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Abstract

This paper presents an improved flowing material balance method for unconventional gas res-

ervoirs. The flowing material balance method is widely used to estimate geological reserves.

However, in the case of the unconventional gas reservoirs, such as coalbed methane reservoirs

and shale gas reservoirs, the conventional method is inapplicable due to the gas adsorption on the

organic pore surface. In this study, a material balance equation considering adsorption phase

volume is presented and a new total compressibility is defined. A pseudo-gas reservoir is sim-

ulated and the results were compared with the existing formulations. The results show that the

proposed formulation can accurately get the geological reserves of adsorbed gas reservoirs.

Furthermore, the results also show that the volume of the adsorbed phase has a significant

influence on the analysis, and it can only be ignored when the Langmuir volume is negligible.
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Introduction

The flowing material balance method uses daily production data to estimate geological
reserves by linear regressions. It is one of the most used rate transient analysis methods
in oil fields, as it does not require any specialized testing and shut in (Agarwal et al., 1999;
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Mattar et al., 2006; Mattar and McNeil, 1998; Sun, 2013). Unlike conventional gas reser-

voirs, the traditionally used flowing material balance method cannot be applied in uncon-

ventional gas reservoirs, such as gas shale and coalbed methane, due to the gas adsorption

on the organic pore surface (Shen et al., 2018, 2019). Material balance equations (MBEs) are

the foundation of flowing material balance methods. King (1993) proposed an MBE for

coalbed methane by modifying the deviation factor of gas. Subsequently, other researchers

also proposed various forms of MBEs with adsorbed gas, but these equations did not

consider the influence of the adsorbed phase volume (Ahmed et al., 2006; Clarkson and

Mcgoverm, 2001; Firanda, 2011; Moghadam et al., 2010; Ross and Bustin, 2007). Later,

Williams-Kovacs et al. (2012) established an MBE considering adsorbed phase volume.

Their studies indicate that the adsorbed phase volume has significant influences on the

evaluation results of geological reserves (Zhang et al., 2017).
Based on the MBE considering gas adsorption, some rate transient analysis methods are

proposed for gas shale and coalbed methane reservoirs (Clarkson et al., 2007; Clarkson and

Salmachi, 2017; Dou et al., 2015; Lewis and Hughes, 2008; Mengal and Wattenbarger,

2011). However, all these methods are based on the King’s MBE and do not involve the

influence of adsorbed phase volume.
The MBE developed in this study involving adsorbed phase volume is validated from

synthetic data. In the first part, a new total compressibility is defined, and the corresponding

flowing material balance method considering adsorbed phase volume is proposed. In the

second part, case studies have been used to verify the accuracy of this method.

The MBE considering adsorbed phase volume

The following assumptions are made in this paper: (1) the temperature is constant in the gas

reservoir production process; (2) the gas dissolved in formation water is neglected; (3) the

shrink of matrix by gas desorption is also neglected; (4) gas adsorption satisfies the single

component Langmuir equation; (5) the reservoir output does not contain water and is only

single-phase gas; (6) the reservoir is up to the saturation of adsorption capacity. The coalbed

methane or shale gas is composed of free gas in fractures and adsorption gas in the matrix.

The cumulative output of the gas is equal to the difference between the original and remain-

ing reserves of the gas, therefore (Seidle, 2011)

Gp ¼ G� Ah½/ð1� SwÞ � /a�
Bg

� Ahqb
VLp

pþ pL
(1)

/ ¼ /iexpð�CfDpÞ (2)

Sw ¼ /iSwiexpðCwDpÞ
/iexpð�CfDpÞ ¼ SwiexpðCwDpÞ

expð�CfDpÞ (3)

Dp ¼ pi � p (4)

where Gp denotes the cumulative production (m3), G is the gas initially in place (GIIP) (m3),

Bg is the gas volume factor (m3/m3), A is the gas reservoir area (m2), h is the reservoir
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thickness (m), / is the porosity (%), /i is the initial porosity (%), /a is the adsorbed phase

apparent porosity (%), Sw is the water saturation (%), Swi is the initial water saturation (%),

qb is the rock apparent density (kg/m3), VL is the Langmuir volume (m3/kg), pL is the

Langmuir pressure (MPa), p is the reservoir pressure (MPa), pi is the initial reservoir

pressure (MPa), Cf is the rock pore compressibility (MPa�1), Cw is the formation water

compressibility (MPa�1), the subscript i denotes the reservoir initial state.
The adsorbed phase apparent porosity is

/a ¼
Va

V
¼

Ahqb
qsc
qs

VLp
pLþp

Ah
¼ qbqsc

qs

VLp

pL þ p
(5)

where Va is the adsorbed phase volume (m3), V is the reservoir volume (m3), qsc is the

standard state gas density (kg/m3), qs is the adsorbed phase density (kg/m3).
Considering the equation of state for real gas, equation (1) can be rewritten as follows

Gp

G
¼ 1� Ah/i

G

ZscTsc

pscT

p

Z

/ð1� SwÞ � /a

/i

þ qbVLpscTZ

/iZscTsc

1

pþ pL

� �
(6)

where T is the reservoir temperature (K), Tsc is the standard state temperature (K), Z is the

gas deviation factor at pressure p, Zsc is the gas deviation factor at standard state.

The original geological reserves of the gas is

G ¼ Ah /ið1� SwiÞ � /ai½ � piZscTsc

pscZiT
þ Ahqb

VLpi
pi þ pL

¼ Ah/i

ZscTsc

psciT

pi
Zi

/ið1� SwiÞ � /ai

/i

þ qbpscVLTZi

/iZscTsc

1

pi þ pL

� � (7)

where /ai is the initial adsorbed phase apparent porosity (%).
Defining

p

Z� ¼
p

Z

/ð1� SwÞ � /a

/i

þ qbVLpscTZ

/iZscTsc

1

pþ pL

� �
(8)

and substituting equations (7) and (8) into equation (6), the following equation is obtained

Gp

G
¼ 1� p=Z�

pi=Z
�
i

(9)

It also can be written as

p

Z� ¼
pi
Z�

i

1� Gp

G

� �
(10)

Equation (10) is the MBE considering adsorbed phase volume for unconventional gas

reservoirs, which has the same form as the conventional MBE for gas reservoirs.
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Flowing MBE considering adsorbed phase volume

Taking a derivative with respect to time on both sides of equation (10), one gets

d

dt

p

Z�

� �
¼ � piq

Z�
i G

(11)

where q is the production rate (m3/d). Therefore

q ¼ �Z�
i G

pi

d

dt

p

Z�

� �
¼ �Z�

i G

pi

d

dt

p

Z

/ð1� SwÞ � /a

/i

þ qbVLpscTZ

/iZscTsc

1

pþ pL

� �� �
(12)

The above equation can be simplified to

q ¼ �Z�
i G

pi

/ðCf þ SwCwÞ
/i

þ /ð1� SwÞ � /a

/i

Cg

� qbqscVL

/iqs

pL

ðpL þ pÞ2 þ
qbVLpscTZ

/iZscTscp

pL

ðpþ pLÞ2

2
66664

3
77775
p

Z

dp

dt
(13)

Therefore, equation (13) can be written as

q ¼ �Z�
i G

pi
C�

t

p

Z

dp

dt
(14)

where

C�
t ¼

/ðCf þ SwCwÞ
/i

þ /ð1� SwÞ � /a

/i

Cg � qbqscVL

/iqs

pL

ðpL þ pÞ2 þ
qbVLpscTZ

/iZscTscp

pL

ðpþ pLÞ2
(15)

With the normalized material balance pseudo-time (Blasingame and Lee, 1988)

tca ¼ ðlC�
t Þi

q

Z t

0

q

lC�
t

dt ¼ �ðlC�
t ÞiZ�

i G

qpi

Z p

pi

p

lZ
dp ¼ �C�

tiG
�

q

ðlZÞi
pi

Z p

pi

p

lZ
dp (16)

it can be deduced from equation (8)

G� ¼ Z�
i G

Zi
¼ G

/ið1�SwiÞ�/ai

/i
þ qbVLpscTZi

/iZscTsc

1
piþpL

(17)

The flowing material balance method ignoring gas adsorption, i.e. the conventional

method, can be obtained when the Langmuir volume (VL) is zero in equations (5), (8),

(15) and (17). If the adsorbed phase apparent porosity /a¼ 0 in equations (8), (15)
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and (17), it becomes the King’s method, which considers gas adsorption but ignores the
adsorbed phase volume.

With the normalized pseudo-pressure (Meunier et al., 1987)

pp ¼ ðlZÞi
pi

Z p

pi

p

lZ
dp (18)

substituting equation (18) into equation (16), one gets

ppi � pp

q
¼ tca

C�
tiG

� (19)

The mass conservation equation for unit volume gas is (Kong, 2010)

@m

@t
þr � ðqvÞ ¼ 0 (20)

where v is the seepage velocity (m/d), m is the gas content of unit reservoir volume (kg/m3)

m ¼ q ð1� SwÞ/� /a½ � þ qscqbVLp

pL þ p
(21)

The seepage velocity obeys Darcy’s law, as (Kong, 2010)

v ¼ � k

l
rp (22)

Therefore, the seepage governing equation is

@

@t
q ð1� SwÞ/� /a½ � þ qscqbVLp

pL þ p

� �
¼ r � qk

l
rp

� �
(23)

When a well is under constant production rate, according to equations (21) and (10) and
provided with the equation of state for real gas, the right side of equation (23) can be
written as

@

@t
q ð1� SwÞ/� /a½ � þ qscqbVLp

pL þ p

� �
¼ /iM

RT

p

Z
C�

t

@p

@t
¼ /iMpi

ZiRT
C�

ti

@pp
@tca

(24)

where M is the gas molecular molar mass (kg/mol), R is the universal gas constant,
8.314 J/(mol�K).

The left side of equation (23) is

r � qk
l
rp

� �
¼ r � k

l
pM

ZRT
rp

� �
¼ r � kM

RT

pi
ðlZÞi

rpp

� �
¼ kM

RT

pi
ðlZÞi

r2pp (25)
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The seepage governing equation can be derived by equations (23) to (25) as follows

ð/lC�
t Þi

k

@pp
@tca

¼ r2pp (26)

This equation has the same form as the governing equation for weakly compressible fluid
seepage. Hence, the rate transient analysis can be implemented as the flowing MBE of
conventional gas reservoirs.

Method validation

In order to validate the new method presented in this paper, synthetic data of a well pro-
duction is simulated. The simulation parameters are listed in Table 1. The GIIP calculated
by volumetric method is 1.0005� 108 m3. Figure 1 shows the simulated production process.
In the simulation, Bg, cg and Z were obtained by the Dranchuk–Purvis–Robinson correla-
tion (Dranchuk et al., 1973), and l was obtained by the Lee correlation (Lee et al., 1966).
The simulation method was explained in Appendix 1.

Table 1. The simulation parameters and GIIPs.

Re (m) h (m) /i (%) Swi pi (MPa) T (�C) Actual GIIP

500 5 10 0.2 15 60 1.0005� 108

M (g/mol) qb (g/cm
3) Cf (MPa–1) VL (m

3/t) pL (MPa) qs (kg/m
3) Evaluated GIIP

16.3 2.65 1.0� 10–3 10 6 374 1.0019� 108

Figure 1. The simulated production – case study.
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The results fitted by the flowing material balance method is G*¼5.6362� 107 m3, shown

in Figure 2. According to equation (17), the GIIP determined by the new flowing material

balance method is G¼G*Zi/Z*¼5.6362� 107�0.908892/0.511311� 1.0019� 108 m3. It can

be concluded that the GIIP obtained by the new flowing material balance method is much

close to the real reserve. Thus, the proposed new method is feasible.
It is more reasonable to use the field data to validate the proposed model. But at that

moment we have encountered some difficulties in using the field data to validate the model.

On the one hand, the error of many filed data is large, which will affect the verification of the

proposed model. On the other hand, when using the field data to verify the proposed model,

the GIIP calculated by other methods are required to compare with that obtained by the

proposed method. Currently, calculation of GIIP mainly uses the volumetric method, but its

accuracy is low. The error caused by these two aspects is likely to be greater than the

improvement of the accuracy by the proposed method. Therefore, the conditions for vali-

dating the proposed model using field data are not currently available. We will further verify

the proposed model with the field data in future research.

Discussion

To test the sensitivity of the developed equation changing one parameter and keeping the

other parameters constant in every computation condition, gas well productions are simu-

lated under different reservoir pressures, Langmuir volumes and pressures. The production

process used in the simulation is shown in Figure 1. The simulated production data were

analyzed by the new method, the conventional method and King’s method, and the com-

parison between the different methods is presented in Figures 3 through 5. The results

indicate that errors of the new method are usually below 2%, which is mainly caused by

the computation errors.
In the first case, the formation pressure was varied and the corresponding error for

different methods was calculated (Figure 3). Error in the estimation of gas reserve for the

present formulation is around 2%. It is clear from Figure 3 that ignoring gas adsorption can

Figure 2. The fitting by the new flowing material balance method.
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cause an error of approximately 60%. The errors increase marginally with the increase of

reservoir pressure, and then decrease a bit. The errors of King’s method increase with the

increase of reservoir pressure, and the increasing rate tends to be slow as the formation

pressure increases. With an increase of the formation pressure from 10MPa to 30MPa, the

errors increase from about 20% to 33%.
In the second case, the Langmuir pressure was varied and the corresponding error for

different methods was calculated (Figure 4). Error in the estimation of gas reserve for the

present formulation is around 2%. It is clear from Figure 4 that the errors in the conven-

tional method and King’s method decrease with the increase of Langmuir pressure, and the

Figure 3. The influence of reservoir pressures on the error.

Figure 4. The influence of Langmuir pressures on the error.
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decreasing rate tends to be slow. When the Langmuir pressure increases from 2MPa to
6MPa, the errors of ignoring gas adsorption decrease from 73% to 58%, and that of King’s
method decrease from 35% to 25%.

In the third case, the Langmuir volume was varied and the corresponding error for
different methods was calculated (Figure 5). Error in the estimation of gas reserve for the
present formulation is around 2%. It is clear from Figure 5 that the errors of ignoring gas
adsorption increase with the increase of Langmuir volumes. When the Langmuir volume
increases from 2m3/t to 20m3/t, the errors of ignoring gas adsorption increase from 24% to
77%. And when King’s method is used, the errors increase from 6% to 47%. Ignoring the
gas adsorption could cause very large errors, even wrong results. Therefore, the adsorbed
phase volume can cause distinct influences. Only when the Langmuir volume is very small, it
can be neglected.

The adsorbed phase methane densities obtained by researchers have some differences.
The results by Dubinin (1960), Haydel and Kobayashi (1967), Ambrose et al. (2012), Mavor
et al. (2004) are 0.371, 0.374, 0.34, 0.4223 g/cm3, respectively. In the fourth case, the
adsorbed phase densities were varied and the corresponding error for different methods
was calculated (Figure 6). Errors in the estimation of gas reserve for the present formulation
are around 2%. It can be found that the errors of the King’s method and ignoring gas
adsorption decrease with the adsorbed phase density. The errors of ignoring gas adsorption
are above 50%. The errors of King’s method are not less than 20%, based on those
researcher’s data. The errors of the new method are below 2%.

The theory of the FMB method shows that when the flow of the reservoirs is in the
pseudo-steady state, the plots of q/Dpp–qtca/Dppc*ti of different production rates are on
the same line. Figure 2 proves this. When adopting King’s method or the conventional
no correction method, it only needs to replace c*ti with the corresponding total compress-
ibility. It is easy to find that these do not change the nature of plots of q/Dpp–qtca/Dppc*ti for
different production rates on the same straight line. Therefore, it can be concluded that the
analysis error is independent of the production rate. In order to solve the effects of

Figure 5. The influence of Langmuir volumes on the error.
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the unsteady production rate, Blasingame proposed the concept of material balance pseudo-

time to replace real physical time. (It can be obtained by replacing c*ti in equation (16) with a

total compressibility.) This can greatly reduce the impact of changes in production rates.
Especially, when the reservoir flow is close to the pseudo-steady state, the gradual change in

production rate has almost no effect on the plots of q/Dpp–qtca/Dppc*ti.
Hypotheses (1), (2) and (6) are suitable for various gas reservoirs. Therefore, their influ-

ence can be ignored. If the gas well produces water, the downhole pressure will decrease

faster than that of the hypothetical case that no water is produced with the same gas pro-

duction rate. The GIIP assessed by the proposed method would be smaller than the actual
one. The rock shrinkage due to gas desorption increases the pore volume, thereby

reducing the reservoir pressure. In the same production situation, the downhole pressure
will decrease faster than that of the hypothetical case that the gas desorption is not consid-

ered. Therefore, the GIIP will be underestimated by the proposed method.

Conclusion

An improved flowing material balance for unconventional gas reservoirs was presented in

this study to estimate their storage. Based on the unconventional gas reservoir MBE con-
sidering adsorbed phase volume, (1) a new total compressibility is defined and (2) a flowing

material method considering adsorbed phase volume for unconventional gas reservoirs is

proposed. Major conclusions based on the case study are as follows:

• The cases study indicated that the new flowing material balance method developed in the

present study can determine the GIIP correctly.
• Analysis results under different reservoir pressures, Langmuir volumes and pressures

demonstrate that ignoring gas adsorption can make large errors.
• The adsorbed phase volume has a significant influence on the results, and only when the

Langmuir volume is small and reservoir pressure is large, it can be neglected.

Figure 6. The influence of adsorbed phase densities on the error.
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Appendix 1. Simulation method

Consider an unconventional gas reservoir with circular boundary and the production well is

located at the center of the circle. The governing equation for gas well production is given by

equation (23). When gas wells are produced, the inner and outer boundary conditions are as

follows, respectively

2prwh
K

l
@p

@r
jr¼rw

¼ Bgq (27)

@p

@r
jr¼re

¼ 0 (28)

where re is the reservoir radius (m). At the beginning, the reservoir is full of original reservoir

pressure, so the initial conditions can be written as

pðr; 0Þ ¼ pi (29)
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The radial coordinate of the above equations are transformed as follows

r ¼ rwe
x (30)

For the convenience of writing, the following variables are defined

A ¼ /i

p

Z
C�

t r
2
we

2x; B ¼ pk

lZ
; E ¼ 2ph

k

lex
(31)

Thus, the above governing equation (23), boundary conditions (27) and (28) and initial
condition (29) can be written as follows

A
@p

@t
¼ @

@x
B
@p

@x

� �
(32)

pðx; 0Þ ¼ pi (33)

E
@p

@x
jx¼0 ¼ Bgq (34)

@p

@x
jx¼xe

¼ 0 (35)

The distance from the wellbore to the outer boundary is discretized into N segments,
numbering the nodes from 0 to N. The spatial step is Dx and the time step is Dt.
The difference equations of the governing equation (32) and the boundary conditions (34)
and (35) are as follows, respectively

As
j

p
ðsþ1Þ
j � pnj

Dt
¼ 1

Dx
B
ðsÞ
jþ1

2

p
ðsþ1Þ
jþ1 � p

ðsþ1Þ
j

Dx
� B

ðsÞ
j�1

2

p
ðsþ1Þ
j � p

ðsþ1Þ
j�1

Dx

" #
(36)

E
ðsÞ
0

p
ðsþ1Þ
1 � p

ðsþ1Þ
�1

2Dx
¼ Bgq

ðsÞ (37)

p
ðsþ1Þ
Nþ1 � p

ðsþ1Þ
N�1

2Dx
¼ 0 (38)

where subscript j indicates the node number; superscript n indicates the nth time step;
superscript s in the parentheses indicates the sth iteration of a time step. In order to con-
struct a boundary condition difference scheme of second-order precision, two virtual nodes
numbered –1 and Nþ 1 are added. Defining

h ¼ Dt
Dx2

; s ¼ Dt
Dx

(39)
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Therefore, the above equations (36) to (38) can be simplified to

As
j p

n
j ¼ �hBðsÞ

jþ1
2

p
ðsþ1Þ
jþ1 þ hBðsÞ

jþ1
2

þ hBðsÞ
j�1

2

þ As
j

� 	
p
ðsþ1Þ
j � hBðsÞ

j�1
2

p
ðsþ1Þ
j�1 (40)

E
ðsÞ
0 p

ðsþ1Þ
1 � E

ðsÞ
0 p

ðsþ1Þ
�1 ¼ 2DxBgq

ðsÞ (41)

p
ðsþ1Þ
Nþ1 � p

ðsþ1Þ
N�1 ¼ 0 (42)

By combining the initial conditions and the production rate with the above equations, a
linear equation set of Nþ 3 orders can be formed, so that the pressure of the Nþ 1 nodes
and the other two virtual nodes can be solved.
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