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ABSTRACT: The determination of dynamic reserves is important for
tight sandstone gas reservoirs in production. Based on the geological and
gas data of the Yan’an gas field, the influence of pressure on the properties
of natural gas is studied by mathematical methods. At the same time, the
modified flowing material balance equation is established considering the
changes in gas viscosity and compressibility. The result shows that (1) the
viscosity of natural gas increases rapidly with pressure; (2) the deviation
factor decreases with pressure (P < 15 MPa) and then increases (P > 15
MPa) with temperature; (3) the compressibility decreases rapidly with
pressure and increases with temperature; (4) compared with the results of
the material balance method, the average error of the flowing material
balance method is 33.95%, and the accuracy of the modified flowing
material balance method is higher with an average error of 1.25%; and (5)
a large change in the production will affect the accuracy of the modified flowing material balance method, especially a shut-in for a
long time before the pressure drop production is calculated at a certain time, so data points that are relatively consistent should be
selected as far as possible to calculate the dynamic reserves. The findings of this study can help in the accurate evaluation of dynamic
reserves of the tight gas reservoir in the Yan’an gas field and are an important guide for the formulation of a rational plan for the gas
reservoir and its economic and efficient development.

1. INTRODUCTION

The Yan’an gas field, located in the southeast of Yishan slope
in the Ordos basin, is a typical tight sandstone reservoir with
the characteristics of low permeability, strong heterogeneity,
strong stress sensitivity, and a complex percolation mecha-
nism.1,2 Pressure measurement and variable production often
occur in the process of production, therefore, it is difficult to
calculate the dynamic reserves in the gas field.3,4

At present, the main methods for calculating dynamic
reserves including the material balance method, production
decline method, production accumulation method, elastic two-
phase method, and the advantages and disadvantages of each
method are shown in Table 15−8

When there is a lack of data such as bottom pressure or the
well produces serious amount of water, the MBM has a large
error.9−11 Mattar put forward the FMB (flowing material
balance) method, which is analyzed from the point of view of
percolation mechanics.12 Sun et al. combined the material
balance equation and the pressure distribution characteristics
at different production stages to establish a completely new
production prediction model.5 These methods do not take into
account the effect of pressure on the viscosity and
compressibility of gas, that is, it is considered that the viscosity
and compressibility of natural gas remain unchanged.13

However, when the formation pressure of the reservoir is
low, the assumption is not valid, so there is an error in the
calculation.2
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Table 1. Advantages and Disadvantages of Each Methoda

method advantages disadvantages

MBM the most accurate less data is required, and abnormal
data can cause great errors.

PDM predict gas production,
powerful function

accurately determine the type of
decrement

PAM more accurate and easy to
operate

not applicable in the early stages of
development

ETM no need for shut-in pressure
measurement data

inaccurate results at low permeability
reservoirs

aMBM: material balance method; PDM: production decline method;
PAM: production accumulation method; ETM: elastic two-phase
method.
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To solve the above problems, a modified FMB is proposed
in this study. For a closed reservoir that has been produced for
a period of time, the pressure is transmitted to the boundary of
the formation and seepage enters a pseudo-steady-state.14 As
shown in Figure 1, the pressure curve will be parallel, and the

formation pressure drop is almost equal to the bottom flow
pressure drop in the same time.15,16 The FMB method is to
replace the formation pressure with the wellhead casing
pressure and bottom flow pressure, and the modified FMB
method is to increase the influence of pressure on the viscosity
and compressibility on the basis of the FMB method. Finally,
this method is verified by data from the tight reservoir in the
Yanchang gas field in the Ordos basin.

1.1. GEOLOGICAL BACKGROUND
Ordos basin is a large sedimentary basin with multicycle
evolution and multisedimentary types.17 The area of the basin
is about 25 × 104 km2. At present, the structure is a large
syncline with slow width in the east and steep in the west, and

the dip angle is generally less than 1°. Fault folds in the margin
of the basin are developed and the internal structure is
relatively simple.18 There is no secondary structure in the
basin, and the tertiary structure is dominated by nose uplift,
and there are few anticline structures with a large amplitude
and good trap.19 According to the current structural shape,
basement properties, and structural characteristics of the basin,
the Ordos basin can be divided into six first-order structural
units: Yimeng uplift, Weibei uplift, western Shanxi flexure fold
belt, Yishan slope, Tianhuan depression, and western margin
thrust structural belt.
The Yan’an gas field is located in the southeast of Yishan

slope in the Ordos basin, as shown in Figure 220 The
comprehensive geological study shows that the Upper
Paleozoic in the study area has many favorable conditions,
which are beneficial to the formation and enrichment of large
lithologic gas reservoirs.21

A total of 689 wells are divided into three types according to
the OFR (open flow rate), and the results are shown in Table
2.

2. METHODS

2.1. Property of Natural Gas. 2.1.1. Viscosity of Natural
Gas. Through 20 samples provided in the Supporting
Information under the condition of temperature (352 K)
and pressure (30 MPa) (Table S1), the relationship between
pressure and viscosity is drawn based on the calculated results.
As shown in Figure 3, the viscosity increases with the
temperature under the condition of low pressure and decreases
with temperature when the pressure is greater than 10 MPa.22

The viscosity increases with the pressure whether the pressure
is low or high.23

2.1.2. Deviation Factor of Natural Gas. The deviation
factor refers to the ratio of the real volume to the ideal volume
of the same mass gas under a certain temperature and pressure,
and the relationship between Z at different temperatures is
shown in Figure 424 When the pressure is lower than 15 MPa,
Z decreases with the pressure and then increases with the
temperature.

Figure 1. Pressure profile of the well.

Figure 2. Location of the Yan’an gas field in the Ordos basin.
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2.1.3. Compressibility of Natural Gas. Compressibility
refers to the change of unit volume with pressure under the
condition of constant temperature.
According to the data of 20 samples, P−Cg at different

temperatures can be obtained, as shown in Figure 5, and the
compressibility decreases with temperature and pressure and is
less affected by temperature.
2.1.4. Volume Factor of Natural Gas. The volume factor is

measured under the surface standard conditions, so it is
necessary to convert the volume of natural gas measured under
the surface conditions to the volume under the formation
conditions.25,26 This conversion coefficient is the volume factor
of natural gas. As shown in Figure 6, the volume factor
decreases with the pressure and increases with the temperature.
2.2. FMB Method. For the reservoir produced by a

circular, closed, and central vertical well, when it enters the
pseudo-steady-state, then27

∂ ̅ ̅
∂

=
∂ ̅

∂
P u C Z

G

P u c Z

G

( / ) ( / )g g

P

wf gwf gwf wf

P (1)

In the FMB method, it is assumed that the pressure has no
effect on the viscosity and compressibility of gas

∂ = ∂u c u c( ) ( )g g gwf gwf (2)

∂ ̅ ̅
∂

=
∂ ̅ ̅

∂
P Z
G

P Z
G

( / ) ( / )

P

wf wf

P (3)

Therefore, when the reservoir reaches the pseudo-steady-state,
̅ ̅ ∼P Z G/ p is parallel to Pwf/Zwf ∼ Gp in Cartesian coordinates.

According to the Pwf/Zwf and Gp data in production, the data
showing a straight line are fitted, and then a parallel line is
made through Pi/Zi, and the intercept of the parallel line on Gp
is the dynamic reserve Gi.

2.3. Modified FMB Method. The results are shown in
Figures 3−6. It can be seen that the viscosity, compressibility,
and deviation factor change obviously with pressure.
It can be seen that eq 2 is not valid according to the

relationship between μg·Cg and P from Figure 7, that is, the
viscosity and compressibility vary with pressure.
As can be seen from Figure 7

Table 2. Classification Results of Wells in the Study Areaa

OFR > 10 × 104 m3/day 4 < OFR < 10 × 104 m3/day OFR < 4 × 104 m3/day

classification basis type-I type-II type-III

number well proportion (%) well proportion (%) well proportion (%)
194 31.36 134 20.05 361 48.59

aOFR: open flow rate.

Figure 3. P ∼ μ curve of natural gas.

Figure 4. P−Z curve of natural gas.

Figure 5. P−Cg curve of natural gas.

Figure 6. P−Bg curve of natural gas.
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|∂ | < |∂ |u c u c( ) ( )g g gwf gwf (4)

It can be seen that the slope of Pwf/Zwf ∼ Gp is greater than
that of ̅ ̅ ∼P Z G/ p. Therefore, reserves determined by the FMB
method are smaller than the real.
From eq 3
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where Ppss and Pwf‑pss represent the average formation pressure
and bottom flow pressure at the initial stage of the pseudo-
steady-state, respectively. In the pseudo-steady-state, the
average formation pressure and bottom flow pressure decrease
at the same speed, so it can be considered that λ remains
unchanged. At the same time, λ can be calculated by the Pwf‑pss
values of μgcg andPpss at the initial stage of the pseudo-steady-
state
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Based on the process, steps of the modified FMB method are
as follows (Figure 8)

(1) |u c( )g g pi and |
−

u c( ) pg g wf pss
are determined according to p ∼

μgcg and λ is calculated according to eq 6.

(2) The Pwf/Zwf ∼ Gp curve and the slope -m can be
obtained by the bottom flow pressure and cumulative
production data.

(3) Take −λm as the slope and make a straight line over Pi/
Zi, and the intercept is the reserve determined by
modified FMB (modified Gi).

(4) Similarly, Pc can be used to replace Pwf.

3. RESULTS
3.1. Type-I Wells. The initial production of type I in the

Yan’an gas field is high, the pressure drops slowly, and the time
of stable production is long, so it has a good production
capacity under the condition of low pressure.
S-4 well is a typical type I in the study area, and the OFR is

26.57 × 104 m3/day. It has been in production since August
2013. It can be seen that the average monthly production is 64
× 104 m3/m from Figure 9, and the water production is at a
low level, with an average monthly production of 4.28 m3/m,
and the water−gas ratio is maintained at 0.066 (m3/104 m3) at
the initial stage (August 2013−April 2015). In the second
stage (May 2015−April 2017), the casing pressure and the oil
pressure decrease rapidly, resulting in a decline in production
and an increase in water production. In the third stage (May
2017−April 2020), the monthly gas and water production are
kept at a low level, the casing pressure is about 7 MPa, and the
oil pressure is about 8 MPa. Up to now, the cumulative
production of S-4 is 3633.775 × 104 m3 and the cumulative
water production is 356.67 m3.
As shown in Figure 10, the linear fitting is carried out and

the slope of the straight line is −0.0024 according to the
relationship between Pc/Zc and Gp. A straight line is obtained
from this slope and the Pi/Zi point, and the intercept is 0.8737
× 108 m3, which is the dynamic reserve of S-4 determined by
FMB.
The results show that −λ = −0.6387 and −λm = −0.0015.

Considering −λm as the slope and making a straight line
through the Pi/Zi point, the intercept is 1.398 × 108 m3, which
is the dynamic reserve of S-4 determined by modified FMB.

3.2. Type-II Wells. S-5 well belongs to type II (Figure 11).
One-hundred ninety days of the trial production operation was
carried out from November 19, 2009, to May 27, 2010, and 70
days of the pressure recovery test was carried out from May 27
to August 7, 2010. The OFR is 4.705 × 104 m3/day, and the
original formation pressure is 25.872 MPa. The production
starts at 1.5 × 104 m3/day and it is difficult to be unchanged
due to the large pressure fluctuation in the trial production
process. Thus, the daily production is gradually reduced to
about 1 × 104 m3/day and the daily water production is 0.1−
1.8 m3/day. After that, the oil pressure decreases from 14.41 to
12.36 MPa at a decline rate of 0.051 MPa/day, which shows
that the production is basically constant. Up to April 2020, the
cumulative production is 3471.62 × 104 m3, and the
cumulative water production is 490.25 m3.
As shown in Figure 12, the slope of the straight line is

−0.0026 in the Pc/Zc∼ Gp curve. A line is obtained from this
slope and the Pi/Zi point, and the intercept is 0.8065 × 108 m3,
which is the dynamic reserve of S-5 determined by FMB.
The calculation results show that −λ = −0.704 and −λm =

−0.0018. Considering −λm as the slope and making a straight
line through the Pi/Zi point, the intercept is 1.1650 × 108 m3,
which is the dynamic reserve of S-5 determined by modified
FMB.

Figure 7. P ∼ μgcg curve of natural gas.

Figure 8. Dynamic reserves determined by modified FMB.
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Figure 9. Production curve of S-4.

Figure 10. Results of S-4 by modified FMB.

Figure 11. Production curve of S-5.

Figure 12. Results of S-5 by modified FMB.
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3.3. Type-III Wells. S-6 well is one of type III, and the OFR
is 8.944 × 104 m3/day. It can be seen that the average
production of S-6 is 50 × 104 m3/m at the initial stage from
Figure 13(June 2013−December 2014). The water production
is at a low level, the average monthly production is 3.02 m3/m,
and the water−gas ratio is maintained at 0.060 m3/104 m3. The
casing pressure decreases rapidly and the monthly production
remains unchanged in the second stage (from January 2015 to
June 2018). In the third stage (July 2018−April 2020), the
monthly production decreases rapidly due to the high water
production rate. Up to now, the cumulative production of S-6
is 2580.92 × 104 m3, and the cumulative water production is
237.55 m3.
As shown in Figure 14, the linear fitting is carried out and

the slope of the straight line is −0.0031 according to the

relationship between Pc/Zc and Gp. A straight line is obtained
from this slope and the Pi/Zi point, and the intercept is 0.6765
× 108 m3, which is the dynamic reserve of S-6 determined by
FMB.
The calculation results show that −λ = −0.667 and −λm =

−0.0021. Considering −λm as the slope and making a straight
line through the Pi/Zi point, the intercept is 0.9986 × 108 m3,

which is the dynamic reserve of S-6 determined by modified
FMB.

4. DISCUSSION

Compared with the other methods, the MBM is more reliable
during calculation with the average formation pressure.

4.1. Method Verification. Based on the measured
formation pressure at different stages of the production, the
relationship between the cumulative production and P/Z is
shown in Table 3 and Figures 15−17.
It can be obtained from Table 4 and Figure 18 that (1) the

dynamic reserve of S-4 is 1.3849 × 108 m3 calculated by the
MBM. By comparing the above results, the error of FMB is
36.91%, and the error of modified FMB is 0.95%; (2) the
dynamic reserve S-5 is 1.1864 × 108 m3 calculated by the
MBM, therefore, the error of FMB is 32.02% and the error of
modified FMB is 1.80%; and (3) the dynamic reserve of S-6 is
1.0086 × 108 m3 calculated by the MBM; obviously, the error
of FMB is 32.93%, and the error of modified FMB is 1.00%.
Therefore, compared with FMB, the error of modified FMB is
small, with an average of 1.25%.

4.2. Advantages and Disadvantages. Three methods
are used to calculate the dynamic reserve of 33 wells in the
study area, and the results are shown in Table 5. The average
reserves calculated by the MBM and the FMB are 1.2731 × 108

m3 and 0.6794 × 108 m3, respectively. The minimum error is
28.499%, the maximum is 58.816%, and the average is
44.536%. The average reserve of modified FMB is 1.3008 ×
108 m3, the minimum error is 1.290%, the maximum value is
3.063%, and the average is 2.114%. It is worth noting that the
wells with large errors in the calculation results of modified
FMB are S-56 and S-60-1.
Combined with the production, S-56 was put into

production in June 2013 (Figure 19), and the state of shut-
in appeared intermittently from June 2013 to December 2016,
the pressure recovery state was in a short time, which reflected
that the formation pressure and casing pressure drop in the
early stage were relatively small, and the production per unit
pressure drop was relatively large because there was no

Figure 13. Production curve of S-6.

Figure 14. Results of S-6 by modified FMB.
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intermittent shut-in in the later stage. Therefore, it can be
concluded that the early shut-in leads to large dynamic
reserves. Similarly, S-60-1 was put into production in July 2015
(Figure 20), and the intermittent shut-in occurred in the later

stage, and the production law could not fully reflect the real
state, resulting in a large error.
To sum up, the new method established also has limitations.

The accuracy of the calculation of the modified FMB would be
affected when the production changes greatly, especially a shut-
in for a long time before calculating the production of pressure
drop at a certain time. Therefore, data that are relatively
consistent should be selected as far as possible to calculate the
dynamic reserves.

5. CONCLUSIONS
Considering the viscosity, compressibility, and deviation
coefficient of natural gas, the FMB method is modified, and
the calculation method and steps are given in this study. At the
same time, verified by the production data of typical wells, the
results show that compared with the results of the MBM, the
average error of the FMB method is 33.95%, and the average
error of the modified FMB method is 1.25%. Therefore, the
modified FMB method is more accurate in calculating dynamic
reserves.
In addition, with conventional methods, there is a large error

in the model created when there is a longer shut-in operation.
It is believed that the mathematical model is a good starting for
future research on dynamic reserves in the field of an
unconventional reservoir, and this theoretical design is
expected to be applied in other simulation methods for gas

Table 3. Pressure Measured of Three Wells

S4 S5 S6

time Gp (10
4 m3) P (MPa) P/Z Gp (10

4 m3) P (MPa) P/Z Gp (10
4 m3) P (MPa) P/Z

201 312 268.355 18.800 20.567 135.008 18.923 20.727 216.712 18.713 20.515
201 406 434.815 18.276 20.018 265.966 18.386 20.091 450.907 18.281 20.023
201 412 787.525 17.918 19.589 431.721 18.147 19.893 546.945 17.644 19.321
201 506 1211.685 17.617 19.152 720.386 17.578 19.273 767.195 17.980 19.659
201 512 1522.465 16.668 18.186 990.256 17.360 18.988 971.055 16.738 18.231
201 606 1836.965 16.488 17.915 1278.196 16.565 18.069 1200.765 16.678 18.048

Figure 15. Results of S-4 by the MBM.

Figure 16. Results of S-5 by the MBM.

Figure 17. Results of S-6 by the MBM.

Table 4. Results of FMB and Modified FMB

well
MBM

(104 m3)
FMB

(104 m3)
error
(%)

modified FMB
(104 m3)

error
(%)

S4 13848.68 8737.50 36.91 13980.00 0.95
S5 11864.04 8065.38 32.02 11650.00 1.80
S6 10086.19 6764.52 32.93 9985.71 1.00
average 11932.97 7855.80 33.95 11871.90 1.25

Figure 18. Error of dynamic reserves.
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Table 5. Results of Three Dynamic Reserve Methods

MBM FMB modified FMB

WELL
initial wellhead casing pressure

(MPa)
pseudo-steady wellhead casing pressure

(MPa)
reserves
(104 m3)

reserves
(104 m3)

error
(%)

reserves
(104 m3)

error
(%)

S1 15.8462 12.8592 7153.74 4282.75 40.133 7342.40 2.637
S12 17.1079 13.4597 14 160.04 6336.27 55.252 14 370.62 1.487
S14 18.7003 12.8507 10 602.13 5843.84 44.881 10 833.20 2.179
S15 17.3198 14.2056 12 111.63 8659.90 28.499 12 334.85 1.843
S16 18.0042 14.2344 12 881.02 6668.23 48.232 13 183.31 2.347
S18 20.9695 14.9531 9300.99 5114.52 45.011 9482.64 1.953
S19 19.1588 13.4765 15 158.98 7982.84 47.339 15 426.74 1.766
S2 16.6048 12.7247 4488.28 2515.88 43.946 4560.57 1.611
S20 20.9194 15.9530 23 281.23 11 621.87 50.081 23 693.58 1.771
S23 17.2632 12.3611 18 463.87 11 508.79 37.669 18 979.53 2.793
S24 17.8761 13.3496 8295.53 4831.38 41.759 8488.67 2.328
S3 15.3464 11.4357 4419.17 3009.09 31.908 4498.07 1.785
S36 16.7579 13.4424 14 231.18 9857.57 30.733 14 547.33 2.222
S37 20.8429 15.2572 8776.13 4631.75 47.223 8951.42 1.997
S38 15.3464 12.7981 17 870.36 10 961.70 38.660 18 146.58 1.546
S39 16.4099 11.9387 7545.85 3907.11 48.222 7699.04 2.030
S40 20.4163 15.6005 8117.51 3343.29 58.814 8310.90 2.382
S41 17.7460 12.0839 9631.05 5070.29 47.355 9871.88 2.500
S42 20.1747 15.6066 12 423.66 5933.73 52.239 12 605.25 1.462
S47 15.4740 11.0778 9600.02 5951.53 38.005 9782.98 1.906
S48 19.7822 14.7414 8301.62 5187.84 37.508 8495.94 2.341
S53 18.1943 13.6024 10 815.71 6273.89 41.993 11 010.45 1.801
S53-1 16.5886 14.4144 3168.25 1987.80 37.259 3213.64 1.433
S56 17.5138 14.1972 7124.17 4230.08 40.623 7339.25 3.019
S60 22.6343 17.3155 12 818.85 5956.40 53.534 12 984.22 1.290
S60-1 23.8290 15.3464 14 704.97 7073.23 51.899 15 155.41 3.063
S8 17.9103 13.5156 62 126.78 25 586.07 58.816 63 747.11 2.608
Y170 17.9788 14.2530 16 910.98 11 236.74 33.554 17 356.94 2.637
Y185 19.8759 13.2931 2211.32 1129.31 48.930 2257.58 2.092
Y196 18.4994 10.9542 19 406.76 9736.50 49.829 19 839.12 2.228
Y202 18.1875 13.3156 8538.40 4208.89 50.706 8750.41 2.483
Min 15.3464 10.9542 2211.32 1129.31 28.499 2257.58 1.290
Max 23.8290 17.3155 62 126.78 25 586.07 58.816 63 747.11 3.063
Average 18.3638 13.6973 12 730.33 6794.81 44.536 13 008.37 2.114

Figure 19. Production curve of S-56.
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(shale gas, coalbed methane) and multimedia (matrix, fracture,
and cavity) reservoirs.
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■ NOTATIONS
Z deviation coefficient of natural gas;
VR underground volume of natural gas, m3;
Vsc volume of natural gas under surface conditions, m3;
Pc wellhead casing pressure, MPa;
Pci initial wellhead casing pressure, MPa;
Pwf bottom flow pressure, MPa;
Pwfi initial bottom flow pressure, MPa;
Gp cumulative production, 108 m3;
P̅ average formation pressure, MPa;
Pwf bottom flow pressure, MPa;
Z̅ deviation factor of natural gas under average formation

pressure;
Zwf deviation factor of natural gas under bottom flow

pressure;
ug viscosity of natural gas under average formation

pressure, mPa·s;
μgwf viscosity of natural gas under bottom flow pressure,

mPa·s;
Cg compressibility of natural gas under average formation

pressure, MPa−1;
Cgwf compressibility of natural gas under bottom flow

pressure, MPa−1;
Ppss average formation pressure at the initial stage of the

pseudo-steady-state, MPa;
Pwf‑pss bottom pressure at the initial stage of the pseudo-

steady-state, MPa;
Pi initial formation pressure, MPa;
μg viscosity of natural gas, mPa·s;
Cg compressibility of natural gas, MPa−1;

Figure 20. Production curve of S-60-1.
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