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It has been widely accepted that China is one of the biggest natural gas
consumers. Related to the imports of LNG, China stands in a very
uncomfortable situation. Most domestic gas reservoirs fall within deep water
drive gas reservoirs inordinately, which has entered the production depletion
stage. Accurate estimation of SEC recoverable reserves of deep water drive gas
reservoirs is of great significance for gas consumption planning and peak shaving.
The existing calculation methods of recoverable reserves mainly consist of static
methods and dynamic methods. In the early stage of exploration and
development, the volumetric method has often been utilized to calculate the
recoverable reserves. With the continuous development of gas reservoirs, the
main methods for evaluation are dynamic methods, including the successive
subtraction of production method, water drive curve method, prediction model
method, attenuation curve method, improved virtual curve method, and material
balance method for deep gas reservoirs.
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1 Introduction

Since the beginning of the 21st century, the natural gas industry in China has
witnessed remarkable growth, as shown in Figure 1: the domestic natural gas output has
increased rapidly from 274 × 108 m3 in 2000 to 2,201.1 × 108 m3 in 2022. Additionally,
the proportion of natural gas in the total primary energy production has increased
significantly, increasing from 2.6% in 2000 to 5.9% in 2022 (Statistics, 2023). With the
proposal of the dual carbon goal, natural gas is increasingly being recognized as a clean
and low-carbon fuel source.

China boasts rich natural gas resources. To ensure national energy security and achieve
the dual objectives of economic development and environmental protection, the
government has been committed to vigorously enhancing domestic oil and gas
exploration and development. Natural gas exploration and development has broadened
its scope, moving beyond structural gas reservoirs to lithologic gas reservoirs and covering a
range of different types of gas reservoirs, including single carbonate gas reservoirs, loose
sandstone gas reservoirs, low-permeability tight gas reservoirs, volcanic gas reservoirs, shale
gas, coal bed gas, and others (Xie et al., 2018). The depth of gas reservoirs has also expanded,
ranging from shallow to deep and ultra-deep layers. Gas reservoir exploration has also
expanded from onshore to deep water areas (Lv et al., 2023; Zhang et al., 2023).

OPEN ACCESS

EDITED BY

Feng Dong,
China University of Geosciences, China

REVIEWED BY

Shilai Hu,
Chongqing University of Science and
Technology, China
Wenyang Shi,
Changzhou University, China

*CORRESPONDENCE

Qiao Feng,
fengq_hz@petrochina.com.cn

RECEIVED 19 March 2024
ACCEPTED 25 April 2024
PUBLISHED 05 June 2024

CITATION

Sun Q, Dai C, Wang X, Feng Q, Zhao Q, Yan C,
Xu L and Yuan M (2024), Review about
evaluation methods of recoverable reserves of
deep water drive gas reservoirs in China.
Front. Energy Res. 12:1403259.
doi: 10.3389/fenrg.2024.1403259

COPYRIGHT

© 2024 Sun, Dai, Wang, Feng, Zhao, Yan, Xu and
Yuan. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Energy Research frontiersin.org01

TYPE Review
PUBLISHED 05 June 2024
DOI 10.3389/fenrg.2024.1403259

https://www.frontiersin.org/articles/10.3389/fenrg.2024.1403259/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1403259/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1403259/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2024.1403259&domain=pdf&date_stamp=2024-06-05
mailto:fengq_hz@petrochina.com.cn
mailto:fengq_hz@petrochina.com.cn
https://doi.org/10.3389/fenrg.2024.1403259
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2024.1403259


At present, the main high-quality gas fields that have been built
for more than 10 years have entered the production depletion stage
(Li, 2021). At present, water drive gas reservoirs account for the

majority of the gas fields that have been put into development in
China (LiaoXu and Yu, 2024). The low recovery degree of gas fields
and the production of water are the main reasons for the significant

FIGURE 1
NG production and consumption in China from 2000 to 2024.

FIGURE 2
Water drive gas reservoirs and the recognition diagram of water influx modes (Huang et al., 2022).
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decline in production (Figure 2). Different from water drive
reservoirs, as soon as water starts to produce, it does not play a
role of driving force but will remarkably reduce the natural gas
productivity. In tight water drive gas reservoirs, the measurements of
fracturing are essential for later production-based accurate
recoverable reserve data (Xie et al., 2022). Bottom water coning
and edge water advancing make the water–gas ratio rise
continuously (Wu et al., 2020; Qiu et al., 2023), and gas wells
would stop pumping and producing due to wellbore
accumulation, which seriously affects the gas well productivity,
and the recovery rate is lower than that of constant volume gas
reservoirs, as shown in Table 1. As a common type of gas reservoir,
water drive gas reservoir has already formed a set of mature
development theory and field practice experience.

The national standard of the Classification of Oil and Gas
Resources/Reserves (GB/T 19492-2004) (Administration, 2004)
and the industry standard of the Code for Calculation of Oil and
Gas Reserves (DZ/T0217-2005) (China, 2005) subdivide reserves
into four categories: geological reserves, technically recoverable
reserves, economically recoverable reserves, and remaining
economically recoverable reserves (Wang et al., 2022). In
Figure 3, the classification of development reserves clearly
demonstrates the difference in various reserves. Technically, the
recoverable reserve refers to the amount of natural gas that is
expected to be eventually recovered from discovered gas
reservoirs under current technical conditions and government
regulations, also known as ultimate recoverable reserves, which is
equal to the final cumulative production. Economically recoverable

TABLE 1 Recovery efficiency of different gas reservoirs.

Classification of the gas reservoir Key factor Characteristic Range of recovery efficiency (%)

Water drive High permeability Active water drive 50 ~ 65

Subactive water drive 55 ~ 70

Inactive water drive 65 ~ 80

Medium permeability Active water drive 50 ~ 60

Subactive water drive 55 ~ 65

Inactive water drive 60 ~ 75

Low permeability Fracture-type 50 ~ 65

Porous-type 50 ~ 60

Extra-low permeability Fracture-type 40 ~ 55

Porous-type 35 ~ 50

Gas drive High permeability / 75 ~ 90

Medium permeability / 65 ~ 80

Low permeability Fracture-type 55 ~ 65

Porous-type 50 ~ 60

Extra-low permeability Fracture-type 45 ~ 60

Porous-type 35 ~ 50

TABLE 2 Description of different production decline types.

Decline type Exponential decline Hyperbolic decline Harmonic
decline

Depletion
decline

Linear decline

Decline exponent n = 0 0 < n < 1 n = 1 n = 0.5 n = −1

Declining rate a = constant a � ai( q
qi
)n a � ai

q
qi a � a( q

qi
)0.5 a � ai

qi
q

Relationship between
production rate and time

q � qie−ai t q � qi(1 + nait)−1
n q � qi(1 + ait) a � a(q/qi)0.5 q � qi(1 − ait)

lg q � lg qi − ait
2.303 (qi

q)
n

� 1 + nait
qi
q � 1 + ait (qiq) 0.5 � 1 + ai

2 t
qi
q(1 − ait)−1

Relationship between the production
rate and cumulative production

Np � qi−q
ai Np � qi

ai(1−n) [1 − (qiq)
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ai
ln qi
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ai
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) 1
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Np Linearly independent
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reserves refer to the amount of natural gas estimated and
economically recoverable according to the current economic and
technical conditions (price, cost, new investment, etc.). In the stage
of submitting proved reserves, the technical recovery and economic

recovery of the same type of gas reservoir are generally compared in
China so as to demarcate the technical recoverable reserves and
economic recoverable reserves of the gas reservoir. Scholars have
made a more in-depth study on the calculation of recovery and

TABLE 3 Calculation methods of recoverable reserves of the gas reservoir.

Method Comment

Static method Volumetric method Accuracy is related to the accuracy of recovery calibration

Dynamic
method

Decline curve analysis method Exponential decline The most adaptable one which is widely used during the decline stage

Hyperbolic decline Gas production dramatically decreases at the start stage and then tends to be
stable, which is mostly used in the middle of the decline stage

Harmonic decline Mostly used in the latter decline stage

Linear decline Applicable for the low-permeability reservoirs which have man-made
fractures

Predictive model
method

Single-peak period
model

Logistic model and T model The reservoir is at the decline stage

Rayleigh model Used after achieving the highest annual oil production

Weng cycle model and Weibull
model

During the whole period of the production

Cumulative growth
model

H-C-Z model Applicable for the gas reservoir at the decline stage, with the cumulative gas
and oil production covering 36.79% of the recoverable reserve

Hubbert model Applicable for reservoirs at the decline stage, with the cumulative gas and oil
production covering 50% of the recoverable reserve

Water drive characteristic curve method Water can be produced with a stable condition of water drive and the
comprehensive moisture content at 50%

Attenuation curve method Data should be selected from the data at the decline stage

Improved virtual curve method Residual gas saturation should be confirmed

Material balance method Material balance method + water
flux calculation

Water influx and the abandonment formation pressure should be confirmed

Non-linear material balance
method

Abandonment formation pressure should be confirmed

FIGURE 3
Classification of development reserves. P is the formation pressure, MPa; Z is the gas deviation factor, dimensionless; G is the gas reservoir geological
reserves, m3; subscripts e and a are arbitrary conditions and abandonment conditions, respectively (Wei et al., 2021).
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recoverable reserves of water drive gas reservoirs. The calibration of
recoverable reserves is the most important thing in exploration
and development, and it is very meaningful for upstream oil and
gas enterprises. Apart frommathematical algorithmic methods to
calculate the recoverable reserves, through advanced deep
learning technology, the accuracy and efficiency of reservoir
recoverable reserve can also be improved (Deng et al., 2024).

For water drive gas reservoirs, the calculation methods of
recovery efficiency and recoverable reserves are various, which
can be roughly divided into static and dynamic methods. These
methods and equations are listed in Tables 2, 3.

2 The static method

2.1 The volumetric method

In the exploration and development stage of the gas reservoir, the
static volume parameters of the reservoir (Xiao et al., 2013) are
interpreted by using the obtained seismic, geological, drilling, coring,
logging, oil testing, well testing, reservoir fluid sampling, and other data
(Xiao et al., 2013) to calculate the original geological reserves of the gas
reservoir. The calculation formula is given as follows in Eq. 1:

G � 0.01AhϕSgi
1
Bgi

� 0.01AhϕSgi
piTsc

ZiTpsc
(1)

where G means geological reserves and A represents the gas
reservoir area. h means formation thickness. ϕ means porosity of
the formation. Sgi and Bgi represent the initial gas saturation of the
reservoir and natural gas volume factor, respectively. pi means the
original gas reservoir pressure, and psc means the standard pressure.
T and Tsc represent the temperature of the gas reservoir and that
under the standard condition, respectively. Zi is the natural gas
initial deviation factor.

The recoverable reserves calculated by the volumetric method are
the product of static geological reserves and recovery efficiency. The

recoverable reserves of gas reservoirs can be preliminarily determined
during the exploration and development stage by the method of
calibrated recovery efficiency. The gas reservoir recovery efficiency
can be calibrated by analogy and empirical formula methods, and
the calculation accuracy depends on the matching degree between the
gas reservoir type and empirical formula. The calculation principle of
geological reserves by the volumetric method is to assume the gas
reservoir is equivalent to an oil storage tank with a certain thickness and
gas-bearing area. However, the formation condition of the actual gas
reservoir is very complicated, and it is difficult to obtain accurate
parameters of the reserves (such as effective thickness of the reservoir
and gas-bearing area). Since there are many parameters used during
calculation, the accuracy of the results depends on the accuracy of the
parameters. The calibration of recovery efficiency includes empirical
formula and analytical methods. The accuracy of the calculation results
by the empirical formula method depends on the matching degree
between the gas reservoir type and empirical formula. The analytical
method is derived from the material balance method and is suitable for
the gas reservoirs in the late stage of development.

The evaluation of reserves runs through the whole process of gas
reservoir development. The prediction model can not only predict
the production and recoverable reserves of the gas field but also
predict the recoverable reserves increased due to development
adjustment of the gas field, which is an important part of gas
reservoir engineering. Decline curve analysis and water drive
characteristic curve methods are common forecasting methods.
However, the former method is only applicable to the decline
stage during production, while the latter method is only
applicable to the water drive gas reservoir, and the
comprehensive water cut reaches more than 50%. This paper
mainly discusses the forecast of the decline curve analysis method.

At present, many prediction models can be applied in
forecasting the production and cumulative production of gas
fields during the whole process, including the HCZ production
model, Hubbert model, Weng cycle model, Class I generalized
mathematical model, and Class II generalized mathematical model.

FIGURE 4
Chart of the non-linear material balance method (Tan et al., 2021).
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3 The dynamic methods

3.1 Successive subtraction of
production method

Based on principles of mathematical statistics, the successive
subtraction of production method, which is widely used by the
reservoir engineers, can be applied to calculate recoverable and
remaining reserves of reservoirs with the application of various
distribution regularities (Chen et al., 2015; Chen, 2021). As early
as 1908, Arnold and Anderson first proposed the concept of
production decline. In 1921, Roswell H. Johnson introduced the
concept to petroleum engineering and analyzed decline curves of
several typical reservoirs. In 1945, J. J. Arps derived a series of different
types of expressions of successive subtraction of production on the basis
of empirical statistical models. Until today, the Arps successive
subtraction curve method is still a prior method to predict the
production and recoverable reserves in Western countries and also
widely used in the middle-late stage of Chinese reservoirs. The most
commonmethods of successive subtraction of production are presented
in Table 1. There are several basic hypotheses when analyzing the
successive subtraction curve:

(1) Comprehensive data on dynamic production can be provided,
with a downward trend of production which boasts rationality
and certainty.

(2) The trend of predicted production is in line with that of actual
production.

(3) Economic limit has been clarified.

When assessing reserves, it is necessary for the estimator to
consider factors that affect the characteristics of production
decline, such as reservoir rock, fluid properties, unstable and
stable flows, changes in the exploitation condition, and depletion
mechanisms.

3.2 Water drive curve method

Although water drive gas does not equal water drive oil totally
and the mechanisms are quite different, there is a semi-logarithmic
linear relationship between cumulative gas production and
cumulative water production in water drive gas reservoirs
(LiZhang and Chen, 2010; Gou et al., 2013; Yao, 2016) in Eq. 2.
Most publications state that the water drive curve method is only
applicable for reservoirs at the mid-high water-cut stage. The water
drive characteristic curve should be regressed, and a parallel line of
production data should be selected to calculate the and the
mechanisms are quite different, there is a semi-logarithmic
recoverable reserve when applying practically in Eq. 3.

lgWp � A + BGp (2)
WGR � qw

qg
� 2.303BWp (3)

The corresponding cumulative gas production can be confirmed
as the recoverable reserve when the water–gas ratio reaches
the maximum:

GR � lg WGR( )max − A + lg 2.303B( )[ ]
B

(4)

3.3 Prediction model method

The mathematical model can be adopted to predict the
recoverable reserve, aiming at the production change after
reservoirs go into production in the prediction model method
based on statistical laws (Yu et al., 2023).

Prediction model methods mainly fall into two categories, the
unimodal periodic model and cumulative growth model,
respectively, including the Weng cycle model in Eqs 5, 6, Logistic
model in Eqs 7, 8, Rayleigh model in Eqs 9–11, Weibull model in Eq.
12, HCZ model in Eq. 13 and Hubbert model in Eq. 14.

(1) Weng cycle model:

Q � atb exp −t/c( ) (5)
NR � acb+1Γ b + 1( ) (6)

(2) Logistic model:

Q

Gp
� a − bGp (7)

Np � NR

1 + ce−at
(8)

(3) Rayleigh model:

Q � at exp −t2/c( ) (9)
Np � NR 1 − exp −t2/c( )[ ] (10)

NR � ac/2 (11)

(4) Weibull model:

lg
Q

ta−1
� A − Bta (12)

(5) HCZ model:

− ln GP

GR
� a

b
e−bt (13)

(6) Hubbert model:

GR − Gp

Gp
� ae−bt (14)

where Q is gas production per unit time and t is relative
development time; the parameters a, b, and c are the constants of
the prediction model, while Γ(b+1) means Γ(b+1) = b when b is a
positive integer.

The actual production data are plugged into abovementioned
models; then, the optimum model parameters can be confirmed to
calculate the predicted recoverable production through regressing
and fitting based on the linear trial and error.
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3.4 Attenuation curve method

In 1995, Zhang proposed a new reciprocal attenuation equation
(Pan, 2012) based on the attenuation curve studied by predecessors.
This equation is convenient, accurate, and fast, and can quickly
calculate the recoverable reserves of oil and gas fields in the decline
period. The expression is as follows in Eqs 15, 16:

Gp � 1
A

1 − ���
BQ

√( ) (15)

GR � 1
A

1 − �����
BQEL

√( ) (16)

3.5 Improved virtual curve method

The relationship between pseudo-abandoned formation pressure and
recoverable reserves can be derived from the reservoir volumetric
calculation formula under original and abandoned conditions. The
curve drawn by the formula is called the virtual curve. The p/Z and
G relationship curves are drawn according to the dynamic production
data on the water drive gas reservoir, and in the same figure as the virtual
curve, the intersection point of the extension line of the decompression
and reduction reserve curve and the virtual curve is found. The vertical
coordinate of the intersection point is the pseudo-abandonment pressure
value of the water drive gas reservoir, and the cumulative gas production
corresponding to the horizontal coordinate of the intersection point is the
recoverable reserve (Liu et al., 2007; WangChen and Zhang, 2017).

The natural gas surface volume under original conditions can be
calculated through the following expression in Eq. 17.

G � πr2hφSgi
ZscTsc

psc

pi

ZiTi
(17)

Under abandoned conditions, the surface volume of remaining
natural gas can be calculated through the following expression in
Eq. 18.

G − GR � πr2hφSgr
ZscTsc

psc

pa

ZaTa
(18)

Combining formula a and formula b, it is considered that the
formation temperature remains unchanged in Eqs 19–21.

G

G − GR
� Sgi
Sgr

p/Z( )i
p/Z( )a (19)

y1 � G

G − GR
(20)

y2 � Sgi
Sgr

p/Z( )i
p/Z( )a (21)

3.6Material balance theoreticalmodel of the
gas reservoir

Experts at home and abroad have deduced various material
balance equations, which are widely used to calculate the recoverable
production.

In the whole process of gas reservoir production, the properties
of fluid will change with the decrease in pressure. A general formula
of the material balance equation can be established by using the
theory of molar balance (Shi et al., 2022).

Based on the principle of molar balance, a general formula of the
material balance equation for gas reservoirs with natural water drive
and gas injection is established. After that, an analytical model can
be proposed to calculate the maximum pressure threshold that can
be induced with extra data based on the material balance equation
(Cai and Dahi Taleghani, 2022). The assumptions are as follows:
each component in the gas reservoir is homogeneous. The fluid
properties at any time are determined by the formation pressure,
and the pressure is in equilibrium at all places (Cai and Dahi
Taleghani, 2021). The formation temperature is constant
temperature. Ignoring capillary force and gravity in gas reservoir,
the produced oil and gas uniformly come from different parts of the
reservoir in Eq. 22.

G Bg − Bgi( ) + GBgi CwSwi + Cf( )
1 − Swi( )ΔP +We � GpBg +WpBw (22)

Under the condition of known geological reserves, the size of
recoverable reserves can be obtained by calculating the amount of
water invasion combined with the abandonment pressure (Wei
et al., 2020; Xue et al., 2022). Water influx and dynamic
recoverable reserves are two critical parameters in the design of
water drive gas reservoirs (Du et al., 2018). The expression of water
influx can be derived based on water influx we have obatined.
Evaluation of the intensity of water energy is applicable for
further waterproof and water dealing (Hu et al., 2017; HuChen
and Li, 2022).

The non-linear material balance method is based on the material
balance equation of the water drive gas reservoir, and the empirical
formula lnω = BlnR can be utilized to draw the theoretical chart of
dimensionless apparent pressure and recovery degree of the water drive
gas reservoir (HuLi and Songdai, 2013; Tan et al., 2021; Lv et al., 2022)
in Eq. 23.

ψD � 1 − R

1 − RB
(23)

On the basis of the concept of plate fitting method and the
dynamic production data, the actual and theoretical curves of the
dimensionless pseudo-pressure and the recovery rate can be fitted
successfully through adjusting the parameters (Xin et al., 2018; Ma
et al., 2023).

This method can be utilized to make the theoretical chart of gas
reservoir recovery degree and dimensionless pressure, where
parameter B reflects the strength of water energy of water drive
gas reservoirs. The general water drive condensate gas reservoir 1 <
B<∞; the larger parameter B represents a weaker water energy. On
the contrary, a smaller parameter B means stronger water energy.
When B > 4.0, the water invasion is not quite severe. Only the
pressure and cumulative production data are required to calculate
dynamic reserve and water invasion directly in the non-linear
material balance method. Meanwhile, the index of water drive
intensity in gas reservoirs can also be confirmed.

Then, the recoverable reserves are calculated according to the
recovery efficiency. This method is suitable for the dynamic reserve
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calculation of a single well or single pressure system. The results can
be obtained by using the least square method to automatically fit the
objective function of laminar flow pressure and cumulative
production.

For water drive gas reservoirs with fractures, their geological
reserves and recovery efficiency are difficult to evaluate. Unless there
are good analog reservoirs, it is difficult to ensure that the evaluation
results can be certain to use. For water drive gas reservoirs with
fractures, some scholars consider water to seal gas on the basis of this
method waiting to be improved (Tan et al., 2021). In order to clarify
the characteristics of non-uniform water with slow speed in gas
reservoirs with water and fractures, based on the dual action
mechanism of water invasion and charging formation energy and
gas in the blocked reservoir, and considering the development scale
of fractures, the reservoir non-uniformity coefficient (A) is
introduced to characterize the degree of reservoir physical non-
uniformity. Then, a material balance method considering the
phenomenon of water-sealed gas was established, and on this
basis, the water invasion characteristic curve chart of gas

reservoirs with water was drawn. The formula obtained is as
follows in Eq. 24:

ψD � 1 − ARB − R

1 − RB
(24)

After fitting the production data, the fitted curve in Figure 4 can be
obtained (Tan et al., 2021). On the basis of knowing the abandonment
pressure, the recovery rate can be confirmed, and successively, the
recoverable production can be calculated.

4 Calculation example

There is a water drive gas reservoir controlled by a single well. In
terms of the unstable well test in the field, core analysis, and the
current production dynamics, the basic parameters of the single well
and the gas reservoir are obtained herein.

The well radius Rw is 0.1 m, the reservoir thickness h is 44.4 m, the
temperature of the reservoir T is 440.8 K, the relative density γg is

FIGURE 5
Gas–water two-phase relative permeability curve.

FIGURE 6
Relation curve between gas viscosity μg and pressure p.
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0.6972, the drainage radius Re is 967 m, the permeability of the reservoir
K is 5.72 mD, the initial formation pressure pi is 42.14 MPa, the bottom
hole pressure pwf is 13.16MPa, the current production qsc is 4.06 ×
104 m3/d, water production qw is 16.26 m3/d, the deviation factor Z is
0.9, the initial volume factor Bgi is 0.004, the formation water volume
factor Bw is 0.9909, the formation water compressibility factor Cw is
0.000641MPa−1, the rock compressibility Cf is 0.000946MPa−1, the
current cumulative gas production Gp is 3.5461 × 108 m3, the current
cumulative water production Wp is 2.7558 × 104 m3, and the connate
water saturation Swi is 0.21. Meanwhile, the relative permeability curve
of two phases of water and gas is demonstrated below in Figure 5.

According to the actual production data and various parameters
obtained, the relation curve between gas viscosity μg and pressure p
can be drawn (Figure 6), and the relation formula can be fitted as well.
In terms of the gas–water two-phase relative permeability curve, the
corresponding relation of p with Krg and Sw can be calculated, and the

charts are shown below. Although Krg and Sw change a lot when p <
5 MPa, yet Krg and Sw would have a linear change. In terms of field
data, the current bottom flow pressure is 13.16 MPa and 42.14 MPa,
so the current formation pressure range should be 13.16–42.14 MPa.
Under the current formation pressure, Sw and Krg with p should meet
the linear change, as shown in Figures 7, 8.

After calculation, we confirm that pR = 18.09 MPa and Bg =
7.65 × 10−3. Sw = 0.726 and Krg = 0.0912 can be obtained by using the
fitting formula and utilizing the relative permeability curve.

In the formula we have listed, the calculation results of the
current formation pressure, volume factor, and water saturation can
be used to confirm the dynamic recoverable reserve of this water
drive gas reservoir G = 4.64 × 108 m3; the current water influx We is
9.85 × 108 m3. The absolute error is just 0.83 × 105 m3. It has proved a
practical and highly accurate method to calculate the recoverable
reserve of the water drive gas reservoir.

FIGURE 7
Relation curve between water saturation Sw and pressure p.

FIGURE 8
Relation curve between gas-phase relative permeability Krg and pressure p.
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5 Conclusion

1. It is of vital importance for engineers and experts to confirm the
recoverable reserves of deep water drive gas reservoirs, which is
also complicated to establish. In this paper, multiple methods have
been compared and analyzed for different situations, mainly
including the static and dynamic methods. Selecting a suitable
method is key to calculating the recoverable reserves of the deep
water drive gas reservoirs accurately.

2. The static method includes the volumetric method, and the
dynamic methods include the successive subtraction of
production method, water drive curve method, prediction
model method, attenuation curve method, improved virtual
curve method, and material balance theoretical model of gas
reservoirs.

3. When evaluating the recoverable reserve of deep water drive
gas reservoirs at an early stage, the volumetric method can
provide a relatively accurate result, which is utilized to
confirm the development strategy and original plan. In the
middle-late stage, the dynamic methods for calculating the
recoverable reserve are essential for developing the gas
reservoir effectively and appropriately. The material
balance method is widely recognized as a high-accuracy
method to calculate the recoverable reserves of deep water
drive gas reservoirs.
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Nomenclature

G geological reserve, 108 m3

A gas reservoir area, km2

h formation thickness, m

φ porosity of the formation, %

Sgi initial gas saturation of the reservoir, %

Bgi natural gas volume factor, dimensionless

Pi original gas reservoir pressure, MPa

Tsc standard temperature, K

Zi initial deviation factor of natural gas, dimensionless

T temperature of the gas reservoir, K

Psc standard pressure, MPa

n exponent of the production decline curve, dimensionless

a constant of the production decline curve, dimensionless

q production of natural gas, 104 t/a

qi initial production of natural gas, 104 t/a

t production time

Np cumulative oil production, m4

Wp water production, 104 m3

A different intercepts, dimensionless

B different slopes, dimensionless

qw water production, 104 m3

qg gas production, 104 m3

Q gas production per unit time

t relative development time

a b c constants of prediction models, dimensionless

Γ(b+1) = b! gamma function

r well radius, m

Sgr residual gas saturation,%

Pa abandonment pressure, MPa

Za deviation factor for natural gas under an abandonment situation,
dimensionless

Ta temperature under an abandonment situation, K

GR residual gas volume, m4

We cumulative water influx, m4

Bw water volume factor, dimensionless

Wp cumulative water production, m4

Bg natural gas volume factor, dimensionless

Cw coefficient of water compressibility, dimensionless

Cf coefficient of rock compressibility, dimensionless

ΨD dimensionless relative pressure

GNL gas natural licuado

SEC United States Securities and Exchange Commission

WGR water–gas ratio
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