
timing, successfully applied to 53 wells, filling a critical knowledge gap in deep CBM development.

(1) The geological characteristics of the Daning-Jixian Block, including higher thermal maturity, less
developed natural fractures and greater gas content in the north, create a fundamental dichotomy in
reservoir energy. This dichotomy is the root cause of the two distinct production behavioral types
observed, forming the basis for the subsequent classification for production type curves.

(2) The flowback and production process of deep CBM wells consists of five distinct stages. Initially, gas
production originates primarily from free gas until the peak gas rate is reached. During the subsequent
stable production phase, both free gas and adsorbed gas contribute to output, while later stages are
increasingly supported by adsorbed gas as production declines and enters low-rate phases.

(3) Wells with sufficient reservoir energy generally experience immediate high and stable production
upon commissioning, followed by a gradual decline after an initial phase of consistent output. In
contrast, wells with limited reservoir energy require a ramp-up period to achieve high production
rates, which, although generally lower than their sufficiently energized counterparts, can be sustained
for longer durations. Numerical simulation corroborates these field observations, demonstrating that
the larger effectively stimulated volume in insufficient-energy scenarios leads to a broader pressure
depletion and a more stable gas supply from the coal matrix.

(4) Two standardized type curves for the flowback production of deep CBM horizontal wells have been
established based on reservoir energy classification. These curves provide practical guidance for
flowback choke management, artificial lift timing, and production forecasting. Their successful
application in guiding the production strategies of 53 wells highlights their significant potential for
broader application within the field.
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