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Productivity prediction and dynamic description of carbonate gas reservoirs are very important to 
improving development efficiency. In this paper, we study the productivity evaluation and reasonable 
production allocation of the carbonate gas reservoir in the HS 4 block. Through gas test and production 
data, the dynamic productivity equation of a gas well is established using various equations. The 
influencing factors of productivity change are analyzed, and the main control effects of geological, 
engineering, and production factors on productivity are discussed. Based on the study of the main 
controlling factors of gas reservoir productivity, the one-point method is modified to establish the 
gas reservoir productivity equation, predict the new drilling productivity, and put forward reasonable 
production allocation suggestions. The seepage model of a single well and well group based on a 
fractured-vuggy gas reservoir is constructed, and the reservoir permeability characteristics of the 
gas reservoir are described in detail. Notably, this study innovatively modifies the traditional one-
point method by classifying reservoir types (pore-type and fractured-vuggy) to establish targeted 
productivity equations, effectively addressing the accuracy limitations of single-method applications 
in complex carbonate gas reservoirs. Furthermore, the integrated use of grey correlation analysis, 
Pearson method, and fractured-vuggy seepage models realizes the comprehensive quantification of 
geological, engineering, and production factors on productivity, which fills the gap of lacking a unified 
and multi-method collaborative productivity prediction framework for such reservoirs in previous 
studies. The research shows that (1) The thickness and physical properties of fractured-vuggy reservoirs 
are positively correlated with gas well productivity, and the water production of gas wells is negatively 
correlated with productivity. (2) The modified one-point method and the dynamic model method can 
effectively predict the new drilling productivity and optimize the gas well production plan. (3) Wellbore 
pressure loss and near-well pressure loss are the main influencing factors of gas well productivity. (4) 
The analysis of the grey correlation method and the Pearson method shows that there is a significant 
correlation between geological, development, and engineering parameters and gas well productivity, 
which provides a basis for gas reservoir development.
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Carbonate gas reservoir is one of the most important natural gas resources in the world, and its exploitation 
and development play an important role in the energy industry1. Due to the complex geological characteristics, 
heterogeneous reservoir structure, and complex seepage behavior of carbonate gas reservoirs, the application 
of traditional gas reservoir development methods and productivity prediction techniques in their development 
has certain limitations, especially in fractured-vuggy gas reservoirs. Gas well productivity is affected by many 
factors, such as geology, engineering, and production2,3. Therefore, it is very important for the rational utilization 
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of resources and the economy of development to carry out research on the productivity prediction method of 
carbonate gas reservoirs and improve the development efficiency of gas reservoirs.

The productivity prediction and dynamic description of gas reservoirs are the basis for the efficient 
development. The core problem of productivity evaluation is how to accurately predict the productivity of gas 
wells and reveal the main controlling factors in the dynamic change process of gas reservoirs4. At present, the 
productivity prediction methods for carbonate gas reservoirs mainly include empirical formulas, productivity 
equations, numerical simulations, and dynamic models. Although these methods can reflect the productivity 
characteristics of gas reservoirs to a certain extent, there are still some errors and applicability limitations in 
dealing with complex reservoir structures and multi-factor effects. In addition, accurately evaluating the 
productivity change of gas wells at different development stages and determining a reasonable production 
allocation scheme are also important issues in gas reservoir development.

In recent years, with the progress of oil and gas field development technology, some progress has been made 
in the research of dynamic reserves evaluation, productivity prediction, and reasonable production allocation. 
Given the complexity of carbonate gas reservoirs, researchers have proposed a variety of productivity prediction 
methods suitable for different reservoir types and combined numerical simulation and dynamic model 
methods to gradually improve the accuracy of productivity prediction5. However, most of these studies focus 
on the discussion of theoretical models and the application of single methods, lacking a comprehensive analysis 
framework and a unified productivity prediction system suitable for different gas reservoir types.

Compared with published studies on carbonate gas reservoir productivity prediction, this work has two key 
innovations:

First, the traditional one-point method—widely used in productivity evaluation—adopts fixed empirical 
coefficients for all reservoir types in existing research, leading to large prediction errors in complex reservoirs. 
In contrast, this study modifies the one-point method by classifying reservoir types (pore-type and fractured-
vuggy), which solves the poor adaptability of the traditional method to heterogeneous carbonate reservoirs, a 
gap in previous studies.

Second, most existing works rely on single methods to analyze productivity-influencing factors, failing to 
comprehensively quantify the combined effects of geological, engineering, and production parameters. This 
study innovatively combines grey correlation analysis and Pearson method to evaluate multi-factor correlations 
with productivity, and further integrates this analysis with fractured-vuggy seepage models. It also links the 
modified one-point equation with dynamic models to form an "evaluation-prediction-optimization" integrated 
framework for production allocation—an approach rarely reported in existing literature.

In this study, the carbonate gas reservoir in HS 4 block is taken as the research object. According to the 
geological characteristics and engineering technical characteristics of the gas reservoir, the research on gas 
reservoir productivity evaluation, reasonable production allocation and dynamic reserves evaluation is 
systematically carried out. Firstly, based on the gas test and production data, the dynamic productivity equation 
of gas well is established by using various equations, the main influencing factors of gas well productivity change 
are analyzed, and the main controlling factors in gas reservoir development are revealed. Secondly, although 
the traditional one-point method is widely used in gas reservoir productivity evaluation, its applicability and 
accuracy are often insufficient in the face of complex reservoir conditions. In this paper, an improved one-
point productivity equation is established according to different reservoir types, and an improved gas reservoir 
productivity prediction method is proposed. Combined with the dynamic model method, the production 
allocation scheme of gas wells is optimized. Finally, by constructing the seepage model of single well and well 
group of fractured-vuggy gas reservoir, the characteristics of reservoir permeability are described in detail, 
which provides a theoretical basis for the dynamic description of gas reservoir.

Gas well productivity analysis and dynamic evaluation
Based on the analysis of gas test and production data, a variety of equations are used to calculate the open 
flow of gas wells, establish the dynamic productivity equation of gas wells, track and evaluate the productivity 
changes of gas wells, use the theoretical model to reveal the influencing factors of gas well productivity, analyze 
the influence of geology, engineering, and production, and clarify the main controlling factors of productivity6.

Basic concept and calculation method of gas well productivity
Typical productivity evaluation methods for gas wells include empirical formula method, productivity equation 
method, numerical simulation method and dynamic model method (Table 1). Different productivity equations 
and analysis methods are different in well type, data source and applicability. Combined with the characteristics 
of fractured-vuggy gas reservoirs, the binomial productivity equation in the form of pseudo-pressure has good 
applicability and can provide more reliable evaluation results7.

Typical gas well productivity evaluation analysis uses a variety of methods and equations to calculate the 
dynamic, open flow rate of the gas tests and production tests. Taking TS 4 well as an example, the technical 
process of productivity evaluation and reasonable production allocation analysis is expounded in detail.

Four working systems were tested, and the corresponding wellhead Pressure were 58.2  MPa, 55.9  MPa, 
50.6 MPa, and 38.7 MPa, respectively, and the wellhead static pressure was 60.6 MPa. According to the pipe 
flow equation and the average parameters, the calculated bottom hole flow pressures are 69.82 MPa, 68.49 MPa, 
65.54 MPa, and 62.41 MPa, respectively, and the converted bottom hole static pressure is 71.8 MPa. The open-
flow capacity is 356–567 × 104m3/d, which is analyzed by the pressure-square method, pseudo-pressure method, 
binomial, and exponential open-flow capacity formula12. Finally, it is recommended to use the binomial 
productivity equation in the form of pseudo-pressure to calculate the open flow capacity, and the result is 
445 × 104m3/d (Table 2) .
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By using the pipe flow equation and the equilibrium parameter equation, the bottom hole flow pressure 
(Fig. 1) is converted, and the shut-in static pressure is calculated. The results show that the pressure drop per unit 
flow pressure and the cumulative gas production fluctuate significantly (Fig. 2), with an average of 0.26 × 108m3/
MPa. The cumulative gas production per unit pressure drop in February 2024 is 0.44 × 108m3/MPa, and the 
cumulative gas production per unit pressure drop is 0.39 × 108m3/MPa.

In the gas test stage, the open flow capacity is slightly higher than that in the production stage, and it shows 
a downward trend after production. The open flow range of the gas test stage is 179–445 × 104m3/d, and the 
production stage is 329–301 × 104m3/d. The open flow capacity in the production stage is slightly lower than that 
in the gas test stage, which may be caused by the low flowback rate and the pollution at the bottom of the well.

One-point method open flow analysis, general one-point method productivity equation :

	

QAOF = 2(1 − αqg)

α(
√

1 + 4(1−α)pD
α2 − 1)

� (1)

According to the data of 16 wells in 6 gas fields in China, Chen Yuanqian calcu-lated α = 0.25 and obtained the 
one-point productivity equation :

Fig. 1.  Pressure conversion curve of TS 4 well.

 

Nozzle/mm Wellhead Pressure/ MPa Yield/104m3 (Mscf/d) Converted bottom hole static pressure/MPa Converted bottom hole flowing pressure/MPa

7.1 58.2 39.9(14,100) / 69.82

9.9 55.9 70.1(24,750) / 68.49

12.7 50.6 114.0(40,260) / 65.54

20.2 38.7 205.2(72,460) / 62.41

Closing-in 60.6 0.0 71.6 /

Table 2.  Test data.

 

Type Typical method Characteristics

Empirical formula
One point method8

qAOF = 6q√
1+48

(
p2

R
−p2

wf

p2
R

)
−1

Regression equation coefficient, easy 
data source, simple application

Stable point productivity binomial9 p2
R − pwf2 = A′qsc + B′qsc2 Need to produce a stable point

( quasi-steady state )

Binomial deliverability equation10
Pressure / pressure square p2

R − p2
wf = Aqsc + Bq2

sc

According to the regression 
equation coefficient of test data, the 
productivity equation is constructed

Quasi-pressure ψR − ψwf = Aqsc + Bq2
sc

Exponential productivity equation11
Pressure / pressure square qsc = C

(
p2

R − p2
wf

)n

Quasi-pressure qsc = C(ψR − ψwf )n

Numerical simulation method Large amount of calculation, complex

Dynamic model method ( well test, numerical well test, material balance coupling 27model, etc. ) Based on the validation dynamic 
model

Table 1.  Summary of conventional productivity equation and analysis method.
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QAOF = 6qg√
1 + 48(

p2
e−p2

wf

p2
e

) − 1)
� (2)

In the formula, QAOF is the open flow capacity of the gas well, 104m3/d; qg is the production of gas wells 
underground standard conditions, 104m3/d; α is the empirical coefficient; PD is dimensionless pressure; Pwf is 
bottom hole flowing pressure, MPa; Pe is formation pressure, MPa.

The open flow capacity calculated by the binomial formula of the productivity at the stable point is 304–
267 × 104m3/d, which is gradually decreasing (Fig.  3) and has decreased by 12% so far. The reasons for the 
decrease in productivity are analyzed, mainly the decrease in formation pressure.

Numerical analysis method to calculate the current capacity : open flow 298–427 million square/day(cubic 
meters per day), recommended open flow value of 3.86 million square/day(cubic meters per day), numerical 
analysis method to calculate the current open flow: binomial method 298–386 × 104m3/d, exponential method 
321–427 × 104m3/d.

Based on the comprehensive comparative analysis of multiple methods, the productivity equations of the 
gas test stage and the production test stage are determined. The open flow capacity in the gas test stage is 6.45 
million square/day(cubic meters per day), and the open flow capacity in the production test stage is currently 
4.05 million square/day(cubic meters per day) (Table 3).

Comparative analysis of gas well productivity: The gas well productivity in the production test stage is 
significantly lower than that in the gas test stage, and the productivity decreases significantly (Fig. 4). The average 
single well open-flow capacity of the block is 5.11 million square/day(cubic meters per day), and the production 
capacity in the production test stage (at present) is significantly lower than that in the gas test stage. The open 
flow rate in the gas test stage is 188–756 million cubic meters/day, with an average of 5.11 million cubic meters/
day, and the open flow rate in the trial production stage (current) is 27–492 million cubic meters/day, with an 
average of 3.09 million cubic meters/day. At present, the average productivity of gas wells has decreased by 
39%. The reasons for the decrease in gas well productivity include the decrease in formation energy and water 
production of gas wells.

The key factors that determine the productivity of gas wells and the stable production capacity of gas 
reservoirs are :

Fig. 3.  Stable point productivity binomial method to calculate open flow capacity histogram.

 

Fig. 2.  The cumulative gas production histogram of unit flow pressure drop in TS 4 well.
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(1) Geology, engineering, development, and other aspects: common factors (geology): pressure, reservoir 
physical properties, fluid properties, skin factor (pollution, high-speed non-Darcy), supply radius, etc. ;

(2) Tight gas reservoir (geology): time-varying effect (transformation, stress sensitivity, and relative 
permeability, etc.), starting pressure gradient, physical properties, etc. ;

(3) Fractured-vuggy gas reservoir (geology): the development degree of cave and fracture, the development 
mode of fracture-vuggy body, the supply capacity of the matrix, etc. ;

(4) Non-uniform water invasion (development): too fast mining speed causes a series of problems, such as 
rapid water invasion of gas reservoirs, water-sealed gas, and increased water content, resulting in a decline in 
productivity ;

(5) Wellbore blockage (engineering) : reservoir sand production, wellbore scaling and other factors cause 
wellbore blockage, resulting in a decline in gas well productivity.

Gas well productivity influence and main control factor analysis
Wellbore pressure loss and near-well pressure loss are the key factors that directly affect the productivity of 
gas wells13–17. The larger the skin factor is, the more significant the non-Darcy flow effect is, resulting in an 
increase in near-well pressure loss and a significant decrease in gas well productivity (Fig. 5). At the same time, 
the decrease in the inner diameter of the production string and the increase of the relative density of the fluid 
will significantly increase the wellbore pressure loss (Fig.  6), further inhibiting the improvement of gas well 
productivity. These factors work together to determine the actual performance of gas well productivity.

Reservoir pressure loss is an inherent key factor in determining the productivity of gas wells, and some of 
these factors have certain controllability, such as optimization through reasonable well location deployment18. 

Fig. 4.  HS 4 block key wells open flow contrast histogram.

 

Phase Productivity equation Non-resistance flow /(104m3/d)

Gas test stage

Binomial
Pressure squared p2

R − p2
wf = 0.00091q + 1.68 × 10−11q2 499

Quasi-pressure φ2
R − φ2

wf = 0.0158q + 1.23 × 10−9q2 645

Exponential type
Pressure squared qsc = 1613.45 × (p2

R − p2
wf )0.9397 481

Quasi-pressure qsc = 160.88 × (φ2
R − φ2

wf )0.8948 704

One-point method QAOF = 6qg√
1+48(

p2
e−p2

wf

p2
e

)−1)

217

235

256

382

Productivity test 
period

Test mining process

One-point method
Initial production 366

2023.1 341

Stable point productivity 
binomial method

Initial production
p2

R − p2
wf = 7.53q + 6.54 × 10−6q2 661

2023.1 638

Current forecast

Binomial
Pressure squared / 339

Quasi-pressure φ2
R − φ2

wf = 0.03166q + 1.82 × 10−9q2 405

Exponential type
Pressure squared / 299

Quasi-pressure qsc = 40.68 × (φ2
R − φ2

wf )0.9707 453

Recommend φ2
R − φ2

wf = 0.03166q + 1.82 × 10−9q2 405

Table 3.  Productivity equation summary table.
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The reservoir pressure loss is mainly affected by the comprehensive influence of geological factors such as 
structural morphology, trap conditions, fault characteristics, reservoir development degree, and reservoir 
physical properties. These geological characteristics jointly determine the pressure distribution and productivity 
potential of gas wells (Fig. 7,8).

The main controlling factors of gas well productivity involve many aspects, including reservoir physical 
properties, thickness, type, transformation parameters, and production parameters19,20. In order to 
comprehensively analyze the influence of these factors, Grey Relation Analysis (GRA) is used to systematically 

Fig. 7.  Theoretical productivity : influence of permeability and effective thickness: (a) Effect of permeability; 
(b) Effect of effective thickness.

 

Fig. 6.  The normalized analysis diagram of the influence of tubing inner diameter and gas relative density.

 

Fig. 5.  Normalized analysis of the influence of epidermis and non-Darcy coefficient.
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study the correlation between 7 geological parameters, 3 development parameters and 2 engineering parameters 
and gas well productivity.

Grey Relation Analysis (GRA) is a method for analyzing the correlation between variables in ‘grey systems’ 
(systems with incomplete, small-sample, or uncertain data), which avoids the strict requirements of traditional 
statistical methods (e.g., large sample size, normal distribution) on data. The grey correlation analysis method 
is a multi-factor comprehensive statistical analysis method, which can effectively solve the uncertainty problem 
of influencing factors between multiple indicators and quantify the influence degree of each factor on gas well 
productivity (Fig. 9,10). Studies have shown that gas well water production, acid fracturing, reservoir thickness, 
and reservoir physical properties are important factors affecting gas well productivity.

By analyzing the influence degree of each factor, the following order is obtained :
Accumulative water production > acid fracturing fluid volume > gas layer thickness > flow back 

rate > porosity > saturation > well-controlled reserves > reservoir depth > cloud content.

Gas reservoir productivity evaluation and optimization
This section may be divided by subheadings. It should provide a concise and precise description of the 
experimental results, their interpretation, as well as the experimental conclusions that can be drawn.

Gas reservoir productivity equation and prediction analysis
In order to improve the accuracy and practicability of gas reservoir productivity evaluation, this paper improves 
the traditional one-point productivity equation (Table 4), and discusses the applicability of the classification 
reservoir type analysis method. Although the traditional one-point method is widely used in gas reservoir 
productivity evaluation, its applicability and accuracy are often insufficient in the face of complex reservoir 
conditions. Many scholars have improved the traditional one-point method to varying degrees, mainly by 
adjusting the model parameters in the equation or introducing reservoir heterogeneity factors to improve its 
accuracy. However, these improved methods generally have limitations, especially in the face of fractured-vuggy 

Fig. 9.  Apparent productivity : permeability and effective thickness effect.

 

Fig. 8.  Apparent productivity : influence of permeability and effective thickness: (a) Effect of permeability; (b) 
Effect of effective thickness.
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reservoirs or vuggy reservoirs, the traditional one-point method still has the problem of large prediction error. 
In recent years, some studies have tried to evaluate productivity by combining different reservoir types, but there 
is still a lack of comprehensive classification analysis of reservoir characteristics.

In order to overcome these shortcomings, this paper establishes an improved one-point productivity 
equation according to different reservoir types, and classifies and analyzes the applicability of productivity 
evaluation method and gas well allocation analysis method21,22. Based on 32 test data points of 9 gas wells, the 
coefficients of one-point productivity equation (Fig. 11) are optimized by regression analysis. Specifically, this 
paper improves the one-point productivity equations suitable for pore-type and fracture-pore-type reservoirs. 
Through regression analysis, combined with the characteristics of the reservoir, the key parameters in the 
equation are adjusted to better reflect the influence of reservoir heterogeneity on productivity, thus improving 
the accuracy of productivity evaluation23.

Fig. 11.  One-point productivity equation coefficient.

 

Well number Reservoir type
Deliverability evaluation 
method

Improved one-point productivity 
equation

Analysis method of gas well 
production allocation

Suggested reasonable 
production 
allocation /(104m3/d)

HS 6

Hole-type

Quasi-pressure binomial 
productivity equation

qAOF = 12.4qg[√
1+44.7

p2
R

−p2
wf

p2
R

−1

] Critical liquid carrying method 10

TS 3

Critical liquid carrying method
Dynamic model method
Indication curve method

15

TS 402 25

HS 4

Fractured-vuggy

qAOF = 1.67qg[√
1+6.11

p2
R

−p2
wf

p2
R

−1

]
35

TS 4 35

TS 11 35

TS 401 35

HS 401 40

HS 402 25

Table 4.  Improved one-point productivity equation.

 

Fig. 10.  Grey correlation analysis correlation degree and Pearson correlation coefficient histogram.
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The "hole-type" in this table refers to "porous-vesicular reservoir" (a carbonate reservoir type with pores 
and isolated vesicles as the main storage space), not well type (vertical/horizontal wells). It is classified with 
"fractured-vuggy reservoir" to optimize the one-point productivity equation for different reservoir characteristics 
of the HS 4 block.

Reservoir heterogeneity in the HS 4 block (carbonate gas reservoir) mainly manifests in two aspects: reservoir 
type differentiation and spatial variation of physical properties, both of which are verified to directly affect gas 
well productivity through well test data and productivity equation optimization.

Through the improved one-point productivity equation and steady-state productivity equation, the open flow 
capacity of new drilling under different parameters is predicted. Taking the average parameters of the block as 
the basic parameters of the new drilling, according to the two reservoir types of hole type and Fractured-vuggy 
(Fig. 12), the relationship between reservoir permeability and open flow capacity is established respectively.

Based on the dynamic model and chart prediction, the productivity of new drilling under the condition of 
average parameters is as follows: vuggy reservoir: open flow capacity is 2.18 million square/day(cubic meters per 
day); fracture-vuggy formation: open-flow capacity is 4.05 million square/day(cubic meters per day).

Comparative analysis of reasonable production allocation of gas wells
The equations should be inserted in editable format from the equation editor.

At present, the gas well production is close to the reasonable production allocation level, but the overall gas 
reservoir production is still lower than the reasonable production allocation target. At present, 7 wells have been 
opened (Wells TS 401 and 402 are in shut-in state). The average single well production is 270,000 cubic meters 
per day, the average wellhead wellhead Pressure is 47.2 MPa, and the total daily gas production is 1.92 million 
cubic meters per day.

In order to further optimize the production efficiency of gas wells, it is recommended that the reasonable 
single-well production allocation interval is 10–40 million square/day(cubic meters per day), and the average 
single-well production allocation is recommended to be 283,000 square/day(cubic meters per day) (Fig. 13). 

Fig. 13.  The recommended production comparison histogram of key wells in HS 4 block.

 

Fig. 12.  The two reservoir types of hole type and Fractured-vuggy : (a) Vuggy reservoir; (b) Fracture-vuggy 
reservoir.
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After adjustment according to this scheme, the total daily gas production can reach 2.55 million square/day(cubic 
meters per day), which is about 33% higher than the current.

According to the comprehensive analysis results of gas wells, the following suggestions for dynamic work 
of gas reservoirs are proposed to optimize the development effect and improve the management level of gas 
reservoirs :

(1) Strengthen dynamic monitoring data acquisition: Continue to strengthen the dynamic monitoring of 
gas reservoirs and comprehensively acquire key dynamic data such as production pressure, flow rate, and water 
production rate to provide a reliable basis for subsequent analysis.

(2) Combined with monitoring data and reservoir characteristics, an in-depth study of reservoir permeability, 
reserves distribution, and heterogeneity characteristics identifies reservoir dominant areas and potential 
problems.

(3) Strengthen the adjustment of technical countermeasures and measures according to the dynamic 
development of gas reservoirs, adjust the development strategy in time, focus on pressure drop management, 
production optimization, and water-bearing gas well management, and improve development efficiency.

(4) Optimized multi-well well test design: pay attention to multi-well joint test in well test design, optimize 
the coordinated development of productivity test, pressure recovery test and interference test, so as to obtain 
more comprehensive dynamic data.

Analysis of dynamic reserves and water invasion characteristics of gas reservoirs
Dynamic reserves evaluation method
The dynamic reserve evaluation of gas reservoirs is usually based on the material balance theory, and the 
applicability of different methods varies with gas reservoir characteristics and development conditions (Table 
5)24. Dynamic reserves refer to the cumulative gas production of gas wells calculated by the gas reservoir 
engineering method when the production rate is reduced to zero, and the formation pressure is reduced to 
1 standard atmospheric pressure within the affected range, based on the production dynamic data such as 
production and pressure of single well or gas reservoir, under the condition that the existing technology and well 
pattern mining method are unchanged.

The accuracy of dynamic reserves evaluation results is determined by the applicability, reliability, and parameter 
values of the evaluation method, and the accuracy of parameter values is particularly critical, which directly 
depends on the comprehensive admission and analysis of pressure, water invasion, and dynamic monitoring 
data. The original formation pressure and comprehensive compression coefficient are the core parameters 
affecting the calculation results, and they need to be calibrated in combination with reservoir lithology, gas 
physical properties, and dynamic data. The dynamic change of pressure and the degree of water invasion play 
a decisive role in the distribution and calculation accuracy of reserves, which must be fully grasped through 
high-quality dynamic monitoring data25–27. Different evaluation methods need to match the characteristics of 
gas reservoirs and development stages. The empirical formula method is suitable for the early development stage 
but has low accuracy. The material balance method shows high applicability in the stable development stage. The 
numerical simulation method is suitable for complex gas reservoirs and has high accuracy but relies on high-
quality data and model calibration. Only by scientifically selecting evaluation methods, accurately determining 
key parameters, and strengthening dynamic monitoring can the accuracy of dynamic reserves evaluation be 
improved and a reliable basis for gas reservoir development be provided.

Through the analysis of the dynamic reserves of the block, it is found that the characteristics of inter-well 
interference are obvious, and the degree of inter-well interference is about 12%. The superimposed dynamic 
reserves of the single well are 25 billion cubic meters, and the evaluated dynamic reserves of the well group are 
22 billion cubic meters. The difference between the two is 3 billion cubic meters, and the ratio is about 1.2, which 
reflects the significant influence of inter-well interference on dynamic reserves.

Based on a variety of methods, the dynamic reserves of a single well control and well group are evaluated. 
The results show that there are great differences between wells: the dynamic reserves of a single well range from 
2.6 to 6.26 billion cubic meters, a total of 25.04 billion cubic meters; the dynamic reserves of the well group 
range from 2.6 to 9.21 billion cubic meters, a total of 22.02 billion cubic meters (Table 6). The ratio of the single 
well superimposed dynamic reserves to the dynamic reserves of the good group after considering the inter-well 

Method Principle Data Source and Conditions Applicability Relationship Between Single Well and Reservoir

Empirical formula Trend 
comparability Production data, decreasing Single well, gas reservoir Single well superposition is equal to the dynamic 

reserves of gas reservoir

Material balance method

Mass balance

Static pressure test, a certain degree of 
recovery Gas pool Dynamic reserves calculation of gas reservoir

Modern production decline 
analysis method Production data, boundary control flow Single well, gas reservoir Good connectivity, interference, single well 

superposition is greater than the gas reservoir 
dynamic reservesWell test analysis Pressure recovery test, production data Single well, gas reservoir 

(numerical)

Elastic 2 phase method
Filtration theory

Production data, pressure data Individual well
There is superposition interference, and the single 
well superposition is greater than the dynamic 
reserves of gas reservoir

Numerical simulation method Geological model, production data Gas pool Dynamic reserves calculation of gas reservoir

Table 5.  Comparison of dynamic reserves evaluation methods.
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interference is 1.14, and the difference is 3.02 billion square, which further verifies the existence and influence 
of the inter-well interference. Taking the HS 4–401-402 well group as an example, the ratio is 1.15, and the 
difference is 1.36 billion square; the ratio of the TS 4–401-402 well group is 1.21, and the difference is 1.66 billion 
cubic meters, all of which show a certain degree of inter-well interference (about 12%) (Table 6).

Inter-well interference has a certain impact on the evaluation results of dynamic reserves. It is necessary to 
strengthen the analysis of dynamic characteristics of well groups and the management of interference effects in 
the development process to improve the accuracy of reserves evaluation and the scientificity of development 
decisions.

At present, the dynamic and static reserves ratio of the block is 19.8%, indicating that the degree of reserve 
utilization is low. According to the data of proven geological reserves of natural gas reported in 2022, the total 
reserves of the block are 111.459 billion cubic meters, of which the reserves of the second member of the 
Maoshan Formation are 800.28 billion cubic meters, and the reserves of the second member of the Qishan 
Formation are 354.67 billion cubic meters. Through the evaluation of dynamic reserves, the current dynamic 
reserves controlled by the block are 22 billion cubic meters. Compared with the total geological reserves, the 
dynamic and static reserves ratio is 19.8%, indicating that the development and utilization rate is low.

At present, the block is mainly developed in the Mao 2 section, and 9 gas wells have been put into production 
(Fig. 14). According to the reserves analysis of the Maoer member, the dynamic and static reserves ratio is 27.5%, 
and the development degree is relatively high, but the overall reserves utilization rate still needs to be further 
improved.

Combined with the above analysis results, the overall reserves utilization degree of the block is low, especially 
the development and utilization of the reserves of the second member of Qigehai Formation has not been fully 
developed (Table 7). The development plan should be further optimized to improve the reserves utilization rate 
and provide support for the efficient development of gas reservoirs.

By investigating the dynamic model of water invasion and its theoretical basis, its applicable conditions and 
characteristics are analyzed22. The commonly used water invasion dynamic models include the Pod model, 
Schilthuis stable flow model, Hurst modified stable flow model, Van Everdingen-Hurst unstable flow model, 
Carter-Tracy unstable flow model, and Fetkovich model. These models provide important theoretical support 
for the dynamic analysis of water invasion in typical well groups. In the dynamic analysis of water invasion in 

Fig. 14.  HS 4 block dynamic reserves histogram.

 

Individual well

Single well dynamic reserves(108m3)

Well group 
unit

Dynamic reserves of well group(108m3)

RTA 
method(Harmony)

RTA 
method(Topaz)

Material 
balance 
method

Single well 
value

RTA 
method(Harmony)

Material 
balance 
method

Comprehensive 
value

TS 4 45.3 48.7 32.2–53.3 45.0
TS 4–401-402 
well group 82.2–83.5 79.2–94.1 80.7TS 401 32.4 34.9 16–32.6 32.3

TS 402 20.0 21.3 15.6–20 20.0

HS 4 62.6 66.7 62.6–74.7 62.6
HS 4–401-402 
well group 89.7–90.9 79.2–94.1 92.1HS 401 29.2 27.6 26–35.1 29.6

HS 402 16.2 14.2 13.3–15.9 13.5

HS 6 2.5 2.6 2.3–2.6 2.6 HS 6 2.5 2.3–2.6 2.6

TS 3 4.4 4.9 4.2–4.4 4.2 TS 3 4.4 4.2–4.4 4.2

TS 11 42 47.8 39.1–43.5 40.6 TS 11 42 39.1–43.5 40.6

Total 250.4 Total 220.2

Table 6.  Summary of dynamic reserves evaluation results of HS 4 block.
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typical well groups, the water breakthrough characteristics, water energy, and driving types of gas wells are 
mainly concerned.

According to the investigation, the types of water in the well group are divided into two categories: 
condensate water and formation water. Well, six mainly produces formation water, while other wells mainly 
produce condensate water. HS 6 well (Maokou formation and Qixia combination mining) obviously produces 
formation water. At present, the daily water production is 33 m3/day; the salinity range is 103.72–158.87 g / L, 
and the water–gas ratio is 7.9 m3/104m3. The average water–gas ratio of other wells is 0.1 m3/104m3, and the water 
production is mainly condensate water, which is characterized by a low water–gas ratio.

The water production changes of 9 wells were investigated and analyzed. It was found that only the formation 
water production of the HS 6 well was significant, and the water production of other wells was small and stable, 
which further indicated that the water production characteristics of this well were significantly different from 
other wells (Table 8).

Based on the calculation of the key parameters of water invasion in Well HS 6 ( well-controlled fracture-
cavity unit ), the water body energy characteristics were systematically evaluated (Fig. 15 ). As an important 
index reflecting the relative relationship between water influx and natural gas expansion volume, the water 
drive index is a key parameter for gas reservoir classification, which reflects the influence of water influx on 
gas reservoir driving capacity. The water invasion replacement coefficient is used to calibrate the recovery rate, 

Fig. 15.  HS 6 well ( well-controlled fracture-cavity unit ) water influx histogram.

 

Water 
breakthrough 
type

Well 
number

Production 
horizon Reservoir type

Manufacturing parameter

Daily water 
production

Daily gas 
production

Wellhead 
Pressure

Water air 
ratio

Accumulated 
water yield

Cumulative 
gas 
production

m3/d 104m3/d MPa m3/104m3 104m3 108m3

Formation water HS 6
Maokou 
Formation 
and Qixia 
Formation

Pore type 33.0 4.2 3.2 7.9 1.39 0.75

Condensate 
water

TS 3

Maokou 
Formation

Hole-type
2.8 19.7 17.8 0.1 0.18 2.41

TS 402 2.0 21.2 49.2 0.1 0.08 0.75

HS 4

Fractured-vuggy

2.7 35.5 31.9 0.1 0.25 3.28

TS 4 3.0 37.0 53.9 0.1 0.20 2.83

TS 11 2.5 39.9 51.9 0.1 0.11 1.63

TS 401 2.0 25.0 54.6 0.1 0.06 0.92

HS 401 3.0 60.5 53.2 0.0 0.03 0.56

HS 402 2.0 50.6 53.9 0.0 0.06 0.97

Table 8.  Summary table of water breakthrough characteristics classification of gas wells.

 

Horizon
gas-bearing area
(km2)

Natural gas

Geological reserves (108m3) technical recoverable reserves (108m3) economic recoverable reserves (108m3)

The second segment of maokou formation 602.08 800.28 560.20 388.61

2nd section of Tsuoqi 354.67 314.31 220.01 152.62

Total 602.08 1114.59 780.21 541.23

Table 7.  HS 4 block proven geological reserves summary table.

 

Scientific Reports |         (2026) 16:1650 12| https://doi.org/10.1038/s41598-025-31158-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


reflecting the relative relationship between the net water invasion and the residual gas expansion volume of the 
reservoir, which is an important basis for the recovery analysis. The calculation results show that the current 
water influx of Well HS 6 is 170,000 m3, and the dynamic water body multiple is 1.3, indicating that the water 
influx degree of the well-controlled fracture-cavity unit is more significant, and the water body energy plays 
an important role in driving the gas reservoir pressure and affecting the remaining gas productivity (Fig. 16). 
The above analysis provides a scientific basis for clarifying the dynamic characteristics of water invasion and 
optimizing the development strategy of gas reservoirs. At the same time, it is suggested that further monitoring 
of dynamic parameters and improving the evaluation method of water invasion energy are suggested to improve 
the accuracy and efficiency of gas reservoir development.

Combined with the key parameters of the HS 6 well (well-controlled fracture-cavity unit), the driving type 
and water body energy characteristics are systematically analyzed. The current water flooding index is 0.68, 
indicating that the gas reservoir has obvious elastic water flooding characteristics, and the water body plays an 
important role in driving the pressure recovery process of the gas reservoir. The water invasion replacement 
coefficient is 0.74, which further shows that the well is under the condition of an active water body, and the water 
invasion energy is strong, which has a significant substitution effect on the expansion volume of the remaining 
gas in the reservoir.

The comprehensive evaluation shows that the HS 6 well is a typical elastic water drive gas reservoir, with 
obvious strong water drive characteristics and strong water energy. The above analysis results provide a scientific 
basis for an in-depth understanding of the driving mechanism of gas reservoirs and optimizing the development 
plan. At the same time, it is recommended that water invasion dynamics and water body energy changes 
continue to be paid attention to in subsequent development to ensure the high efficiency and stability of gas 
reservoir development (Table 9).

Through the flow simulation experiment of the combined long core, the water invasion characteristics under 
different water body scales and physical conditions were systematically studied (Table 10, Fig. 17,18). The results 
show that in fractured-vuggy reservoirs, limited-scale water has a significant positive effect on gas reservoir 
energy supplement, which is helpful to maintain gas reservoir pressure and improve development effect. 
However, when the water body is too large, water invasion may aggravate the phenomenon of water channeling, 
resulting in a decline in gas reservoir development efficiency.

Combination number Permeability Pore volume Length

1 0.0578 20.13 45

2 0.0666 15.62 25

Table 10.  Core combination data table.

 

Water flooding index Water invasion replacement coefficient

Type of drive-system Water energy Water flooding index HS 6 Water energy Water invasion replacement coefficient HS 6

Gas drive gas reservoir / 0

0.68

/ /

0.74Elastic water drive gas reservoir

Weak water drive  < 0.1 Inactive 0–0.15

Medium water flooding 0.1–0.3 Secondary active 0.15–0.4

Strong water drive  >  = 0.3 Active  >  = 0.4

Rigid water drive gas reservoir / 1 / /

Table 9.  Evaluation table of water drive index and water invasion replacement coefficient.

 

Fig. 16.  Dynamic water body multiple curve of HS 6 well ( well-controlled fracture-cavity unit ).
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The experiment further reveals that there is a balance point between energy supplement and water channeling 
inhibition in finite-scale water bodies. Reasonable control of the water body scale is particularly important for 
the development of gas reservoirs in fractured-vuggy reservoirs. The above research provides an experimental 
basis for optimizing the development strategy of gas reservoirs and enhancing the energy management of gas 
reservoirs. At the same time, it emphasizes the need to formulate targeted development plans in combination 
with the specific physical conditions of the reservoir to achieve efficient development of gas reservoirs.

Conclusion
It should be noted that the models proposed in this study have specific limitations and acceptable conditions 
based on the HS 4 block’s characteristics: For the modified one-point productivity equation, it is only applicable 
to pore-type and fractured-vuggy carbonate reservoirs (consistent with the block’s main reservoir types) with ≥ 4 
valid single-well gas test data (measurement error ≤ 3%), and cannot be used for tight carbonate reservoirs 
or those with insufficient test data. For the fractured-vuggy seepage model, it fits reservoirs with moderate 
heterogeneity (no isolated super-large vugs) and weak water invasion (water–gas ratio ≤ 8 m3/104m3, similar 
to most wells in the block except HS 6), but fails to describe extreme heterogeneity or severe water invasion 
scenarios. For the dynamic reserves and production allocation model, it is suitable for blocks with inter-well 
interference ≤ 15% (close to the block’s ~ 12%) and average single-well open flow ≥ 1.5 × 104m3/d; large errors 
may occur in blocks with severe interference or low formation energy.

Further development directions: 1) Expand the modified one-point method and seepage model to tight 
carbonate reservoirs, integrating machine learning to use multi-source data (e.g., real-time pressure) and reduce 
test data reliance. 2) Deepen water invasion-productivity model coupling based on long core experiments 
(Chapter 8) to study extreme conditions (high salinity/temperature). 3) Develop a field-oriented dynamic 
production allocation system linked to real-time monitoring28.

Practical significance: Solve poor adaptability of existing methods for multi-type carbonate reservoirs, guide 
targeted water control to reduce productivity loss, and improve the HS 4 block’s 19.8% reserve utilization rate 
and economic benefits.

Fig. 18.  Combination 2 experimental results: (a) The influence of water invasion on reservoir pressure 
dynamics; (b) Effect of water invasion on recovery factor.

 

Fig. 17.  Combination 1 experimental results: (a) The influence of water invasion on reservoir pressure 
dynamics; (b) Effect of water invasion on recovery factor.
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(1) Productivity evaluation method: The pseudo-pressure binomial productivity equation is more applicable 
in the productivity evaluation of fractured-vuggy gas reservoirs. The reasonable production can be determined 
by dynamic model method, indication curve method and critical liquid carrying method. The dynamic reserve 
evaluation method based on modern numerical well test and material balance equation can more accurately 
characterize the complex dynamic characteristics of reservoirs and the influence of inter-well interference.

(2) Productivity change in the gas reservoir development stage: the open flow capacity of the gas well in 
the gas test stage is 5.11 million square/day(cubic meters per day), and the open flow capacity of the gas well 
in the production test stage decreases to 3.09 million square/day(cubic meters per day), and the productivity 
decreases by an average of 39%. This change is mainly caused by formation energy attenuation and gas well water 
production. The analysis shows that reservoir pressure loss, near-well pressure loss and wellbore pressure loss are 
the main determinants of gas well productivity.

(3) Analysis of influencing factors of productivity: The influence of multiple geological, development and 
engineering parameters on gas well productivity is analyzed by grey correlation method and Pearson method. 
It is clear that water production, acid fracturing, reservoir thickness and reservoir physical properties are the 
main controlling factors of productivity. Based on the dynamic model fitting, a reliable method for gas reservoir 
dynamic reserve evaluation and new drilling productivity prediction is proposed.

(4) Dynamic reserves evaluation: The results of dynamic reserves evaluation show that the dynamic reserves 
range of single well is 2.6–6.26 billion squares, and the dynamic reserves range of well group is 2.6–9.21 billion 
squares. There is a significant difference between single well superposition reserves and well group reserves, and 
the degree of interference is about 12%. Inter-well interference has an important impact on reserves assessment. 
Based on the dynamic characteristics of the reservoir and the development effect of the well group, it is suggested 
that the reasonable production allocation interval is 10–400,000 m3/d, and the average production allocation of 
single well is 283,000 m3/d.

(5) Analysis of water invasion influence: Through water invasion dynamic model and long core flow simulation 
experiment, the influence of water body energy on gas reservoir development is analyzed. Well 6 is a strong water 
drive gas reservoir, which proves that it belongs to elastic water drive gas reservoir. The results highlight the 
importance of dynamic monitoring of chloride concentration and risk management of water intrusion.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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