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Abstract

The SHB fault-controlled condensate gas reservoir is the largest ultra-deep carbonate gas
reservoir in China, and the accuracy of dynamic reserve calculation is an important basis for
developing the development plan. The fault-controlled condensate gas reservoir has some
problems, such as “ultra-deep, ultra-high temperature, supercritical”, strong heterogeneity
of reservoir space, and difficulty in obtaining real underground reservoir parameters,
which seriously affect the results of dynamic reserve evaluation. Combining the quasi-
steady flow equation and the flow resistance of a gas well, a new flow material balance
method based on the original apparent formation pressure and daily production data is
proposed to effectively calculate the dynamic reserves of a gas reservoir. By comparing the
calculation results of various dynamic reserves calculation methods for the SHB condensate
gas reservoir, it is proven that this method can effectively calculate the dynamic reserves of
gas wells and has important guiding significance for the calculation of dynamic reserves of
fault control body condensate gas reservoirs.

Keywords: fault control body condensate gas reservoir; dynamic reserves; quasi-steady
state flow; initial apparent formation pressure; fluid mass balance method

1. Introduction
The development of ultra-deep natural gas in China is an important strategic direction

for our country and has gradually become the main part of the growth in natural gas
production. Such gas fields often have characteristics such as strong reservoir heterogeneity,
developed fractures, and complex structures. These factors often limit the correct evaluation
of dynamic reserves in the early stage [1].

At present, the calculation methods for dynamic reserves of ultra-deep gas reservoirs
are mainly divided into five categories: the classical flowing material balance method, the
elastic two-phase method, the unsteady well test analysis method, the traditional produc-
tion decline analysis method, and the modern production decline analysis method [2–6].
When calculating the dynamic reserves of special gas reservoirs, each method often ignores
the changes of some reservoir parameters during the production process (such as the com-
pression coefficient and viscosity of high-pressure natural gas) [7], or its accuracy depends
on the degree of gas reservoir exploitation [8], resulting in slightly different calculations of
the dynamic reserves of the same gas reservoir. A more common method is to use the flow-
ing material balance method, combined with the deliverability equation, to transform the

Energies 2025, 18, 5402 https://doi.org/10.3390/en18205402

https://doi.org/10.3390/en18205402
https://doi.org/10.3390/en18205402
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en18205402
https://www.mdpi.com/article/10.3390/en18205402?type=check_update&version=1


Energies 2025, 18, 5402 2 of 9

material balance equation into a way of using flowing pressure data to obtain the dynamic
reserves of the gas reservoir. However, this method is only applicable to conventional gas
reservoirs where the gas well is located in the center of a square drainage area [9–12].

The fault-controlled condensate gas reservoir is controlled by strike-slip faults. It
develops in a long-strip shape on the plane, has a large effective thickness vertically, and
shows an “upright plate” shape as a whole. The effective reservoir space is the cave
and fracture system formed by faults. Under the control of stress, it shows obvious
directionality, and the fluid also has obvious directionality under the constraint of the
reservoir space [13,14]. In view of this feature, this paper derives a new method for
calculating dynamic reserves based on the flowing material balance method. This method
assumes that after the gas well produces at a constant rate and reaches a quasi-steady state,
the apparent formation pressure at any point in the formation changes in the same way
over time [15]. At the same time, by combining with the flow resistance under quasi-steady
flow conditions, it effectively avoids the influence of some formation reserve parameters
that are difficult to obtain and their changes. Taking the gas wells in the No. 4 strip of the
SHB condensate gas reservoir as an example, comparing the calculation results of multiple
reserve calculation methods shows that this method can be effectively applied to the reserve
calculation of fault-controlled condensate gas reservoirs.

2. A New Method for Calculating the Dynamic Reserves of Single Wells
in Fault-Controlled Gas Reservoirs

The flow pattern in vertical wells of fault-controlled gas reservoirs is linear flow, which
is similar to the flow characteristics of horizontal wells in conventional gas reservoirs. On
the other hand, the flow pattern in horizontal wells is radial flow, resembling the flow
characteristics of vertical wells in conventional gas reservoirs [16]. In addition, the surface
crude oil shows the characteristics of condensate oil with “three lows and two highs” (low
freezing point, low viscosity, low sulfur content, high initial boiling point, and high wax
content). The gas reservoir phase state has the characteristics of “three supers” (ultra-high
temperature, ultra-high pressure, supercritical) [17–19]. The average initial formation pres-
sure of the gas reservoir is 90.04 MPa, and the average pressure coefficient is 1.17, belonging
to an ultra-high-pressure system as a whole. Fault-controlled gas reservoirs are distributed
along deep and large fault zones, with a wide vertical distribution range of reservoirs.
Different from conventional layered gas reservoirs, the real formation pressure during their
development cannot be accurately obtained through calculation [20]. Therefore, by using
the conversion relationship between formation pressure and bottom-hole flowing pressure
under quasi-steady flow in the gas reservoir, the influence of gas reservoir pressure changes
during production on the reserve calculation results can be avoided, and a new flowing
material balance equation for fault-controlled condensate gas reservoirs can be developed.

According to the conclusion from the research on the theoretical basis of the “flow”
material balance method, after a gas well reaches a quasi-steady state at a constant pro-
duction rate, the apparent formation pressure at any point changes with time in the same
manner. Therefore, when drawing the pressure drop funnel curve of a gas well under
quasi-steady state conditions, the ordinate should use the apparent formation pressure, as
shown in Figure 1.

In the figure, ppw f is the bottom-hole flowing pressure pw f /Zw f , MPa; is the apparent
formation pressure p/Z, MPa; and re is the supply radius, m.

That is, there are parallel quasi-pressure drop funnel curves, and the following rela-
tionship is satisfied:

dppwf

dt
=

dppR

dt
=

dpp

dt
=

Tf psc

TscZsc

qsc

r2
eπhφ

(1)
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Figure 1. Schematic diagram of the flowing material balance method.

In the formula, dpwf is the change amount of bottom-hole pressure per unit time, MPa;
dppR is the change amount of bottom—hole pressure per unit time, MPa; dpp is the change
in formation pressure per unit time, MPa; Tf is the formation temperature, K; Tsc is the
temperature under standard surface conditions, K; Zsc is the gas deviation factor; H is the
reservoir thickness, m; psc is the formation pressure, MPa; qsc is the production volume
under standard surface conditions, 104 m3; φ is the porosity, expressed as a decimal.

For a gas reservoir with a closed outer boundary, ignoring the expansibility of the rock
and the connate water, there is a material balance equation:

pR

ZR
=

pi

Zi

(
1 −

Gp

G

)
=

pi

Zi
− pi

Zi

Gp

G
(2)

In the formula, pi is the original formation pressure, MPa; pR is the formation pressure,
MPa; ZR is the deviation factor of natural gas; Zi is the deviation factor of natural gas
under original conditions; Gp is the cumulative production of natural gas, 104 m3; G is the
dynamic reserves, 104 m3.

Equations (1) and (2) are solved simultaneously:

pR

ZR
− pwf

Zwf
≈ pR

ZR
− pwf

Zwf
= C = qscbpss (3)

bpss—The coefficient under the condition of quasi-steady state flow. MPa·d/m3—Its
physical meaning is the flow resistance under the quasi-steady state flow conditions in the
productivity equation [16].

In practice, the calculation of the flow resistance coefficient is consistent with the
calculation formula for conventional gas reservoirs. For horizontal wells, the reservoir
thickness h in the conventional equation is corrected to the horizontal section length L
of the fault-controlled horizontal well; for vertical wells, the reservoir thickness h in the
conventional equation is corrected to the flow width b of the linear flow in the fault-
controlled gas reservoir.

In this way, combined with the material balance equation, we can obtain the following:

∆ppwf =
pi

Zi
− pwf

Zwf
=

pi

Zi
− pR

ZR
+

pR

ZR
− pwf

Zwf
=

pi

Zi

Gp

G
+ qscbpss (4)

Dividing both sides of the equation by ∆ppwfbpss, we can obtain the following:

qsc

∆ppwf
=

1
bpss

− pi

Zi

1
G · bpss

Gp

∆ppwf
(5)
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According to the above formula, the relationship between qsc
∆ppwf

and Gp
∆ppwf

can be

linearly regressed to obtain the slope value m = − pi
Zi

1
Gbpss

and the intercept 1
bpss

of the
straight line, and thus the dynamic reserve G of the gas reservoir can be obtained:

G = − pi/Zi

m · bpss
(6)

3. Actual Application Effects
Taking the gas wells in the No. 4 strip of SHB as an example, the burial depth of

the gas reservoir in this area is generally below 7300 m, the original formation pressure is
around 90 MPa, and the formation temperature is around 165 ◦C. It belongs to an ultra-
deep, high-temperature, and high-pressure fault-controlled condensate gas reservoir. The
reservoir space of the SHB condensate gas reservoir is mainly composed of the cavity of
the fault surface formed by fault fragmentation, the pores between breccias, and structural
fractures, which have similar production characteristics to the fracture-cavity gas reservoir.
The exploration work of the gas reservoir in the second zone of SHB began in 2002. A major
breakthrough in oil and gas was achieved in the No. 4 strip in 2017. Later, 20 gas wells
were deployed and successively tested to obtain high-yield industrial oil and gas flows,
basically realizing the construction of the overall basic well pattern in the No. 4 strip, as
shown in Figure 2.

Figure 2. Distribution map of well locations deployed in the plan for fault zone No. 4.

The discovery of the SHB oil and gas field has expanded China’s exploration area
in the Tarim Basin. It represents a major breakthrough in oil and gas exploration in new
regions, new fields, and new types in the Tarim Basin of China [21].

Taking the SHB4-5H gas well in the No. 4 strip of SHB as an example, according to
Formula (5), the values of qsc

∆ppwf
and Gp

∆ppwf
at different times are calculated respectively.

Taking qsc
∆ppwf

as the ordinate and Gp
∆ppwf

as the abscissa, through linear regression, the
straight-line segment, as well as the slope and intercept of the straight line, are obtained.
The relationship of the linear regression is shown in Figure 3.

By performing linear regression to obtain the slope m and the intercept b, and substi-
tuting the original apparent formation pressure pi into Formula (6), the dynamic reserve G
of the gas well can be obtained, as shown in Table 1.
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Figure 3. The linear regression straight line of the new flow material balance method for well
SHB4-5H.

Table 1. Calculation results of parameters of the new method of gas well flow material balance.

Well
Number

Slope
m

Intercept
b

Flow Resistance Coefficient
bpss

Apparent Original Formation Pressure
pi/Zi

Dynamic Reserve
G

SHB4-5H −0.013125 0.001093 915 47.6 4.0

According to statistical calculations, when the pressure of the SHB4-5H gas well drops
to two-thirds, the cumulative gas production is approximately 160 million cubic meters.
According to the research results of Sun Hedong, in the early stage of the condensate gas
reservoir, the empirical method of gas production per unit cumulative pressure drop can be
applied, and the estimated reserve of the SHB4-5H gas well is 400 million cubic meters. It is
difficult for the traditional flow material balance method to determine the inflection point
of the two-stage curve of the ultra-high-pressure gas reservoir. At the same time, most of
the other gas reservoir engineering methods do not consider the deviation coefficient of
high-pressure natural gas [22–24]. Therefore, the calculation results of the reserve of the
SHB4-5H gas well vary, as shown in Table 2.

Table 2. Calculation results of the dynamic reserves of well SHB4-5H by different gas reservoir
engineering methods.

Well
Number

Two-Stage Material
Balance Method

(100 Million Cubic Meters)

Reservoir Influence
Function Method

(100 Million Cubic Meters)

Gas Production
Curve Method

(100 Million Cubic Meters)

Sun Hedong’s
Empirical Formula

(100 Million Cubic Meters)

New Method
(100 Million

Cubic Meters)

SHB4-5H 4.32 3.81 4.19 3.98 4.00

The calculation results show that the reserve calculation result of the new method for
SHB4-5H is 400 million cubic meters, which is close to the average calculation result of
407.5 million cubic meters for SHB4-5H obtained by other reserve calculation methods. It
is not difficult to see that the calculation results of the traditional flow material balance
method and the gas production curve method are on the high side, the calculation result of
the reservoir influence function method is on the low side, and the calculation result of Sun
Hedong’s empirical formula method is close to the average value.

Other gas well dynamic reserves calculation results are shown in Table 3 and Figure 4.
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Table 3. Calculation results of the dynamic reserves of other gas wells by different gas reservoir
engineering methods.

Well
Number

Two-Stage Material
Balance Method

Reservoir Influence
Function Method

Gas Production
Curve Method

Sun Hedong’s Empirical
Formula

Average
Reserves

New
Method

SHB43X 3.62 2.83 3.37 2.54 3.09 3.10

SHB4-6H 4.54 3.82 4.42 4.26 4.26 4.15

SHB4-9H 4.02 3.13 3.42 3.25 3.46 3.38

SHB45X 3.20 1.88 2.83 2.17 2.52 2.53

SHB41X 2.62 1.98 2.11 2.03 2.19 2.20

SHB4-2H 2.63 2.15 2.49 2.16 2.36 2.41

SHB4-4H 3.34 1.57 1.73 1.81 2.11 2.07

SHB4-8H 3.22 2.16 3.14 2.39 2.73 2.73

SHB4-12H 2.44 1.75 2.22 2.03 2.11 2.18

Inclined
SHB47 2.61 2.54 2.78 2.42 2.59 2.54

SHB42X 3.43 3.22 3.17 2.94 3.19 3.13

SHB4-1H 2.13 1.84 1.99 1.62 1.90 1.92

 
0
0.5

1
1.5

2
2.5

3
3.5
4

4.5
5

SHB43X SHB4-6H SHB4-9H SHB45X SHB41X SHB4-2H SHB4-4H SHB4-8H SHB4-12H Inclined SHB47 SHB42X SHB4-1H

G
（
10

8 m
3 )

Two-Stage Material Balance Method
Reservoir Influence Function Method
Gas Production Curve Method
Sun Hedong's Empirical Formula
Average reserves
New Method

Figure 4. Calculation results of the dynamic reserves of other gas wells by different gas reservoir
engineering methods.

Through the analysis of the data results, for the fault-controlled condensate gas reser-
voirs with complex underground reservoir spaces, due to the directionality of both their
fluids and reservoir spaces, and the characteristics of the gas reservoirs such as a large
ground-dew point pressure difference, strong ability to carry heavy oil, and a long single-
gas-state time window, the calculation results of the dynamic reserves of such gas reservoirs
by traditional gas reservoir engineering methods vary. Generally, the calculation results
of the traditional flow material balance method are basically higher than those of other
methods, and the calculation results of the reservoir influence function method are lower
than those of other methods. In terms of the average value, the new method approaches
the average value of other methods. To sum up, it is believed that the newly derived
method described above is reliable for calculating the reserves of fault-controlled conden-
sate gas reservoirs.
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4. Conclusions
(1) For the fault-controlled condensate gas reservoirs with “vertical plate”-shaped

strata and complex fluid properties, the time period when the working system of the gas
well remains unchanged and the production is stable is selected. When the gas well reaches
a quasi-steady state at a fixed production rate and the apparent pressure change in the
reservoir is a constant value, the influence of the pressure change of the gas reservoir
during the production process on the reserve calculation result is avoided. The dynamic
reserve can be obtained through linear regression based on the original apparent formation
pressure and daily production data, and the calculation is simple and easy to implement.

(2) For the fault-controlled condensate gas reservoirs with complex underground
reservoir spaces, the calculation results of the dynamic reserves by traditional gas reservoir
engineering methods vary. Among them, the calculation results of the traditional flow
material balance method are basically higher than those of other methods, and the results
of the reservoir influence function method are basically the smallest. The average value of
multiple methods approaches the calculation result of the new method.

(3) At present, there is a lack of standards for calculating the reserves of fault-controlled
condensate gas reservoirs. Referring to the empirical method of gas production per unit
cumulative pressure drop and combining with the calculation average values of multiple
reserve calculation methods for the SHB fault-controlled condensate gas reservoir as the
basis, it is believed that this method is relatively accurate and can be effectively applied to
the calculation of the reserves of fault-controlled condensate gas reservoirs.

(4) The new method takes into account the particularities of fault-controlled bodies
and can incorporate the characteristics of fault sealing or limited conductivity. It better
conforms to the actual seepage boundaries of fault-controlled bodies, thereby enhancing
the pertinence of reserve calculation. Meanwhile, it is also adaptable to the phase changes
of condensate gas reservoirs. During the development process of condensate gas reservoirs,
oil and gas phase transitions (such as retrograde condensation) will occur due to pressure
changes. The new method combines the principle of material balance with phase changes
through phase equilibrium equations, which can more accurately reflect the changes in
total fluid volume and reduce errors caused by the influence of phase states. In addition,
this method is mainly based on dynamic production data (such as production volume
and pressure changes) and does not require excessive reliance on static data with limited
accuracy (such as porosity and gas saturation distribution). It is particularly suitable for
complex structures, such as fault-controlled bodies that are difficult to describe statically,
thus improving the practicability of reserve calculation.
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