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ABSTRACT: Carbonate gas reservoirs are often characterized by strong heterogeneity, complex inter-well
connectivity, extensive edge or bottom water, and unbalanced production, challenges that are also common in
many heterogeneous gas reservoirs with intricate storage and flow behavior. To address these issues within a unified,
data-driven framework, this study develops a multi-block material balance model that accounts for inter-block flow
and aquifer influx, and is applicable to a wide range of reservoir types. The model incorporates inter-well and
well-group conductive connectivity together with pseudo—steady-state aquifer support. The governing equations
are solved using a Newton-Raphson scheme, while particle swarm optimization is employed to estimate formation
pressures, inter-well connectivity, and effective aquifer volumes. An unbalanced exploitation factor, UEF, is introduced
to quantify production imbalance and to guide development optimization. Validation using a synthetic reservoir
model demonstrates that the approach accurately reproduces pressure evolution, crossflow behavior, and water
influx. Application to a representative case (the Longwangmiao) field further confirms its robustness under highly
heterogeneous conditions, achieving a 12.9% reduction in UEF through optimized production allocation.

KEYWORDS: Heterogeneous gas reservoir with bottom/edge water; material balance equation; connective
conductivity; unbalanced exploitation factor; aquifer volume Evaluation; production optimization

1 Introduction

Naturally fractured carbonate gas reservoirs are typically characterized by strong heterogeneity,
widespread distribution of edge/bottom water, and complex connectivity between gas wells or well groups.
In carbonate gas reservoirs, heterogeneity is not only reflected in porosity and permeability variations but
also arises from the irregular spatial distribution of fractures and vugs. These features result in complex
and anisotropic flow paths, making inter-well connectivity highly variable and non-intuitive. Due to the
differences in the gas wells’ production time and production rate, the non-uniform water influx in the gas
reservoir is serious, and the formation pressure distribution and production performance are becoming more
and more complex. Influenced by the uneven pressure distribution, water tends to preferentially encroach
through zones with higher permeability, leading to early water breakthrough in specific wells, while
other areas are abundant in gas. To improve the gas recovery, it is essential to determine the distribution
of preferential channels among the gas wells/well groups and aquifer, and the accurate evaluation of
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inter-well/well group connective conductivity and aquifer volume plays a crucial role in determining the
gas reservoir scale and optimizing well pattern and locations. Additionally, to mitigate the formation
pressure differences between inter-well/well group and severe non-uniform water influx that are generated
from unbalanced development in the gas reservoir, it is essential to balance the inter-well formation pressure
and reduce the influences of water influx by optimizing the production schemes, which can provide a solid
foundation for formulating development policies.

The inter-well connectivity evaluation methods, including static and dynamic approaches, are
summarized in Table 1.

Table 1: Comparison of static and dynamic methods for evaluating inter-well connectivity.

Representative

Method Type Advantages Limitations
P Approaches &
Seismic interpretation; well . o
. pre Geological background,; Non-quantitative;
. logging correlation; o .. . .
Static methods - . qualitative connectivity; low  interpretation-dependent; no
sedimentary unit )
. . cost dynamic response
analysis [1-3].
Production data analysis;
pressure transient analysis
PTA); interference testing; antitative connectivit . . .
. ( ) . . & Qu v Iy Data-intensive; higher
Dynamic methods rate transient analysis (RTA); reflects flow communication;

Lo . . . computational cost
multi-region material considers aquifer effects P

balance equation (MBE);
numerical simulation [4-7].

Lumped multi-region MBE Balanced efficiency and
with inter-region flow; accuracy; suitable for
data-driven inversion. well-group analysis

Hybrid/semi-analytical
approaches

Assumption-dependent;
limited spatial resolution

As summarized in Table 1, static methods mainly provide qualitative geological insights, while dynamic
methods focus on quantitative evaluation of flow communication based on reservoir performance. To
balance computational efficiency and modeling accuracy, this study adopts a hybrid, multi-region material
balance framework with inter-well/well-group connectivity, enabling quantitative connectivity assessment
using readily available production and pressure data.

For gas reservoirs with edge/bottom water, the evaluation for aquifer volume and water influx rate is
the basis of designing water-control measures and exploiting the gas reservoir efficiently [8,9]. Currently,
the evaluation of aquifer volume can be mainly divided into three categories. The first method is geologic
description, which uses seismic and logging data to determine the range and volume of the aquifer roughly.
This method is quick and simple, but it cannot describe the aquifer accurately and quantitatively [10-12].
The second method is dynamic data analysis, and it combines MBE and gas reservoir dynamic data. This
method is relatively accurate, while it relies on high-precision monitoring data [13—15]. The third method
is numerical simulation, and it is conducted by establishing the geological model and inverting the aquifer
volume and locations after the production history-matching. Although this method can accurately describe
the aquifer, the process is complex and work-intensive [16-18].

Unbalanced exploitation of gas reservoirs may lead to insufficient gas reserves and earlier water influx,
which then affects the long-term stability of the gas reservoir and the economic benefits [19-21]. Currently,
to achieve the balanced development of gas reservoirs, some scholars have suggested that for heterogeneous
gas reservoirs with complex storage and permeable spaces, based on the fine reservoir description, the
well spacing density should be reasonably increased to improve the swept coefficient of pressure drop,
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and the pressure decline rate should be enhanced through the measures of hydraulic fracturing and
pressurization [22]. For gas reservoirs with complex gas and water distribution, based on the characteristics
of the aquifer distribution and the contact of gas-water phases, the well types, locations, production rates
and water drainage measures should be reasonably deployed, which can ensure the uniform advancement
of the water-gas front, the improvement of water influx efficiency, and the reduction of residual gas [23-25].
However, currently, the traditional gas reservoir engineering and numerical simulation models are always
used for the optimization of gas well production rate, which has lower precision and adjustment efficiency,
and poor feasibility [26-28]. In contrast to the limitations of these traditional approaches, reasonable
production allocation and balanced development remain critical objectives in gas reservoir management,
especially under water-drive conditions [26,28-30].

To address the issues in the above studies regarding the efficient and accurate evaluation on the
inter-wells/well groups connectivity and aquifer volume, and the optimization of gas well production rate
for balanced development, the inter-well/well groups connective conductivity is introduced to consider the
crossflow, and the aquifer volume and water influx index are used to evaluate the aquifer quantitatively and
dynamic water influx. Through the modification of the MBE with a supplement for edge/bottom water-drive
gas reservoir, a mathematical model for calculating the production performance in a gas reservoir with
multiple well groups is presented. In combination with the PSO algorithm, the formation pressure is
matched, and then the estimated ultimate recovery (EUR), inter-well/well groups conductivity and the
aquifer volume, water influx factor are inverted [31]. The accuracy of the model is validated through
comparisons with some synthetic gas reservoir numerical simulation models and the practical applications
in the LWM gas reservoirs. In addition, through the introduction of UEF, and the combination of the
presented model, the operating rate of gas wells in the next year is optimized, which can provide some
guidance for the adjustment of technical polices and production schemes.

2 Methodology
2.1 Mathematical Model

According to the heterogeneity of the gas reservoir and the distributions of well locations, the gas
reservoir is divided into n blocks that are independent and are not closed, in which one region usually
contains one or more gas wells (Fig. 1). The assumptions include:

(1) The reservoir and aquifer pressure for each block is the same before the gas reservoir is put into
production, and it has uniform pressure.

(2) When the production gas reservoir is put into production, due to the differences in the gas reserves,
cumulative gas production and water influx rate for each block, the pressure difference occurs among
the blocks, which leads to the gas supplement between the blocks;

(3) The compressibility of rock and connate water is considered;

(4) The aquifer for each block is independent, and the water influxes into the reservoir in the pseudo
steady state.

In this context, ‘pseudo steady state’ indicates that although the aquifer pressure decreases with
time, the internal pressure profile maintains a quasi-stable shape. This assumption, commonly used in
the Fetkovich model, enables the water influx to be calculated as a function of the block pressure without
explicitly solving spatial flow equations.
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According to the above assumptions, the MBE with supplement in edge/bottom water-drive gas
reservoir for each block can be presented, which is shown in Eq. (1):
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For zones 1 and n, the expression is different from Eq. (1), which can be expressed as Eq. (3) and Eq. (4),
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In Eqs. (1)-(4), pi is the gas reservoir initial pressure, MPa; p; is the formation pressure of zone j at a
certain moment, MPa; G; and G,; are the gas initial in place for zone j and the cumulative gas production at
a certain moment, 10® m?; z; and z;j are the gas correction factors in the initial condition and for the zone j at
a certain moment, respectively; C. is the compressibility coefficient for the gas reservoir rock and connate
water, MPa™!; Apjis the pressure drop in zone j at a certain moment, MPa; Gjk and Gpyj are the cumulative
gas flow rate from zone j to zone k and from zone m to zone j at a certain moment, respectively, 10% m®.
Wj is the cumulative water influx at a given moment in zone j. W is the cumulative water production at
a given moment in zone j, m®. It is worthwhile to note that since the number of blocks that are connected
to zone j is generally less than n, the crossflow rate between some blocks and zone j is indeed 0.

6 4 Gas reservoir
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Figure 1: Schematic of gas reservoir with edge/bottom aquifer (left) and conceptual model (right).

When the gas reserve is known, the MBE with supplement, as shown in Eqs. (1)-(4), which are the
functions of formation pressure in each zone, then Egs. (1)-(4) can be rewritten as:
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2.2 Model Solution

2.2.1 Inter-Wells/Well Groups Crossflow

For the calculation of gas crossflow rate from zone j to zone k in Eq. (1) at a certain time, it is assumed
to conform to Darcy’s law, and the formula is:

akA
.ug(P)L

kA T,
(pj—pr) = anscT (mj — my) (8)

CIjkBg(P) =

In Eq. (8), By is the gas volume factor, g is the gas viscosity, mPa-s; « is a constant, 0.0864; m; and my
are the pseudo-pressure for zones j and k, respectively, and the formula is:

pj Pk
m; :/ Ldp,mk :/ Ldp )
Psc ﬂgz Psc .ugz

To reflect the magnitude of connectivity between zones j and k directly, the concept of connectivity
conductivity is introduced, which is defined as:
Ty = Ak (10

jk

According to Eq. (10), T, represents the connective conductivity between zones j and k, with units of
mD-m. It is a function of the average inter-zonal permeability (kj), contact area (Aj), and distance between
zones (Lj), and is independent of fluid properties. This means Tj reflects only the static geological and
geometrical characteristics of the gas reservoir. In this study, connective conductivity is introduced as a
practical parameter to quantify the flow capacity between different zones or well groups in water-drive
gas reservoirs. As we all know, in the traditional numerical simulation, the transmissibility quantifies
the fluid flow capacity between two adjacent grid cells, which is the function of formation permeability,
fluid mobility, and the geometric configuration/contact relationship of the grid cells. Compared with the
transmissibility among grids, connective conductivity is fluid-independent and avoids reliance on precise
geometric or petrophysical inputs that are often difficult to obtain in practice. By using this simplified
representative formulation, the model reduces uncertainty associated with direct parameter estimation and
provides a robust means of describing inter-well connectivity.

Substituting Eq. (10) into Eq. (8) yields:

— TSC
PSCT

(11)

qjk = aTiS, (mj — mk),Sr

In Eq. (8), T is the temperature of gas reservoir, K; Ps. and Ty are the pressure and temperature in the
standard condition, 0.101 MPa and 298.15 K, respectively.
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At the time of ¢ + At, the cumulative gas crossflow rate from zone j to zone k is solved by the successive
iteration, and the equations are shown as follows:

Gt + At) = Gi(t) + 0.5[ (1) + qie(t + At)] At (12)
Substituting Eq. (11) into Eq. (12) yields:
Gt + At) = Gj(®) + 0.5T S, { [mj(1) — me(®)] + [m;(t + At) — my(t + At)] }At (13)

2.2.2 Water Influx Calculation

The models for water influx calculation mainly include Fetkovich, Carter-Tracy and Van
Everdingen-Hurst [32-34]. The Fetkovich model can be used for radial, linear and spherical water-influx,
which is simple and has a wide range of applicability; therefore, it is adopted in this study to calculate the
water influx.

It is assumed that the water influx process is pseudo steady-state flow, and the total compressibility of
the aquifer is constant. The cumulative water influx is calculated by the following formula:

We = C:Wi(pi — p) (14)

Eq. (14) can be transformed into:

D= b — We _ 1= We (15)
P=Pi=cw P T apw;

The maximum water influx W; can be defined as:
Wei = CipiWi (16)

Substituting Eq. (16) into Eq. (15) yields:

1o N ,(1-Ne (17)
p=pi Cipi Wi P Wei

The water influx rate can be obtained by differentiating both sides of Eq. (17), and after transformation,

it can be written as:

AW,
Cdt

Wei dj
pi dt

Qw 2](5_13):— (18)
Integrate the third and fourth items about the variables p and ¢, then the expression p — p can be
obtained. Then substitute into Eq. (18), and integrate the second and third items about the variable f, the

cumulative water influx rate can be expressed as:

W, = v;”' (pi — p)[l — exp (—Jvﬂt)} (19)

In Eq. (19), it is assumed that the formation pressure on the inner boundary is constant. However, in
fact, this pressure changes continually as the increase of gas production.
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Therefore, actually, it is assumed that the boundary pressure within the aquifer is equal to the gas
reservoir pressure; then according to the production period of the gas reservoir, the changes of the boundary
pressure within the aquifer can be divided into n stages. The water influx rate can be calculated for each
state sequentially. Based on the above principle, the amount of water influx rate in the nth period is
calculated as:

Wei WAty
AWep = 7(1) — pn)[1 —exp(~ IP

1 ei

| (20)

where p} ,, p, are the aquifer and gas reservoir pressures at time n. Then the expression of cumulative
water influx W,; is:

]jpiAtn

eij

Wej = Z Weti (o 1 = pul1 = exp(- )] (21)

Then 0 We;/dp; is the derivative of cumulative water influx on the formation pressure for the jth block,
and the expression is:

8Wej Weij ]jpijAtnj
— = —— 1 —exp(—L—)] (22)
ap; pij P W

2.2.3 Newton-Raphson Iteration

To solve the formation pressure for each block, the gas crossflow rate between blocks and the water
influx rate at every moment are considered. The Newton-Raphson non-linear iterative method is introduced
to solve the presented model, as shown in Egs. (5)—(7), which is expressed as follows:

ZIA +1 ]A l+1 ]A l+1 ]A l+1 . l’ l’ l,.“’ I 23
ap, AP T 5 ApT S A 2p, P Fi(P1. P2 3.+ ) (23)
In Eq. (23), [ is the number of iterations. According to Eq. (13), the non-linear iterative matrix can
be given:
OF,  OF oF,
g oot [Rlbenp)
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In the Jacobi matrix on the left side of Eq. (24), the formula for each variable is written as:
_ D Wej WpjBuw Pj P 1 oW
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If zones j and k (or m and j) are adjacent to each other, then there is connectivity between these two
zones, which is calculated as:

aFj pi Sr Tjk p A aF Pl mj .
T BiPrk e By Ay <k)— orimi P ) At( > m) 26
apk Z; 2Gj ,ng)k ( Pm Zj 2G] Hgz g ( )
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If zones j and k (or m and j) are not adjacent to each other, they are not connected, which can be
calculated as:

oF; oF;
——O(<k)——0(]>m) (27)
9Pk Pm

According to Egs. (25)-(27), it can be seen that the Jacobi matrix is strictly diagonal dominant and
symmetric, which has better convergence and stability. Thus the formation pressure solution for each zone

at each time step can be obtained accurately.

2.3 Production History Match and Optimization

2.3.1 Production History Match and Parameters Inversion

Through the utilization of the solution process presented in Section 2.2, the developed MBE with
supplement for multiple wells/well groups in edge/bottom water drive gas reservoir can be solved
numerically, and the formation pressure for each block at different time steps can be obtained. These
calculation results mainly depend on the reserve of the block, the inter-well conductivity and the aquifer
volume. In practice, the inversion for these parameters can be realized by optimizing and adjusting these
parameters to make the best match between the calculated formation pressure and the actual monitoring
values. For this purpose, the following minimization target function can be defined:

min () = ;[g(z) - Eobs] n [g(?) ~ dong

5 = [ ,Tiks > Gy ey Gy ooe s Wiy oo J, oo a] T

(28)

where f s ) is the objective function, which reflects the gap between the calculated and actual values; S is
the parameter Vector Wthh contains the gas reservoir reserves and the inter-wells/well groups connectivity

conductivity; d obs and C 4 are the actual formation pressures for each block and their error covariance

matrices, respectively. g( s) is the vector of formation pressures for each block calculated by the model in
the paper.

For the optimization issue shown in Eq. (28), the PSO is used to deal with it, which is a stochastic
optimization method. It is assumed that a possible solution is a particle, then each particle can be regarded as
an individual in the D-dimensional search space. The current position of the particle is the candidate solution
for the optimization issue. The velocity and position of each particle are updated through the continuous
iterative search and computation until an optimal solution that satisfies the termination condition is
obtained. The primary parameters, the particles and max iterations are set to be 24 and 2000, respectively.
The learning factors include the cognitive learning factor and social learning factor, and are set to be 2.1.
Inertia weights control the global and local velocity, are set to be 0.9 and 0.6, respectively.

2.3.2 Production Optimization

To quantitatively evaluate the balanced degree of well production for a gas reservoir with edge/bottom
water, the unbalanced exploitation factor (UEF) Ef is defined, which is used to reflect the difference between
the formation pressure for each well group and the average gas reservoir pressure. The smaller the UEF is,
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the more balanced the degree of reservoir is. Indeed, this factor is the function of the production rate for
each well group, and the expression is shown in Eq. (29):

n
Zl (Pj_Pavg)2
Jj=

n

min E f(a) = (29)

_q) = [QL QZ, Tt qn—l: Qn]

where, E f<3> is the UEF of gas reservoir, dimensionless; P; is the formation pressure of well/well group j

at the end of the production period, MPa; P,y is the average gas reservoir pressure, MPa; 21) is a vector that
contains the gas production rate for each well/well group, and g; is the gas production rate of well/well
group j, 10* m%/d.

Based on the presented production history match and parameters inversion method in Section 2.3.1
and the proposed production optimization method in Section 2.3.2, a flowchart for gas formation pressure
match, parameter inversion, and production optimization for each block was established, as shown in Fig. 2.

Input cumulative gas production, cumulative water production, and
formation pressure data for each well group

Apply (RTA) to determine control reserve, aquifer volume, conductivity ,
water influx index, etc.
1

l Determining the variation range with optimized inversion parameters l

l Particle position vector initialisation l

Calculate the value of each particle and
determine the optimal swarm position

Gas reservoir MBE with
recharge

Update particle velocity and position

l Calculate the value of each particle

reshold met or
maximum iteration step
reached

Obtain the optimal cumulative gas production, cumulative water
production, and formation pressure for each well group
¥

Calculation of cumulative gas production, cumulative water production, water influx, and
formation pressure based on the original scheme

12
Initialise PSO algorithm ]
52

l Constructing the formation pressure standard deviation as the objective function ‘

)

Calculate the objective function l

N

hether termination
conditions are
satisfied

Output the final result

Figure 2: Flowchart of formation pressure matching and inversion calculation for model parameters.
3 Model Validity

To verify the accuracy and the validity of the model established in Section 2, a numerical simulation
model for an edge/bottom water gas reservoir with two gas wells was developed, as shown in Fig. 3. The
location of wells P1 and P2 is defined as Zones 1 and 2, respectively. For the base case, the dominant area and
gas reserves are assumed to be identical for both wells. An intermediate zone with different permeability
from the two blocks is included to characterize seepage channels with varying conductivities. The specific
model parameters are given in Table 2, and the relative permeability curves are shown in Fig. 4:
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Table 2: Parameters of the numerical simulation model.

Parameters Value Parameters Value
Grid size/m 10x 10 x 10 ~ Zone 1/Zone 2 gas reservoir permeability/mD 100
Grid number 180 x 80 x4  Flowing channel permeability/mD 0.01
Formation temperature/°C 140.2  Flowing channel size/m 20 x 800 x 40
Top depth of gas reservoir/m 4300 Initial formation pressure/MPa 75.8
Porosity/% 15 Gas well production rate/(10* m*/d) 10(P1), 20(P2)
Total compressibility/MPa™ 5.943 x 10>  Production time/d 1500
Zone 1/Zone 2 gas reserves/10® m* 12.1  Connective Conductivity/(mD-m) 10
Zone 1/Zone 2 aquifer volume/10® m* 10  Zone 1/Zone 2 water influx index/(m®*/d/MPa) 10,000

_—— T | —

ImD 25mD 50mD 75mD 100mD

Figure 3: Permeability map for the synthetic gas reservoir numerical simulation model.

SGWFN (Gas-Water Saturation Functions)

am— 2007

Fc bor

T
Krw

g

Figure 4: Relative permeability functions corresponding to the numerical model parameters in Table 1.

According to the above-presented numerical simulation model, the cumulative gas production of P1
and P2 wells, the formation pressure of each block and cumulative water influx can be obtained. The model
parameters, such as gas reserves, connectivity conductivity, aquifer volume, water influx index and the
cumulative gas and water production rate are inputted into the model to calculate the formation pressure
of these two blocks, inter-wells/well groups crossflow rate, and the total cumulative water influx rate into
the gas reservoir were obtained, which are compared with the numerical simulation results (Fig. 5b). It
can be seen from this figure that with the presented model in this study, the formation pressure for each
block, inter-well/well groups crossflow rate and cumulative water influx can be predicted accurately. The
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results show that the average errors between formation pressure, inter-wells/well groups crossflow rate and
cumulative water influx rate, and the numerical simulation values are 0.01%, 6.41% and 6.75%, respectively,
which are less than 10%. As the formation pressure is the main parameter that is matched with this proposed
model, the average errors between formation pressure and numerical simulation value are the smallest.
Actually, the inter-wells/well groups crossflow and water influx are unsteady state; however, in this article,
to simplify the calculation, the inter-wells/well groups crossflow rate and water influx rate are calculated
with the pseudo-steady state equations, which causes the errors with the numerical simulation values to be
larger than the formation pressure. Generally, these differences are relatively small, which conforms to the
needs of applications, thus verifying the accuracy and validity of the model.
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(a) Matching of formation pressure between numerical simulation (b) Comparison of the calculated and modeled crossflow rate
and the proposed model between the numerical simulation and the proposed model
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=
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[—1
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Production time/d

(c) Comparison of cumulative water influx between calculated and modeling results
Figure 5: Matching of formation pressure and comparison of gas crossflow rate and cumulative water influx.
4 Sensitivity Analysis
To show the robustness of the proposed model under varying reservoir and production conditions,
it is essential to conduct the sensitivity analysis of the varied production rate, Inter-well/well groups

conductivity and aquifer volume on the production performance. The following section mainly shows the
influences of these three parameters on the matching accuracy and the prediction errors.

4.1 Production Rate

Adjustments of the gas wells’ production rate can lead to changes in reservoir pressure, thus the
direction and the rate of gas flow, and the water influx rate between the target well and surrounding wells
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are influenced. To test the reliability of the model under different gas well production rates, two sets of
experimental cases were developed. For case 1, the production rate of well P1 is 10 x 10* m*/d during the
period 1~181 d, and the rate changes to 30 x 10* m*®/d from the 182nd day. For case 2, the well P1 is shut
during the period 1~181 d, and the rate changes to 40 x 10* m3/d from the 182nd day. In these two cases, the
gas production rate is constant. According to the above two cases, firstly, numerical simulation was used to
obtain the gas well production performance and pressure data. These data were input into the established
model to calculate formation pressure, inter-wells/well groups crossflow rate and cumulative water influx
rate. The comparisons between numerical simulation and calculated results are shown in Fig. 6.

76 140
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120 A Case 2-simulation
£ Case 2-modelling
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2 &
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Figure 6: Matching of formation pressure and comparison of gas crossflow rate and cumulative water influx under
different gas well production rates. The circles and triangles represent the data obtained from numerical simulation,

and the solid lines represent the results that are calculated with the proposed model.

It can be seen from Fig. 6a that the formation pressures in zones 1 and 2 under different production rates
are matched and predicted very well with the presented model. The deviations for formation pressure, gas
crossflow rate, and cumulative water influx in these two cases are 0.004%/0.003%, 4.5%/4.2%, and 6.6%/6.2%,
respectively. All these values are lower than 7%, which verifies the accuracy of the model. Through the
observation of Fig. 6b, for case 2, due to the shut-off of well P1 in the period of 1~181 d, the formation
pressure for zone 1 is higher than zone 2, which makes the rise of cumulative gas crossflow rate from zone 1
to zone 2. While on the 182nd day, well P1 begins to produce with the rate of 40 x 10* m3/d, after about 180
days’ production, the formation pressure of zone 1 is lower than zone 2, and the direction of gas crossflow
reverses. The gas in Zone 2 starts to flow to Zone 1, which indicates the gas crossflow rate from Zone 2 to
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1 is negative, and then the cumulative gas crossflow rate from Zone 1 to 2 reduces gradually. However,
compared to the model that does not consider water influx [35], due to the supplement of water influx, the
formation pressure of these two zones for different gas production rates is almost identical with each other.
In addition, it can be seen from Fig. 6¢ that due to the shut-in of well P1 in the early stage for case 2, the
rise of the cumulative water influx rate is significantly lower than case 1. However, because the cumulative
gas production for these two cases is nearly identical, it results in the same cumulative water influx at the
end of the period for these two cases.

4.2 Inter-Well/Well Groups Conductivity

Due to reservoir heterogeneity, the inverted conductive conductivity may vary significantly among
different well groups within a given gas reservoir. To investigate the applicability of the model under
different connectivity conditions, the inter-well or inter—well-group permeability was adjusted to simulate
reservoir production performance over a range of conductivity values. Therefore, two cases are designed
with inter-well/well groups permeabilities of 0.05 mD and 0.005 mD, and the corresponding conductivities
are 50 mD-m and 5 mD-m, respectively. The rest of the parameters are kept constant with the base case.
Numerical simulation is used to obtain the gas and water production rate. The proposed model is applied
to match the production data and calculate the inter-block gas crossflow rate and cumulative water influx
rate, which are shown in Fig. 7.
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Figure 7: Matching of formation pressure and comparison of gas crossflow rate and cumulative water influx under
different inter-well groups connective conductivity the circles and triangles represent the data obtained from numerical
simulation, and the solid lines represent the results that are calculated with the proposed model.
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It can be seen from Fig. 7 that the model proposed in this paper can match the formation pressure
for these two cases very well, and the relative error is less than 0.01%. There is good conformity between
the calculated inter-block gas crossflow rate, cumulative water influx and the values acquired from the
numerical simulation, and the errors are 5.2%/8.3% and 7.5%/7.8%, respectively, which are relatively small
and below 10%. These results confirm the accuracy of the model calculations. It can also be seen from this
figure that when the inter-block permeability is low, the conductivity between zones 1 and 2 is relatively
poor, which leads to a significant reduction of gas supplement from zone 1 to zone 2. Thus, the formation
pressure in zone 1 for case 1 is much higher than in case 2, while the formation pressure in zone 2 is
lower than in case 1. However, since the cumulative gas production rate remains constant, the change in
cumulative water influx is the same in these two schemes.

4.3 Aquifer Volume

The heterogeneous distribution of the aquifer in the gas reservoir makes the aquifer volume for one
well vary greatly. Thus, through the change of aquifer volume for each dominant area, two cases with
different aquifer volumes are designed properly to explore the validity of the presented model at different
aquifer volumes. In case 1, the aquifer volume for two zones is 1 x 10® m?, and the aquifer multiplier is 23.4.
In case 2, the aquifer volume for two zones is 0.1 x 108 m®, and the aquifer multiplier is 2.34. According to
the designed cases, the production data can be obtained from numerical simulation, and then the formation
pressure, inter-block gas crossflow rate and cumulative water influx can be matched with the presented
model, which are shown in Fig. 8.
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Figure 8: Matching of formation pressure and comparison of gas crossflow rate and cumulative water influx under
different aquifer volumes. The circles and triangles represent the data obtained from numerical simulation, and the
solid lines represent the results that are calculated with the proposed model.
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Through the statistics of the matching results in Fig. 8, it can be found that it is found that the errors
between the calculated formation pressure, inter-block crossflow rate and cumulative water influx and
the numerical simulation results for these two blocks are 0.007%/0.014%, 4.95%/6.15%, and 5.38%/3.68%,
respectively. All errors are below 7%, which also confirms the accuracy of the presented model. Through
the observation of Fig. 8, due to the larger aquifer multiplier in case 1, the aquifer supplement is more
sufficient, which makes the formation pressure and cumulative water influx of the gas reservoir in zones
1/2 in case 1 significantly higher than that in case 2. In addition, the sufficient supplement of water in
case 1 reduces the pressure difference between Zone 1 and 2, which makes the inter-block cumulative gas
crossflow rate of case 1 significantly lower than the values in case 2.

5 Field Application
5.1 Evaluation of Inter-Well Groups Connectivity and Aquifer Volume

For the LWM gas reservoir in the Moxi gas field, there are three types of storage and seepage bodies:
pores, fractures and vugs, which have serious heterogeneity. There are large differences in the drilled
gas formation properties for each well/well group, which have the characteristics of connectivity and gas
supplement among the beaches. In this study, a typical block is taken as an example. According to the
geological and dynamic recognition, this reservoir with 18 gas wells is divided into 7 well groups (Fig. 9). In
this gas reservoir, well groups G2 and G6 have an edge/bottom aquifer, which leads to the water production
of gas wells in these two groups. According to the locations for each well group, the connection table
can be determined, which is shown in Table 2. Through the utilization of the following material balance
equation (FMB), rate transient analysis, the initial gas reserve for each well group can be acquired. The
original gas reserve values in Table 3 were estimated using traditional rate transient analysis methods,
such as FMB, Blasingame, and Agrawal-Gardner, based on production rate and wellhead pressure data.
However, these methods do not consider inter-well connectivity or water-drive effects, which may reduce
accuracy. In contrast, the inverted reserves were obtained using the proposed multi-block material balance
model, which incorporates both inter-well flow and aquifer support, offering a more reliable estimate under
complex reservoir conditions. Eq. (8) is used to calculate the initial inter-well groups conductivity, and the
aquifer multiplier and water influx rate are obtained from numerical simulation and MBE.

0 2 4 6 Tun
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Figure 9: Schematic of divided well groups in LWM gas reservoirs.
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Table 3: Parameters and connections of well groups within the well block.

Well Group Wells Gas Reserves/10® m® Connected Well Group
G, 2 43.0 Gy, G
G, 3 104.4 Gy, Gs, Gg, G
Gs 1 66.1 Gy, Gi, G
G, 2 177.8 Gs, Gs, Gy
Gs 4 211.2 Gy, Ge, Gy
Ge 3 152.1 Gy, Gy, Gs, G,
G, 3 122.0 Gy, Gs, Gy, Gs, Gs

With the established model in this paper, the formation pressure for each well group was matched
(Fig. 10). At the same time, the proposed method for formation pressure matching and parameter inversion
(Fig. 2) was applied to obtain the inter-well groups conductivity, gas reserves in the dominant area, aquifer
volume, and water influx rate. The results are shown in Table 4. It can be seen from Fig. 10 that there is
a good consistency between the calculated results and actual values, which indicates that the matched
model is highly reliable. In Table 4, it can be found that the differences between the initial gas reserve and
the inverse gas reserve are small. The two well groups (G2 and G6) with edge/bottom water have small
aquifer multipliers, which are below 0.1 and suggest an insufficient aquifer supplement. However, due to the
existence of fractures and vugs, the edge/bottom water flows along the flow preferential seepage channels
to the wells, and thus the water influx index is larger, which is larger than 4 x 10* m®/MPa/d. By observing
the inverse inter-well groups conductivity for each well group (Fig. 10), it can be found that the conductivity
between well groups G2 and G7 is the highest, which is 297.2 mD-m. Then it is the conductivity between
well groups G2 and G3, which is 222.4 mD-m. These results indicate that well group G2 (X9-3-X1, X9-3-X2,
X9-3-X3) has better connectivity with well group G3 (X13) and well group G7 (X9, X9-2-H2, X9-X2). This
conclusion is consistent with the results obtained from the well interference test in the literature [2], which
further verifies the accuracy of the interpretation of the proposed model.
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Figure 10: Formation pressure match for each well group.
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Table 4: Statistics of inversion results for each well group.
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5.2 Optimization of Gas Well Production

Based on the matched MBE model in Section 5.1, the balanced exploitation is taken as the target, and
the optimization of the MX9 area in the LWM gas reservoir is carried out. The optimization period is one
year (360 days), and the average daily gas production rate in the last month of the historical production
period for each well group is used as the initial value for gas production prediction. For the water production
wells/well groups, the water/gas ratio is assumed to remain unchanged, which was used to determine the
water production rate. With consideration of the actual production conditions, the gas wells” production
rate varies from 0.5 to 2.0, and the number of optimization iterations is set to be 20. The variation of the
gas reservoir UEF with the number of iterations is shown in Fig. 11. It can be seen from the Fig. 12 that as
the number of iterations increases, the UEF decreases from the initial value of 5.9 to 5.1, which decreases by
12.9%. This indicates a significant improvement in the degree of balanced development for each well group
in the gas reservoir.
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Figure 11: Comparison of inversion inter-well group conductivity results.

Through the comprehensive analysis of the formation pressure curves for each well group before and
after optimization (Fig. 13), it can be easily seen that the differences in formation pressure for each well
group reduce significantly. Before the optimization, the well groups G1~G3 had smaller reserves and lower
cumulative gas production. Additionally, there is higher reservoir pressure in these well groups due to the
influence of water influx. In contrast, well groups G4, G5, and G7 have higher cumulative gas production
rates and lower reservoir pressure. However, the formation pressure of well group G6 is significantly higher
than well groups G4, G5, and G7 due to the influences of water influx. By optimizing the production rate
of gas wells/groups, as shown in Fig. 14, the production rate for well groups G1~G3 is increased, which
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leads to a significant decrease of formation pressure in these well groups, and the reduction ranges from
0.9 to 2.6 MPa. However, this also results in the increase of water influx by 0.6 x 10* m®. Meanwhile, by
reducing the production rate for well groups G4-G7, the reservoir pressure in these groups increased by 0.7
to 2.1 MPa. At the same time, the reduced production leads to a decrease in the water influx by 0.7 x 10* m>.
From the aspect of the whole gas reservoir, the pressure of the gas reservoir is lifted and the cumulative
water influx is reduced by 0.1 x 10* m3, and the effects of balanced development are achieved, which can
support the high and stable production of the gas reservoir in the long term.

e
o

o
S}

UEF,dimensionless
(9]
SN

W

1 3 5 7 9 11 13 15 17 19 21
Number of iterations

Figure 12: Variation of UFE with the iteration number.
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6 Conclusions

(1) Based on the MBE model with supplement in edge/bottom water-drive gas reservoir, the concept of
connectivity conductivity is introduced. The successive iteration method and the Fetkovich water
influx model are used to solve this model. In combination with PSO, the formation pressure for each
block is matched perfectly and the inter-well groups’ conductivity, aquifer volume, and water influx
index are inverted accurately.

(2) Synthetic cases for different production rates, inter-well group conductivity, and aquifer volume are
designed properly. Through the comparisons with the formation pressure, cumulative water influx, and
inter-well group gas crossflow rate that are acquired from numerical simulations, the errors between
the presented model and the numerical simulations are less than 10%, which verifies the accuracy of
the established model.

(3) A gas block in the LWM gas reservoir is taken as an example; the proposed model is used for the
matching of formation pressure and the inversion of conductivity, gas reserves, cumulative water
influx, and water influx index. The results show that the formation pressure for each block can be
matched well, and the inverse connectivity conductivity is consistent with the conclusions of the well
interference test, which further proves the reliability of the proposed model.

(4) The UEF is defined to represent the unbalanced development degree of a gas reservoir. After the
optimization of the target gas reservoir in a year, the UEF decreases by 12.9%, and the formation
pressure of some well groups is lifted by 0.7~2.1 MPa. In addition, the cumulative water influx rate
decreases by 0.1 x 10* m®, and the effects of balanced exploitation are achieved primarily, which
provides some support for the high and stable production of the gas reservoir over a long period.

7 Limitation

The connectivity evaluation framework proposed in this study provides a quantitative and continuous
characterization of dynamic inter-well-group communication. The resulting conductivity values offer an
effective basis for interpreting different flow communication mechanisms between well groups. At present,
this study does not explicitly incorporate enhanced recovery strategies based on the connectivity analysis.

Future work may further integrate the proposed framework with targeted numerical simulation models
to explore the potential implications of different connectivity conditions on recovery performance. In
cases of weak connectivity, limited crossflow may indicate insufficient pressure support and incomplete
drainage, which could be examined in future studies using localized stimulation or zonal control scenarios.
For moderately connected well groups, partial pressure interference may warrant further investigation
into production balancing strategies. Strongly connected well groups, which are more sensitive to pressure
interference and aquifer response, may also be examined through coordinated, group-level production
control scenarios. These aspects are beyond the scope of the present study and are suggested here only as
possible directions for future research.
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