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ABSTRACT

As the main unconventional natural gas reservoirs, shale gas reservoirs and coalbed methane (CBM)
reservoirs belong to adsorptive gas reservoirs, i.e., gas reservoirs containing adsorbed gas. Shale gas and
CBM reservoirs usually have the characteristics of rich adsorbed gas and obvious dynamic changes of
porosity and permeability. A generalized material balance equation and the corresponding reserve
evaluation method considering all the mechanisms for both shale gas reservoirs and CBM reservoirs are
necessary. In this work, a generalized material balance equation (GMBE) considering the effects of critical
desorption pressure, stress sensitivity, matrix shrinkage, water production, water influx, and solubility of
natural gas in water is established. Then, by converting the GMBE to a linear relationship between two
parameter groups related with known formation/fluid properties and dynamic performance data, the
straight-line reserve evaluation method is proposed. By using the slope and the y-intercept of this
straight line, the original adsorbed gas in place (OAGIP), original free gas in place (OFGIP), original dis-
solved gas in place (ODGIP), and the original gas in place (OGIP) can be quickly calculated. Third, two
validation cases for shale gas reservoir and CBM reservoir are conducted using commercial reservoir
simulator and the coalbed methane dynamic performance analysis software, respectively. Finally, two
field studies in the Fuling shale gas field and the Baode CBM field are presented. Results show that the
GMBE and the corresponding straight-line reserve evaluation method are rational, accurate, and effective
for both shale gas reservoirs and CBM reservoirs. More detailed information about reserves of shale gas
and CBM reservoirs can be clarified, and only the straight-line fitting approach is used to determine all
kinds of reserves without iteration, proving that the proposed method has great advantages compared
with other current methods.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

reservoirs. Therefore, in order to evaluate the reserves of shale gas
reservoirs and CBM reservoirs, the first essential step is to establish

Shale gas and coalbed methane (CBM) are major alternatives to
conventional gas resources. Due to the large amount of natural gas
in adsorption state buried in CBM reservoirs and shale gas reser-
voirs, it brings great challenges to reserve evaluation using material
balance equation (MBE) comparing with conventional gas
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a suitable MBE for these two gas reservoirs.

CBM reservoir contains so much water that it usually goes
through water drainage stage before gas desorption and produc-
tion. For shale gas reservoirs, more and more studies show that the
initial water saturation is usually high, such as, 25%—35% in Barnett
shale and up to 40%—46% in Changning-Weiyuan shale (Akkutlu
et al,, 2015; Fuentes-Cruz and Vasquez-Cruz, 2022; Kazemi and
Ghaedi, 2020; Li et al., 2016; Orozco and Aguilera, 2017, 2018),
resulting in that the original dissolved gas in place (ODGIP) can
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Nomenclature

A Control area, 108 m?

Bg Gas volume factor at the current state, m3/sm>
Bgi Initial gas volume factor, m®/sm?>

Bw Water volume factor at current state, m>/sm>
Buwi Initial water volume factor, m3/sm>

b y-intercept of the straight line, 108 m>

Ca Coal matrix shrinkage coefficient, dimensionless
Cp Pore compressibility, MPa~!

Cs Dissolution coefficient of natural gas in water, MPa~!
Cw Water compressibility, MPa~!

Gai Original adsorbed gas in place (OAGIP), 108 m3
Gs Original free gas in place (OFGIP), 108 m?

Gj Original gas in place (OGIP), 108 m®

Gp Cumulative gas production, 108 m?

Gsi Original dissolved gas in place (ODGIP), 108 m?
H Henry's constant, MPa

h Formation thickness, m

m The slope of the straight line, 10 m?

Dd Critical desorption pressure, MPa

Di Initial reservoir pressure, MPa

7} Average formation pressure, MPa

pL Langmuir pressure, MPa

Dsc Standard pressure, MPa

DPwf Bottom-hole flowing pressure, MPa

Qg Gas production rate, m3/d

Qw Water production rate, m>/d

Swi Initial water saturation, fraction

T Reservoir temperature, K

Tsc Standard temperature, K

Vi Langmuir volume, m3/t

W, Water influx, 108 m>

W, Cumulative water production, 108 m?

X The value of x axis for reserve evaluation method,
dimensionless

Y The value of y axis for reserve evaluation method,
10 m?

¥4 Average gas deviation factor, dimensionless

Zsc Gas deviation factor at standard condition,
dimensionless

0B Bulk density of rock, t/m>

Yg Gas specific gravity, dimensionless

i Initial reservoir porosity, fraction

v Poisson's ratio, fraction

Emax Maximum strain of matrix shrinkage, fraction

account for more than 2.2%—6.6% of original free gas in place
(OFGIP) for some cases (Zhou et al., 2013). Therefore, dissolved gas
in water is essential to MBEs for CBM reservoirs and shale gas
reservoirs, and ODGIP cannot be ignored during the reserve eval-
uation for these two gas reservoirs.

Different from the occurrence state of free gas in conventional
gas reservoirs, adsorptive gas reservoirs have not only free gas, but
also adsorbed gas (Ahmed et al., 2006; Clarkson and McGovern,
2001; King, 1990, 1993; Li et al., 2020; Liu et al., 2021; Moghadam
et al,, 2009, 2011; Nie et al., 2021; Pan et al., 2020; Seidle, 1999;
Sun et al., 2021; Wang et al., 2021; Yang et al., 2021; Zhu et al.,
2020) and dissolved gas (Akkutlu et al., 2015; Fuentes-Cruz and
Vasquez-Cruz, 2022; Kazemi and Ghaedi, 2020; Orozco and
Aguilera, 2017, 2018; Shi et al., 2018a; Zhou et al, 2013).
Compared with reserve evaluation of conventional gas reservoirs
(Shi et al., 2021c), the reserve evaluation of adsorptive gas reser-
voirs needs to consider the following three particularities: first, the
desorption process in the production process of adsorptive gas
reservoir needs to be considered. Only when the pressure is lower
than the critical desorption pressure, the adsorbed gas begins to
desorb; second, it is necessary to consider the dual effects of stress
sensitivity and matrix shrinkage on porosity in the production of
adsorptive gas reservoirs; third, it is necessary to consider the
impact of dissolved gas overflow on gas production and pressure.

King (1990, 1993) first proposed an MBE for CBM reservoir
considering gas adsorption and desorption, and then constructed a
linear relationship of p/Z* versus G, through defining a pseudo-
deviation factor Z* to estimate the original gas in place for CBM
reservoirs. King's discovery is significant, but the calculating pro-
cess needs iteration, and some essential factors influencing CBM
production, such as, critical desorption pressure, matrix shrinkage,
and dissolved gas, were ignored. Jensen and Smith (1997) derived
an MBE for CBM reservoir by only considering gas in adsorbed state,
so it was simple and limited in use. Seidle (1999) simplified King's
MBE by neglecting formation compressibility, water compress-
ibility, and water influx. Seidle's discovery greatly simplified the
MBE and facilitated reserve calculation process directly using
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inversion instead of iteration, but some essential factors influencing
CBM production were still ignored. Clarkson and McGovern (2001)
extended the application scope of Jensen and Smith's MBE, by
considering the existence of free gas. However, in order to simplify
the calculation process, it is assumed that the water saturation is
constant during the CBM production process.

Ahmed et al. (2006) proposed an MBE for CBM reservoir
considering free gas, water expansion, formation compressibility,
and gas adsorption/desorption using Langmuir equation, and
divided the MBE into two cases according to whether the com-
pressibilities of rock and fluid were considered. Based on this MBE,
reserves can be calculated directly without iteration. However, the
essential factors such as the critical desorption pressure, matrix
shrinkage, and dissolved gas are still not considered.

Based on King and Ahmed's MBE, Chen and Hu (2008) proposed
an MBE for CBM reservoir to calculate original adsorbed gas in place
(OAGIP) and original free gas in place (OFGIP). However, this MBE
still neglects original dissolved gas in place and critical desorption
pressure. Moghadam et al. (2009, 2011) considered formation
compressibility, expansion of residual fluid, gas adsorption/
desorption, and water influx into the MBE for CBM reservoirs, then
in order to calculate reveres by directly inversion, they proposed a
new pseudo-deviation factor Z** to simplify the MBE. However, the
critical desorption pressure, matrix shrinkage, and dissolved gas
are still not considered.

Assuming that adsorbed gas occupies a certain amount of pore
space, Williams-Kovacs et al. (2012) developed an MBE for shale gas
reservoirs, in which the porosity of adsorbed gas phase was
considered to be affected by pore pressure. Zhang et al. (2013) also
proposed an MBE for shale gas reservoirs based on Williams-
Kovacs's assumption. However, these two MBEs ignored gas solu-
bility, water influx, and water production.

Ibrahim and Nasr-El-Din (2015) proposed an MBE for CBM res-
ervoirs, which took into account methane solubility, matrix
shrinkage, and formation compressibility. Compared with King's
MBE (King, 1993), Clarkson and McGovern's MBE (Clarkson and
McGovern, 2001), and their MBE without matrix shrinkage, it was
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found that the original gas in place (OGIP) was underestimated
roughly 10% if ignoring matrix shrinkage effect. However, the
inversion plot was not strictly straight which seriously affected the
accuracy of reserve calculation.

On the basis of the existence of adsorbed gas, free gas, and
dissolved gas in CBM reservoirs, Shi et al. (2018a) derived an MBE
and proposed a linear reserve evaluation method for CBM reser-
voirs using a pseudo-deviation factor Z* incorporating pore
compressibility and matrix shrinkage effects. However, the calcu-
lation process of Z* is still complex.

From the above literature review, it can be concluded that the
current material balance equations and reserve evaluation methods
for shale gas reservoirs and CBM reservoirs either ignored at least
one or more important mechanisms or their calculating processes
were complex. In addition, the current material balance equations
and reserve evaluation methods are only suitable to one type gas
reservoir, the generalized reserve evaluation method based on
material balance equation suitable for both shale gas reservoirs and
CBM reservoirs is lacking. Hence, a comprehensive and generalized
MBE and reserve evaluation method for adsorptive gas reservoirs,
including shale gas reservoirs and CBM reservoirs, are necessary. In
this work, first, a generalized material balance equation (GMBE)
considering the critical desorption pressure, pore volume variation
due to stress sensitivity and matrix shrinkage, water production,
water flux, and dissolved gas in water is established. Then, a
straight-line reserve evaluation method is proposed through con-
version of the established GMBE. Third, the credibility of GMBE and
straight-line reserve evaluation method are verified by numerical
simulation of a shale gas reservoir and a CBM reservoir. Finally, the
proposed straight-line reserve evaluation method is applied to the
Fuling shale gas reservoir and the Baode CBM reservoir.

2. Establishments of GMBE and reserve evaluation method
2.1. Establishment of GMBE for shale gas and CBM reservoirs

For shale gas reservoirs, free gas and adsorbed gas are two main
gas types. Besides, the dissolved gas should be considered in case
that much water exists in shale matrix and the reservoir pressure is
high. For under-saturated CBM reservoirs, the initial reservoir
pressure is above the critical desorption pressure, there is a water
drainage stage, most natural gas exists in adsorbed state, only small
percentage of natural gas is in dissolved state. In addition, free gas
may also exist in under-saturated CBM reservoirs if the reservoir is
lifted to shallow stratum after gas generation. For saturated CBM
reservoirs, the initial reservoir pressure is equal to or below the
critical desorption pressure, at the beginning of gas production, the
adsorbed gas will desorb, so the produced gas consists of desorbed
gas, free gas, and dissolved gas. Thus, in order to include all the
circumstance in different kinds of shale gas reservoirs and CBM
reservoirs, adsorbed gas, free gas, and dissolved gas, these three gas
types should be all considered when establishing the material
balance equation.

According to the material balance principle, the cumulative gas
production is equal to the original gas in place minus the residual
gas reserve. The generalized MBE for shale gas reservoirs and CBM
reservoirs can be written as:

— Swi)ZscTscPi

BVLﬁ . Ah¢(1 - Sw)ZscTscﬁ o
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One point that needs to explain is that, for under-saturated CMB
reservoirs, during the water drainage stage, i.e., the average reser-
voir pressure is high than the critical desorption pressure, since the
adsorbed gas hasn't desorbed, the term for adsorbed gas should be
ignored.

During the shale gas and CBM production, the reservoir porosity
will change owing to stress sensitivity and matrix shrinkage effects.
Stress sensitivity occurring during the whole production decreases
porosity. However, the matrix shrinkage effect increases porosity
after the adsorbed gas starts to desorb (Harpalani and Schraufnagel,
1990; Miao et al., 2020, 2022). The porosity model considering both
effects of stress sensitivity and matrix shrinkage (Clarkson et al.,
2010; Liu and Harpalani, 2013; Palmer, 2009; Shi and Durucan,
2005) can be expressed as:

where ¢ is the current reservoir porosity; c, is the matrix shrinkage
coefficient, dimensionless. According to the experimental results
from Ibrahim and Nasr-El-Din (2015), the value of ¢, varies from
0.002 to 0.026. The definition of c; is:

p
pL+DP

o= 17cp<pifﬁ>+ca( Pa )

PL +DPd

c 72V€max
R

3)

where emax is the maximum adsorption/desorption volume strain
of matrix, which is generally not more than 0.1; v is Poisson's ratio.

In order to incorporate the effect of dissolved gas into MBE, the
dissolution coefficient of natural gas in water c¢s is introduced,
which can be calculated by:

22.4

“=0.018H (4)

where H is Henry's constant, MPa.

In addition, the underground volume of the produced water is
equal to the volume of the original water minus the volume
occupied by the current water and then plus the volume of water
expansion and the volume of water influx. Then the material bal-
ance equation of water phase can be expressed as:

WpBw = Ah¢;Swi — AhdSw + Ahd;Swicw(pi — D) + We (5)
Substituting Eq. (2) into Eq. (5) yields:
Swill + Cw(p; — D)) + e
w = : (6)

1-cp(pi—P) +ca (pﬁpd - pr+5>

It is assumed that temperature T, initial porosity ¢;, Langmuir
constants V. and py, dissolution coefficient of methane in water cs,
pore compressibility cp, water compressibility c, initial water
saturation Sy, and water influx W, (referred to underground vol-
ume) are known.

The term ¢(1 —Sw) can be calculated using Eqgs. (2) and (6),
which is shown as,

Gy — Ah peVipa | Ahgi(l

p
Ah:S.icsp; — Ah
pL+DPd + ANPiowiCsPy p

PscTZ;

L+D
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Thus, the control volume of the reservoir Ah will be the slope of

(1 —Sw) = [1 — Swi — (cp+ Swij)(Pi —P)— W this st.ralght line m, apd thg orlgllnal free gas in place (OFGIP) will be
di the y-intercept of this straight line b.
Pd il Alternatively, the OFGIP of the reservoir can be also calculated
\pL+ Pd T pL+D using the slope of the straight line:

$i(1 — Swi)ZscTscpi

Substituting Eqgs. (2), (6) and (7) into Eq. (1) gives, G =m PscTZ; (15)
psViPd  Ahdi(1 — Syi)ZscTschi Using the slope of the straight line m, the original adsorbed gas
Gp =Ah L+ Py pscTZ; + Ah¢iSyiCspi in place (OAGIP) can be easily calculated as:
Vip _ —
—Ah%—Ah¢iCsP {Swi[l +cw(pi —D)] » :mpBVLPd (16)
DL +DPd
We — WpB Ah¢iZscTscp
£ Ah¢~p W} - pl S;ZSCP [1 = Swi — (Cp + Swij)(pi The original dissolved gas in place (ODGIP) can be calculated as:
1 SC
_p) - We — WpBw 4 Ca( Pa P 7) } Gsi = MeiSwiPiCs (17)
Ahg; pL+Pd PL+D - . .
(8) Thus, the original gas in place (OGIP) for shale gas reservoir and
CBM reservoir can be calculated by summation of original free gas
Eq. (8) will be the generalized material balance equation (GMBE) in place, original adsorbed gas in place, and original dissolved gas in
for both shale gas reservoirs and CBM reservoirs. place, which is:

G; =G, + G + G (18)
2.2. The method for calculating OGIP of shale gas and CBM
reservoirs

2.2.1. Reorganizing Eq. (8) yields
2.3. Calculation procedures

Gp — (ZscTscp _ CsP) (We _ WpBw) _ Ahei(1 — Swi)ZscTscpi }

DscTZ PscTZ; )
9
peViba  peVID  #iZscTscP [ = ( Pd P > } = =
Ah - = — — |1 — Sy — (Cp + SwiC i—DP)+¢ - — ) | + ¢iSwiCs(p; — P)(1 — pc
{pL+pd pL+D DscTZ wi — (Cp + Swicw) (P — D) + Ca PL+DPa PL+D #iSwiCs(P; — P)(1 — Pcw)
Eq. (9) can be rewritten as: The procedure to estimate the original gas in place of shale gas
reservoirs and CBM reservoirs is recommended as follows:
Y=b+m-X (10)
) (1) Select the formation and fluid physical parameters of the
with given shale gas reservoir or CBM reservoir, including: bulk
B density of rock pg, Langmuir volume Vi, Langmuir pressure
Y=G,— ZscTsc_p —cp (We ~W, Bw) (11) by, Fritical desorption pressure pq, reser\{oir terr_lperathur‘e_T,
DscTZ initial reservoir pressure pj, initial reservoir porosity ¢;, initial

water saturation Syj, pore volume compressibility cp, for-
mation water compressibility c,, formation water volume

X = PeViba pBVLE — ¢iZSCTS_Cp {l — Swi — (¢p + Swicw) (Pi — P) factor By, specific gravity of natural gas vg, Herry's constant
PLtPa PLtP PscTZ H, Poisson's ratio », and maximum adsorption/desorption
Dd P = —= volume strain of matrix emax.
G|l ——— — iSwiCs(pi —P)(1 — pc max
ta (p;_ +pg DL+ p) } *+ #iSwiCs(Pi — P)(1 —Pew) (2) Determine the values of matrix shrinkage coefficient c, and
(12) dissolution coefficient of natural gas in water c;. If the matrix

shrinkage coefficient c; and the dissolution coefficient of

natural gas in water cs are not available, Eq. (3) can be used to

(13) determine the matrix shrinkage coefficient c, using Poisson's

ratio » and maximum adsorption/desorption volume strain

of matrix emax, and Eq. (4) is recommended to determine the

m=Ah (14) dissolution coefficient of natural gas in water cs. If the matrix

shrinkage coefficient c; and dissolution coefficient of natural
gas in water ¢ are available, just straightly use them.

(3) Select the production dynamic performance data for the

given shale gas reservoir or CBM reservoir, including

_ Ahdi(1 — Swi)ZscTscDi

b
PscTZ;

As shown in Eq. (10), if drawing a plot of Y versus X, a straight
line with b as the y-intercept and m as the slope will be obtained.
Through data fitting, the y-intercept b and the slope m can be
determined.
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Collect the formation
and fluid physical
parameters

(1) Collect the formation and fluid physical parameters of the
given shale gas reservoir or CBM reservoir.

A

(2) Determine the values of matrix shrinkage coefficient ¢, and
dissolution coefficient of natural gas in water c..

Collect the production
dynamic performance

(3) Select the production dynamic performance data for the
given shale gas reservoir or CBM reservoir.

data =
(4) Calculate the average deviation factor Z corresponding to
each average reservoir pressure p.
— ‘ (5) Calculate Y and X.
(6) Draw a Cartesian plot with Y as the y-axis and X as the x-axis,
v match the scatter point data with linear relationship, and
Evaluate reserves ‘ _J determine the slope and the y-intercept of the straight line.

‘ (7) Calculate OFGIP and adjust the initial water saturation. ‘

— ‘ (8) Determine OFGIP, OAGIP, ODGIP, and OGIP. ‘

Fig. 1. Flowchart of the approach for estimating reserves of shale gas and coalbed methane reservoirs.

cumulative gas production Gy, cumulative water production
W), average reservoir pressure p, and cumulative water
influx W, (referred to underground volume) at the same
production time, and at least three sets of dynamic data
corresponding to different time are required. Actually, for
shale gas reservoirs and CBM reservoirs, the control area is
divided into many pieces by multiple production wells, and
the reservoir boundary is affected and controlled by these
production wells. Hence, it can be assumed that there is no
edge and bottom water supply at the reservoir boundary for
shale gas reservoir and CBM reservoir, i.e., cumulative water
influx We can be set to be O for shale gas reservoirs and CBM
reservoirs in most cases.

(4) Calculate the average deviation factor Z corresponding to

each average reservoir pressure p. If the average gas devia-
tion factor Z is unknown, the Dranchuk—Abou-Kassem
method (Dranchuk and Abou-Kassem, 1975) is recom-
mended to calculate Z at any average formation pressure p
based on reservoir temperature T and specific gravity of
natural gas vg.

(5) Calculate Y and X for each production time corresponding

each average reservoir pressure through substituting the
formation and fluid physical parameters and production
dynamic performance data into Egs. (11) and (12),
respectively.

Fig. 2. Numerical simulation model of the shale gas reservoir.
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Table 1

Formation and fluid properties of the shale gas reservoir.
Parameter Value
Bulk density of rock pg, t/m> 2.5
Langmuir volume Vi, m3/t 3.94
Langmuir pressure p;, MPa 8
Critical desorption pressure pg, MPa 37.69
Initial pressure p;, MPa 37.69
Initial porosity ¢; 0.051
Initial water saturation Sy 0.4
Pore volume compressibility cp, MPa™! 0.001
Water compressibility c,, MPa~! 0.000435
Water volume factor By, m>/sm> 1
Specific gravity of natural gas yg 0.56
Formation temperature T, K 355.35
Dissolution coefficient of natural gas in water cs, MPa~! 0
Matrix shrinkage coefficient c, 0

(6) Draw a plot with Yas the y-axis and X as the x-axis, match the
scatter point data with linear relationship, and determine the
y-intercept b and the slope m of this straight line.

(7) Calculate OFGIP using both the y-intercept b and the slope m
of the straight line, if the value calculated by the slope of this
straight line and that by the y-intercept of the straight line
are not the same, adjust the initial water saturation Sy,
repeat steps 1—7 until these two values are close.

(8) Determine OFGIP, OAGIP, ODGIP, and OGIP through
substituting b and m into Egs. (15)—(18).

The flowchart of the approach for estimating reserves of shale
gas and coalbed methane reservoirs is shown as in Fig. 1.

3. Validations
3.1. Validation for shale gas reservoir

The commercial reservoir simulator, IMEX section in Computer
Modelling Group (CMG-IMEX), is applied to simulate the produc-
tion of a shale gas reservoir.

Fig. 2 shows the numerical simulation model for this shale gas
reservoir, which is a cuboid with a length of 2628.5 m, a width of
1653.3 m, and a height of 20.1 m. The single porosity model is used,
and the gas supply mechanism through desorption of adsorbed gas
is considered. This assumption is reasonable and acceptable
because for the material balance calculations, the measured
average reservoir pressure is actually the balanced pressure in
fracture system after a period of well shut-in. In addition, gas and
water two-phase flow is used for the fluid model. The formation
and fluid properties of this model are shown in Table 1. OQutput from
this simulation model, the pore volume is 0.87348551 x 108 m?, the
original free gas in place (OFGIP) is 7.86364717 x 10% m?, the
original adsorbed gas in place (OAGIP) is 7.09712062 x 10® m?, and
the original gas in place (OGIP) is 14.96076779 x 108 m>. One thing
which needs to mention is that because the dissolve gas cannot be
simulated in CMG, so the dissolve gas is not considered in this
validation case.

Five multi-stage fractured horizontal wells are evenly arranged
in the shale gas reservoir. For each well, the length of horizontal
section is 1603.2 m, the number of perforated sections is 15, and the
fracture half-length is 150 m. Each well is scheduled to produce gas
of 50,000 m>/d. After the bottom-hole flowing pressure drops to
the minimum bottom-hole flowing pressure of 10 MPa, it remains
stable. The production performance for one well is shown in Fig. 3a.
The cumulative gas production G, and cumulative water produc-
tion W), of the whole gas reservoir are shown in Fig. 3b. The average
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formation pressure p and the average deviation factor Z of the
whole gas reservoir are shown in Fig. 3c. For simplification of the
validation process, water influx, dissolved gas in water, and matrix
shrinkage effect are not considered for this shale gas reservoir, i.e.,
the W, value is constant at 0, the dissolution coefficient of natural
gas in water cg is 0, and the matrix shrinkage coefficient c, is 0.
The annual production performance data of this shale gas
reservoir are listed in Table 2, including date, cumulative water
production W), cumulative gas production Gp, average formation
pressure p, and the corresponding average gas deviation factor Z of
natural gas. Then using the proposed reserve evaluation method, by
substituting these production performance data of the shale gas
reservoir as well as the formation and fluid properties in Table 1

0.8 40

0.7 35

0.6 30
0.5 25

0.4 20

Put, MPa

0.3

0.2 4

[ Gas production rate Qq
A Water production rate Q,

Water production rate Q,, m®d
Gas production rate Q,, 10° m%d
Bottom-hole flowing pressure

0.1 4 F5
O Bottom-hole flowing pressure p.r
0 T T T 0
2012/11 2014/10/2 2017/7/3 2020/4/3
Date
(a) Production performance of one well
¥ 7
= [0 Cumulative gas production G, c
o 6 1 A Cumulative water production W, -6 -2
B s
3 5 ts 3
o . 5%
s g, L4 = €
8% Lo
o — g —
o & 349 L 3 s
[
20 2=
2 2 - L2 ®
g S
5 S
o 14 r1 >
O
0 T T T 0
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Fig. 3. Production performance data of the shale gas reservoir.
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Table 2

Production performance and the calculated X and Y for the shale gas reservoir.
Date p.MPa 7 Wp, 108 m* G, 105 m® X Y, 10® m?
2012/1/1 37.69 1.065 O 0 -9.002607 O
2013/1/1 3227 0.993 5.9963E-06 0.915000 —7.952078 0.916562
2014/1/1 28.16 0955 1.2755E-05 1.827500 —-6.907118 1.830513
2015/1/1 24.66 0.934 1.9754E-05 2.740000 —5.864674 2.744183
2016/1/1 21.56  0.922 2.7398E-05 3.652500 —4.826026 3.657638
2017/1/1 1873 0916 3.6153E-05 4.567500 —3.790030 4.573427
2018/1/1 16.15 0.915 4.6546E-05 5.480000 —2.765255 5.486586
2019/1/1 14.44 0916 5.4469E-05 6.108567 —2.044434 6.115452
2020/1/1 13.42 0917 5.9285E-05 6.490540 —1.595077 6.497496

into Egs. (11) and (12), the Yand X corresponding to each date can
be calculated, respectively, as shown in the last two columns of
Table 2. The scatter plot of Y versus X and the linear fitting result for
this shale gas reservoir are shown in Fig. 4. It can be seen that a
straight-line relationship can perfectly fit all the scatter points with
R? of nearly 1, indicating the proposed reserve evaluation method is
reasonable and effective. From this straight line, its slope m is
determined to be 0.8790577 (10 m?®), and its y-intercept b is
determined to be 7.906368 (10% m?).

Substituting the slope m into Eq. (16), the OAGIP of the shale gas
reservoir can be calculated to be 7.147251 (10% m?). The value of y-
intercept b will be the OFGIP of this shale gas reservoir, which is
7.906368 (108 m>). Since the dissolution coefficient c; of natural gas
in water is O for this case, the ODGIP of the shale gas reservoir is 0.
Finally, the OGIP of the shale gas reservoir is calculated to be
15.053629 (10® m>) using Eq. (18). Table 3 listed the reservoir
volume and reserves output from the simulation model and those
evaluated by the proposed reserve evaluation method. Through
comparison between the actual reserves from the CMG model and
reserves evaluated by the proposed method for this shale gas

Y=8.790577E-01X+7.906368E+00
R2=9.999915E-01

Y, 108 m®

Fig. 4. The scatter plot of Y versus X and the linear fitting result for the shale gas
reservoir.

Table 3
Reserve calculation results and error analyses for the shale gas reservoir.

Parameter Value, 10® m? Relative error, %
CMG model  The proposed method

Reservoir volume Ah  0.87348551  0.87905770 0.634

OFGIP 7.86364717  7.90636800 0.540

OAGIP 7.09712062  7.14725135 0.701

ODGIP 0 0 /

OGIP 14.96076779 15.05361935 0.617
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Re

Ry

Fig. 5. Physical model of a vertically fractured CBM well using CBMDPA.

reservoir, the relative errors for reserves are all within 1%, i.e., the
accuracy of the proposed reserve evaluation method is higher than
99% for this case. The straight-line relationship and the accuracy of
the evaluated reserves demonstrate that the proposed reserve
evaluation method for shale gas reservoir is rational, accurate, and
effective.

3.2. Validation for CBM reservoir

In order to consider the effect of dissolved gas on reserve eval-
uation, the coalbed methane dynamic performance analysis soft-
ware (CBMDPA) is applied to validate the proposed reserve
evaluation method for CBM reservoir, which can consider the
dissolve gas and has been proved to be accurate and applicable (Shi
etal., 2018a,2018b,2019a, 2019b, 2020, 20214, 2021b). The physical
model of a vertically fractured CBM well using CBMDPA is shown in
Fig. 5. This numerical simulation model is a cylinder with the
drainage radius R of 150 m, fracture half-length L of 70 m, thick-
ness of the reservoir h of 10 m, reservoir volume Ah of 0.007068583
(108 m?). The single porosity model with gas and water two phase
flow is also used in CBMDPA. The formation and fluid properties of

Table 4

Formation and fluid properties of the CBM reservoir.
Parameter Value
Bulk density of rock pg, t/m> 1.5
Langmuir volume Vi, m3/t 10
Langmuir pressure p;, MPa 2
Critical desorption pressure pq, MPa 4.5
Initial pressure p;, MPa 7.2
Initial porosity ¢; 0.0399
Initial water saturation S,y; 0.95
Pore volume compressibility cp, MPa~! 0.00252187
Water compressibility c,y, MPa~! 0.000435
Water volume factor By, m>/sm> 1
Specific gravity of natural gas vg 0.552
Formation temperature T, K 299
Henry constant H, MPa 4180
Poisson's ratio v 0.3
Maximum strain under matrix shrinkage effect epax 0.035
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Fig. 7. The scatter plot of Y versus X and the linear fitting result for the CBM well.

this model are shown in Table 4. For this model, OFGIP is
0.00110087 (108 m>), OAGIP is 0.07340452 (102 m?3), ODGIP is
0.00057433 (108 m?) and OGIP is 0.07507971 (108 m?).

c
= o
o =
B S
©
go) [s)
<3 =
& E s L g g mE Production performance of this CBM well is shown in Fig. 6a. As
8o § = shown in Fig. 6a, the well is produced according to the designed
24 201 o o g“ bottom-hole flowing pressure, and the daily gas production in-
© a3 L, % creases gradually, with a peak value of 1135 m?/d, and then de-
g 1.0 4 _ _ E creases slowly. The dynamics of cumulative gas production Gp and
® s U Cumulative gas production &, | 5 5 cumulative water production W, with producing time are shown in
' A Cumulative water production W, (@) . . _ .
o 0 Fig. 6b. The average formation pressure p and the corresponding
2010/1/1 2013/6/4 2016/11/5 2020/4/8 2023/9/10 average deviation factor Z are shown in Fig. 6¢. Water influx is not
Date considered in this case, so W, is 0. By substituting the values of
Poisson's ratio » and maximum strain under matrix shrinkage effect
(b) G, and W, of the CBM reservoir emax 1N Table 4 into Eq. (3), the matrix shrinkage coefficient c, is
calculated to be 0. . By substituting Henry's constan in
Iculated to be 0.013125. B bstituting H tant H
= ! ke IN Table 4 into Eq. (4), the dissolution coefficient of natural gas in
o [J Average formation pressure . 1
= 7 A Average gas deviation factor | 100 & water c; is calculated to be 0.297713982 MPa ™.
g § The annual production performance data of this CBM well are
= 9% = listed in Table 5, including date, cumulative water production Wp,
s g L 0os ® cumulative gas production Gy, average formation pressure p, and
é > é the corresponding average gas deviation coefficient Z of natural gas.
5 '< [ 552 0 en using the proposed reserve evaluation method, by substitut-
8's 08 4 Th g the proposed luat thod, by substitut
) L ing these production performance data of the well as well as
o} 092 o g these production perf data of the CBM well 11
o g the formation and fluid properties in Table 4 into Eqs. (11) and (12),
5 © prop q
z r0% o the Y and X corresponding to each date can be calculated, respec-
< 4 p g P
g 68 < tively, as shown in the last two columns of Table 5. The scatter plot
2010/1/1 2013/6/4 2016/11/5 2020/4/8 2023/9/10 of Y versus X and the linear fitting result for this CBM well are
Date shown in Fig. 7. It can be seen that a straight-line relationship can
perfectly fit all the scatter points with R? of 1, indicating the pro-
c) p and Z of the reservoir osed reserve evaluation method is reasonable and effective for
(c) d Z of the CBM posed luat thod bl d effective fi
) ) ) CBM reservoirs. From this straight line, its slope m is determined to
Fig. 6. Production performance data of the CBM reservoir. be 0.007065338 (108 m?), and its y-intercept b is determined to be
Table 5
Production performance and the calculated X and Y for the CBM well.
Date P, MPa 7 Wp, 108 m? Gp, 108 m? X Y, 108 m?
2010/1/1 4.07 0.935 5.1348E-05 0.00104118 0.289370 3.148983E-03
2011/1/1 3.65 0.941 7.3147E-05 0.00318800 0.673123 5.860689E-03
2012/1/1 3.16 0.948 9.0076E-05 0.00663855 1.184437 9.472279E-03
2013/1/1 2.72 0.955 1.0125E-04 0.01071755 1.745437 1.343460E-02
2014/1/1 2.34 0.961 1.0860E-04 0.01485232 2.300119 1.735249E-02
2015/1/1 2.04 0.965 1.1368E-04 0.01879756 2.825676 2.106539E-02
2016/1/1 1.79 0.969 1.1734E-04 0.02248989 3317156 2.453815E-02
2017/1/1 1.59 0.973 1.2008E-04 0.02594609 3.777924 2.779439E-02
2018/1/1 1.41 0.976 1.2218E-04 0.02918319 4210525 3.085194E-02
2019/1/1 1.26 0.978 1.2382E-04 0.03222832 4.618549 3.373608E-02
2020/1/1 1.13 0.980 1.2510E-04 0.03508314 5.002076 3.644728E-02
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Table 6

Reserve calculation results and error analyses for the CBM reservoir.

Petroleum Science 19 (2022) 2867—2878

Parameter Value, 108 m* Relative error, %
CBMDPA model The proposed model
Reservoir volume Ah 0.00706858 0.00706534 0.046
OFGIP 0.00110087 0.00110318 0.210
OAGIP 0.07340452 0.07337082 0.046
ODGIP 0.00057433 0.00057407 0.045
OGIP 0.07507971 0.07504807 0.042
Table 7 16
Formation and fluid properties of Fuling shale gas field.

Parameter Value b

Bulk density of rock pg, t/m> 247 12 1 y_2'271:;55;;2;;;2?749501

Langmuir volume Vi, m3/t 2.76 )

Langmuir pressure p;, MPa 3.69 & 10

Critical desorption pressure pg, MPa 24138 @

Initial pressure p;, MPa 24.138 2 089

Initial porosity ¢; 0.021 >

. . 06

Initial water saturation Sy; 0.2

Pore volume compressibility cp, MPa~! 0.0087 04

Water compressibility c,, MPa~! 0.000435 ’

Water volume factor B,,, m*/sm> 1 02 4

Specific gravity of natural gas v, 0.69

Formation temperature T, K 366.48 0 —& ; ; .

Henry constant H, MPa 7040 6 4 2 0 2 4

Matrix shrinkage coefficient c, 0 X

0.00110318 (10® m°).

Substituting the slope m into Eq. (16), the OAGIP controlled by
this CBM well can be calculated to be 0.07337082 (108 m>). The
value of y-intercept b will be the OFGIP controlled by this CBM well,
which is 0.00110318 (108 m?3). Substituting the slope m into Eq. (17),
the OAGIP controlled by this CBM well is calculated to be
0.00057407 (108 m?). Finally, the OGIP controlled by this CBM well
is calculated to be 0.07504807 (10 m?) using Eq. (18). Table 6 listed
the reservoir volume and reserves output form CBMDPA model and
those evaluated by the proposed reserve evaluation method.
Through comparisons between the actual reserves and evaluated
reserves controlled by this CBM well, the relative errors for reserves
are all within 0.5%, i.e., the accuracy of the proposed reserve eval-
uation method is higher than 99.5% for this case. The straight-line
relationship and the accuracy of the evaluated reserves demon-
strate that the proposed reserve method for CBM reservoirs is
rational, accurate, and effective.

4. Field applications
4.1. Application in Fuling shale gas field

The Fuling shale gas field is located in Fuling District, Chongqing,
Southwest China. From the perspective of geological structure, it is
located in the Eastern edge of Sichuan Basin. In this work, part of
the shale gas field which is controlled by a horizontal well group is

Fig. 8. The scatter plot of Y versus X and the linear fitting result for Fuling shale gas
field.

selected as the application area for reserve calculation (Zhang et al.,
2013). The static properties of this block are shown in Table 7, and
the dynamic production data of the horizontal well group in the
Fuling gas field are shown in first five columns of Table 8. The data
of average reservoir pressure p is from the interpretation results of
pressure build-up test in field. There is no water influx in the Fuling
shale gas field, so W, is constantly equal to 0. The matrix shrinkage
coefficient c, is equal to 0. Substituting the value of Henry's con-
stant H in Table 7 into Eq. (4) gives the dissolution coefficient of
natural gas in water ¢, which is equal to 0.1767677 MPa~ .

By substituting the dynamic performance data of this well group
in the Fuling gas field in Table 8 and the formation and fluid
properties in Table 7 into Eqgs. (11) and (12), the Y and X corre-
sponding to each date can be calculated, as shown in the last two
columns of Table 8. A scatter plot of Y versus X is drawn and the
scatter points with linear equation is fitted, as shown in Fig. 8. The
high R? of this fitting straight line, which is 0.9994, indicates that
the proposed reserve evaluation is reasonable. From this straight-
line relationship, the slope m is determined to be 0.2271616
(108 m?) and the y-intercept b is determined to be 0.7933749
(10® m>). Then, by substituting the slope m into Eq. (15), the OFGIP
is calculated to be 0.79845046 (10® m?), which is nearly consistent
with that evaluated using the y-intercept, indicating that there is no

Table 8

Production performance and the calculated X and Y for Fuling shale gas field.
Date P, MPa Z W,, 108 m? Gp, 105 m? X Y, 108 m?
2014/9/15 24.138 0.8956 0 0 —3.520395 0
2016/6/2 7.807 0.9208 0 0.87 0.387325365 0.87
2016/9/21 5.759 0.9376 0 1.032 1.13154949 1.032
2017/1/7 4455 0.9498 0 1.193 1.718870219 1.193
2017/5/11 3.731 0.9571 0 1.28 2.105881142 1.28
2017/8/18 3.276 0.9618 0 1.34 2.379727175 134
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Table 9
Reserve calculation results for the well group in Fuling shale gas field.

Petroleum Science 19 (2022) 2867—2878

Parameter Evaluated value, 108 m?
King (1990) Williams-Kovacs et al. (2012) Zhang et al. (2013) The proposed method
Reservoir volume Ah / / / 0.2271616
OFGIP / / / 0.79845046
OAGIP / / / 1.34326050
ODGIP / / / 0.00407088
OGIP 2.071 2.245 2.18 2.14578184
Table 10 0.25
The formation and fluid properties of Baode CBM field.
Parameter Value 026
Bulk density of rock pg, t/m? 1.58
Langmuir volume Vi, m3/t 10.79
Langmuir pressure p;, MPa 212 ME 0.15 4
Critical desorption pressure pg, MPa 6.08 2
Initial pressure p;, MPa 6.9 A
Initial porosity ¢; 0.09 > 010 A
Initial water saturation Sy; 0.9475 Y=3.268151E-02X+ 1.162225E-02
Pore volume compressibility c,, MPa~! 0.001087 R2=9.998182E-01
Water compressibility c,, MPa~! 0.00047 0.05
Water volume factor By, m>/sm> 1.008
Specific gravity of natural gas vg 0.608
Formation temperature T, K 301.15 0 T T T
Henry constant H, MPa 4402 0 2 4 6 8

Poisson's ratio v 0.3
Maximum strain under matrix shrinkage effect emax 0.035

need to adjust the initial water saturation. Finally, according to Egs.
(15)—(18), the OFGIP, OAGIP, ODGIP, and OGIP are calculated to be
0.79845046 (10% m?), 1.34326050 (10® m?), 0.00407088 (108 m>),
and 2.14578184 (108 m?), respectively. Table 9 shows the reserve
calculation results using different methods for this well group in
the Fuling shale gas field. Except the proposed reserve evaluation
method can determine the OAGIP, OFGIP, ODGIP, and OGIP, other
methods only can estimate the OGIP. If using the proposed reserve
evaluation method, more detailed information about reserves of
shale gas reservoir can be clarified, and only the straight-line fitting
approach is used to determine all kinds of reserves without itera-
tion, proving that the proposed method has great advantages
compared with other current methods.

From the determined reserves in Table 9, it can be easily
calculated that the free gas, adsorbed gas, and dissolved gas ac-
count for 37.21%, 62.60%, and 0.19% of the total gas for this well
group in the Fuling shale gas field, respectively. For this well group
in the Fuling shale gas field, the free gas content is less than the
adsorbed gas content, which is different from the common
knowledge of larger free gas content in the Fuling shale gas field.
The reason may come from the difference between the porosity
values. The lower porosity yields the lower free gas content, but the

Fig. 9. The scatter plot of Y versu X and the linear fitting result for Baode CBM
reservoir.

porosity almost does not affect adsorbed gas content. The porosity
of shale formation for this well group in the Fuling shale gas field,
which is only 2.1%, is less than the average porosity for the whole
Fuling shale gas field, which is 4.61% (Fang and Meng, 2020). Other
researchers, such as Liu et al. (2021) and Bao et al. (2022), also
concluded that the porosity of shale formation in the Fuling shale
gas field ranges from 1.77% to 5.54% and from 3.38% to 7.8%,
respectively. Maybe the study blocks are different, but all these
knowledges about the porosity of shale formation in the Fuling
shale gas field prove the shale formation with the porosity of 2.1%
for this case is in a low porosity area.

4.2. Application in Baode CBM field

Baode CBM field is located in the eastern edge of Ordos Basin
and northwest Shanxi province. The administrative division is
subordinate to Baode county, Xinzhou city, Shanxi province. In this
work, part of the CBM field which are controlled by a group of
fractured vertical wells is selected as the application area for
reserve calculation (Zhang et al., 2013). The static properties of this
block are shown in Table 10, and the dynamic production data are

Table 11

Production performance and the calculated X and Y for Baode CBM field.
Date P, MPa Z W,, 108 m3 Gp, 108 m? X Y, 10° m*
2015/1/1 6.9 0.8843 0 0 —0.753936 0.000000
2015/11/2 3.61 0.9358 0.00006106 0.068 1.815430375 0.070225562
2016/8/23 248 0.9552 0.00008264 0.1227 3.446880597 0.124726059
2017/6/22 1.96 0.9644 0.00009541 0.1573 4.484526789 0.159130529
2018/4/19 1.65 0.9699 0.00010441 0.1813 5.234182896 0.182976528
2019/2/13 1.45 0.9735 0.00011134 0.1991 5.784846662 0.200665121
2019/12/9 13 0.9762 0.00011697 0.2131 6.239013839 0.214569969
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Table 12
Reserve calculation results for the well group in Baode CBM field.
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Parameters Evaluated value, 108 m3

Chen and Hu (2008)

Zhang et al. (2013) The proposed method

Reservoir volume Ah

/

OFGIP 0.01051
OAGIP 0.41787
ODGIP /

0GIP 0.42838

/ 0.03268151
0.03434 0.01161286
0.38501 0.41311444
/ 0.00543624
0.41935 0.43016353

shown in first five columns of Table 11. The data of average reservoir
pressure p is from the interpretation results of pressure build-up
test in field. Baode CBM field has no edge water and bottom wa-
ter, so Wk is 0. By substituting the values of Poisson's ratio » and
maximum strain under matrix shrinkage effect emax in Table 10 into
Eq. (3), the matrix shrinkage coefficient c, is calculated to be
0.013125. By substituting Henry's constant H in Table 10 into Eq. (4),
the dissolution coefficient of natural gas in water c; is calculated to
be 0.28269978 MPa~.

By substituting the dynamic performance data of this well group
in Baode CBM field in Table 11 and the formation properties in
Table 10 into Eq. (11) and Eq. (12), the Yand X corresponding to each
date can be calculated, as shown in the last two columns of Table 11.
Draw a scatter plot of Y versus X and fit the scatter points with
linear equation, as shown in Fig. 9. The high R? of this fitting
straight line, which is 0.9998, indicates that the proposed reserve
evaluation is reasonable. From this straight-line relationship, the
slope m is determined to be 0.03268151 (10® m®) and the y-inter-
cept b is determined to be 0.01162225 (108 m?). Through adjusting
the value of the initial water saturation, when it is equal to 0.9475,
the OFGIP evaluated using the slope and that evaluated using the y-
intercept are consistent. Finally, according to Eqs. (15)—(18), the
OFGIP, OAGIP, ODGIP, and OGIP are calculated to be 0.01161286
(108 m3), 041311444 (108 m?), 0.00543624 (10° m?), and
0.43016353 (10 m>), respectively. Table 12 shows the reserve
calculation results using different methods for this well group in
the Baode CBM field. As shown in Table 12, all the reserves,
including OFGIP, OAGIP, ODGIP, and OGIP, can be determined by
using the proposed reserve evaluation method, while, other
methods fail to estimate the ODGIP. If using the proposed reserve
evaluation method, more detailed information about reserves of
CBM reservoirs can be clarified, and only the straight-line fitting
approach is used to determine all kinds of reserves without itera-
tion, proving that the proposed method has great advantages
compared with other current methods.

5. Conclusions

The generalized material balance equation (GMBE) and the
corresponding straight-line fitting method for estimating reserves
of free gas, adsorbed gas, and dissolved gas for shale gas and CBM
reservoirs is established, in which the effects of critical desorption
pressure, stress sensitivity, matrix shrinkage, water production,
water influx, and dissolution of natural gas in water are considered.
Then, validations of the method for shale gas reservoirs and CBM
reservoirs using CMG-IMEX and CBMDPA are conducted. Finally,
field applications in the Fuling shale gas field and the Baode CBM
field are presented. From this work, the following conclusions can
be obtained:

(1) For adsorptive gas reservoirs, including shale gas reservoirs
and CBM reservoirs, a linear relationship can be obtained
through transforming the GMBE, using the slope and y-
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intercept of this straight line, the reservoir volume, OFGIP,
OAGIP, ODGIP, and OGIP can be calculated easily.

(2) Two validation cases prove that the GMBE and the corre-
sponding straight-line reserve evaluation method is rational,
accurate, and effective for both shale gas reservoirs and CBM
reservoirs.

(3) Two application cases demonstrate that the proposed
reserve evaluation method can interpret more detailed in-
formation about reserves of shale gas and CBM reservoirs,
and only the straight-line fitting approach is used to deter-
mine all kinds of reserves without iteration, proving that the
proposed method has great advantages compared with other
current methods.
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