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Abstract. Gas shale was treated as a quintuple porosity system. When the source rock matures, a portion of
kerogen or bitumen will be transformed into hydrocarbon, and move to displace the water out from
inorganic matrix. When the kerogen is recrystallized to graphite, there will be less dissolved gas left in solid
kerogen, which was assumed to be substantial in immature source rock. A series of resistivity tests showed
the resistivity of shale decreases with higher vitrinite reflectance value, and proved the graphite do exist in
overmature shale. With the role of natural fracture in shale analyzed, the water and hydrocarbon stored in
overmature shale was summarized, and the overmature organic-rich gas shale should be treated as two
porosity system. To find out which kind of pore may accommodate most of the free gas, a generalized
material balance equation was presented, and the volume change with pressure drop in organic matrix and
inorganic matrix can be calculated simultaneously. The field case herein proved that new material balance
equation can be applied to calculate original free gas and adsorbed gas in shale or sandstone, and it was
suggested that while in overmature gas shale there is free gas in inorganic pore, free gas in organic pore and
adsorbed gas in kerogen, most of the free gas is in the organic pores.
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Introduction

It is well accepted that gas shale is an important unconventional resource which can
be viewed as a quintuple porosity system. Because hydrocarbon is stored as free gas in
pore and fracture, adsorbed gas in kerogen, and dissolved gas in bitumen or kerogen. a
general linear equation was created accordingly (Singh, 2013; Hejazi et al., 2017).
When taking into account the organic pore and natural fracture in shale, a material
balance equation was proposed for dual porosity gas shale (Zhang et al., 2013;
Hashemi, 2017). A similar material balance equation was created, in which the gas
stored in natural fracture can be essential (Duarte et al., 2014; Radan et al., 2017). A
material balance equation was also constructed for gas condensate instead of dry gas in
shale reservoir (Orozco and Aguilera, 2015). However, it is found in many basins that if
the kerogen is overmature, the carbon in kerogen is recrystallizing to the mineral
graphite, and the organic pore is like the coking observed in retorting of coals. Being
unlike to a quintuple porosity system, the gas shale with overmature kerogen has a
different distribution of gas and water, and the original material balance equation for
quintuple porosity system cannot be applied without change (Ebrahimi et al., 2017). So,
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it is important to improve the conventional material balance equation for overmature
shale gas reservoir.

It is also found in many basins that thin laminated layers of sandstone are imbedded
in organic-rich shale. These laminated sandstone layers may be of siliceous or
carbonaceous mineralogy, and have conventional porosity (Gao et al., 2017). Because
the sandstone layers are interconnected with the organic-rich shale adjacent to it, it
should be taken as an inseparable part in shale gas reservoirs. Herein the special
property of overmature kerogen is analyzed at first, then a general material balance
equation for organic-rich shale with thin laminated layers of sandstone is established,
therefore original gas in organic matrix and inorganic matrix can be calculated
simultaneously (Vazdani et al., 2017).

Materials and methods

The gas storage in overmature shale will be discussed in the following sections.
Nomenclature is included in Appendix section.

Carbonification of kerogen in overmature shale

When the source rock is in the overmature stage, the carbon in the kerogen or
bitumen was assumed to be in the process of recrystallizing to graphite, which is named
as overmature shale. The amount of graphite is hard to measure precisely with X-Ray
Diffraction or Scanning Electron Microscope. The electrical resistivity of graphite

measured under normal temperature being from 8x10°Q-m to 13x10°Q-m, it is
possible to measure the amount of graphite indirectly by measuring resistivity. If there is
abundant amount of graphite in shale when vitrinite reflectance is greater than 3%, the
rock resistivity may be much lower than that with lower thermal maturity (Passey et al.,
2010; Xiao et al., 2017).

Resistivity of shale plugs with different vitrinite reflectance, or Ro, have been
measured to prove whether the carbon in kerogen has been recrystallized to graphite.
Because the electrically conductive material in gas shale consists of clay-bond water,
capillary bond water, free water and graphite, it is useful to remove the water before test
as much as possible. The shale plugs were dried to constant weight in a humidity oven,
and maintained at the 45% humidity and 60 °C temperature until the weight was stable.
The resistivity in Fig. 1 showed that the core plugs with vitrinite reflectance Ro greater
than 2% have lower resistivity, which indicated the graphite was available in
overmature shale.

Some may argue that the pyrite is also a conductive mineral commonly present in
organic-rich shale, and may reduce the resistivity. The amount of pyrite is hard to
measure precisely with X-Ray Diffraction or Scanning Electron Microscope. Because
the grain density of pyrite is about 5.0g/cc compared with that of 2.6 g/cc for quartz,
even if the weight fraction of pyrite scaled to total weight is 5%, the volume ratio of
pyrite should be as low as 2.5%, and can be negligible.

Similar to the wet clay or non-connected vug, pyrite framboids can be considered as a
separate phase in conductivity model, and the contribution is controlled by their volume
fraction (Hassan and Ismail, 2017; Radmanfar et al., 2017; Yang et al., 2017). When
analyzing the connectivity equation in porous media, a complex conductivity model was
introduced which can be used for the shale with pyrite (Montaron, 2007) (Eq. 1).
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Figure 1. Resistivity of dry shale samples with different vitrinite reflectance in Xu jiahe shale
and Zhenjing shale
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graphite X graphite + O-pyrtie X pyrite (Eq 1)

The fact that the volume ratio of pyrite X, ;. is much smaller than other conductive

components makes the contribution of pyrite conductivity negligible in shale. It also
proved that the lower resistivity of overmature shale indicated the significant amount of
graphite, and the kerogen cannot hold any dissolved gas.

Gas storage in shale with different maturity

As shown in Fig. 2, all of the pore space in immature shale is full of water initially. A
portion of the kerogen will be transformed to hydrocarbon when the kerogen matures,
and the hydrocarbon will move to displace some of the water out from the connected
inorganic pore (Passey et al., 1990). The displacement process will continue until the
capillary pressure balances with the displacement pressure. In overmature shale, there is
even less water left in the inorganic pore.

matrix pore matrix pore
organic matrix organic matrix
9 9 hydrocarbon
water
inorganic matrix inorganic matrix water
a b

Figure 2. a) Immature shale rock. b) Mature shale rock
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It was found that in Antrim shale gas of Michigan Basin, the vitrinite reflectance
being 0.4~0.6%, the immature shale is initially water saturated, and the water must be
drained to allow gas to desorb from the matrix before production (Jenkins and Boyer,
2008). In Barnett shale gas of Fort Worth Basin, the vitrinite reflectance being
1.0~2.1%, the majority of the gas in pore space is free gas, and there is little initial
water production.

The storage mechanisms in shale reservoirs were concluded, and the gas shale was
viewed as a quintuple porosity system: free gas in inorganic pore, free gas in organic
pore, free gas in fracture, adsorbed gas in kerogen, and dissolved gas in the kerogen or
bitumen (Orozco and Aguilera, 2015). Given the similarity between kerogen and
bitumen underground, methane dissolved in solid kerogen underground is the same as in
bitumen (Swami et al., 2013). However, when the gas shale is in the overmature stage,
vitrinite reflectance being greater than 2%, and the carbon in the kerogen or bitumen
being recrystallized to graphite, there is little dissolved gas left in kerogen or bitumen,
and the dissolved gas in solid kerogen is negligible.

Role of nature fractures in shale

Natural fractures can be sometimes observed in shale reservoirs. After analyzing the
testing data of three major shale reservoirs in the US, Wang and Reed (2009) concluded
that the pores in kerogen and inorganic minerals contribute the most to the total pore
volume and the porosity of natural fractures is less than 0.5%.

The study of Schieber (2011) showed a number of micro-fractures observed in
scanning electron microscope (SEM) may be generated due to the poor preservation of
shale cores. The fractures in some shale cores may be made from the stress release when
they were taken from underground (Ma, 1996). Based on SEM pictures, it was also
noted that the natural fractures in Barnett shale reservoir are mostly filled with
secondary minerals (Kent, 2007; Gale et al., 2007). It is shown in Table 1 that the
fractures are not applicable to substantial gas storage.

Table 1. Different porosity in gas shale

Item Hayneville shale Barnett shale Zhenjing shale
Total organic content (TOC) 3.5wWt% 5wit% >2 wt%
Total porosity of shale 12% 5% 4%
Porosity in natural fractures <0.5% <0.5% <0.5%
Porosity of organics in shale ~0.7% ~1.0% ~0.8%
Porosity of inorganic matrix >10.6% >3.3% >2.7%

It is also shown from the observation of shale cores as shown in Fig. 3 that visible
macro-fractures are not well developed in Zhenjing shale in the Ordos Basin. Because
natural fractures in most of gas shales can hardly act as main storage space, the volume
of natural fractures in this type of reservoir can be neglected.

Gas in overmature shale

Shale gas reservoirs are structurally more complicated than conventional reservoirs.
It was found that there are thin laminated groups of sands imbedded in organic-rich
shale in the Lewis shale (Grieser and Bray, 2007). It is also concluded that the Xu 5
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shale in Sichuan Basin is the same class of gas shale as Lewis shale which is shown in
Fig. 4. At the early stage of reservoir development, primary production is through the
thin sands, and black organic bulk shale feeds the sand.

Figure 3. Core samples (824-827 m) of No. 6 Xinfu well in Zhenjing shale of Ordos Basin

e TN Legend

T i . -.--':‘.---- " Organie-ric
e S Sl IR e black shale

SO it i, L ,:,:. Sandstone

r .

. e
o g N i o B

Figure 4. Laminated sands imbedded in Xu 5 shale of Sichuan Basin

Table 2 is a summary of the petro-physical properties of this type of shale gas formation,
which consists of laminated layers, organic-rich shale and natural fractures. Because the
laminated layers are imbedded in the organic-rich black shale, the pores and natural
fractures are interconnected, and both of the sand layers and organic-rich shale should be
taken as inseparable parts of shale gas reservoir. The kerogen in the organic-rich shale is
also called as organic matrix. The inorganic matrix is the laminated sand layer.

The Marcellus shale and Eastern Devonian shale are quite different from Lewis
shale, and they are called as black high organic content shale, with the primary
production being through gas desorption from kerogen. Table 3 is a summary of the
rock solid, water and hydrocarbon in this type of shale. When comparing Table 2 with
Table 3, the role of laminated sandstone layers in gas shale is self evident.

However, both of the gas shales in Table 2 and Table 3 share some characteristics
in common, and the components can be grouped into inorganic matrix and organic
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matrix. The inorganic matrix can be divided further into solid inorganic rock and
fluid. The effective porosity is adopted in material balance calculation. According to
the definition of dual water model in wireline log interpretation, clay bond water is not
included in the effective porosity. Because inorganic pores are water wet, there is
water and free gas in effective inorganic pore. The volume of free gas in effective
inorganic pores is defined as G.

Table 2. Components of shale with laminated sand layers

Rock type

Component

Solid

Fluid

Laminated layer

Inorganic matrix

Non-clay minerals

Free gas

Mobile water and capillary-bound water

Clay minerals Clay-bound water
L . . Free gas
Organic-rich shale Organic matrix Kerogen
Adsorbed gas
Mobile water
Natural fracture
Free gas
Table 3. Components of black high organic content shale
Rock type Component Solid Fluid
Non-clay minerals Free gas
Black high Inorganic matrix Mobile water and capillary-bound water
organslﬁa(igntent Clay minerals Clay bound water
Organic matrix Kerogen Free gas
g g Adsorbed gas
Mobile water
Natural fracture
Free gas

The organic matrix consists of solid kerogen and fluid. Because kerogen is non-water
wet, there is only free gas and adsorbed gas in the organic pores under the original
reservoir conditions. After studying the characteristics of adsorption facies by means of
molecular dynamic simulation, it was found that the Langmuir adsorption model can be
used for the adsorption process (Ambrose et al., 2010). The free gas in organic pores is
defined as Gy, with the adsorbed gas in organic pores being defined as G respectively.

If the volume of natural fractures in shale gas reservoir can be neglected, both of the
gas shales in Table 2 and Table 3 can be simplified to the same volume model in Table 4.

Table 4. Simplified components of overmature gas shale

Fractional volume of solid inorganic matrix (Ven)

Fractional volume of inorganic matrix

(Vom) Fractional volume of effective inorganic pore (Vom@pm), in which

there is capillary bound water and free gas
Fractional volume of Solid Kerogen (V)

Fractional volume of organic matrix

(Vo) Fractional volume of organic pore (Vp«gy), in which there is

adsorbed gas and free gas
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The relationship between each part is (EQ. 2):

where:

V,, +V, =1 (Eq. 2)

me = me¢pm +Vsm = me¢pm +me (1 - ¢pm)
Vpk :Vpk¢pk +Vsk :Vpk¢pk +Vpk (l_¢pk)

me¢pm +Vpk¢pk = ¢T

Generalized material balance equation

Supposing the gas is stored in the organic pores, a material balance equation of
coalbed methane and shale gas reservoirs was proposed (King, 1990). However, this
model can not be applicable to the unconventional gas reservoirs where the pores
contained in both organic matrix and inorganic matrix are substantial.

The following assumptions are made for overmature shale on the basis of the
geologic characteristics discussed above.

(1)
)
(3)
(4)

()
(6)
(")

(8)
(9)

The pores of gas shale consist of inorganic pores and organic pores, which
communicate with each other. This is quite true for the organic-rich shale
with laminated sandstone layers.

The thickness of adsorbed gas in kerogen is negligible. When the pressure
drops below the critical desorption pressure, the adsorbed gas desorbs and
leads to deformation of kerogen in the same way as coal.

The gas dissolved in the water and kerogen is neglected.

Inorganic matrix being water-wet, there may be mobile water, capillary bound
water and free gas in the effective inorganic pores. In overmature shale gas
reservoir, because there is little mobile water in the inorganic pores, the
volume of mobile water is negligible, and only the capillary bound water is
considered.

Kerogen being non-water wet, there is not any water in the organic pores
under the original reservoir conditions.

Natural fractures only act as pathways for flow instead of storage space, so
the volume of fractures is neglected.

The difficulty for fracturing fluid to flow back after stimulation makes large
amount of slick water remained in gas shale. The fracturing fluid left in gas
shale is taken as injected water.

No water influx from aquifer is considered.

The reservoir temperature is constant in the process of reservoir production.

Based on the volume model in Table 4, the free gas in the inorganic matrix and the
organic matrix are defined as G,k and Gy respectively. Eqg. 3 is the expression for total
free gas in place:

G=G, +G, (Eg. 3)
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According to the principle of underground volume conservation, the material balance
equation is generally expressed as:
free gas initially in place at Pi = pore volume occupied by free gas at P + change in
inorganic pore + change in organic pore + desorbed gas + injected fracturing fluid —
produced water.

GB, =(G-G,)B, +AV, +AV, +AV, +W, -W_B
.gl p/ =g n i pw (qu 4)
or:G,B, +W B, =G(B, —B;) + AV, +AV, +AV, +W,
It is shown in Eqg. 4 that the produced gas results from the expansion of free gas and
the desorption of adsorbed gas.

The total volume change in the effective pores of inorganic matrix (AVnk)

When the reservoir pressure drops to p, the total volume variation of water and pores
in the effective pores of inorganic matrix (AVy) is the sum of the elastic expansion of
water (AVepniw) and the elastic variation of effective pores (AVepnks).

(1) The effect of water expansion in inorganic matrix (Eqg. 5)

Gnk Bgi TCde
AVepnkw = 1-S Snkwi (e ’ _1) (Eq 5)

nkwi

(2) The effect of compressibility in inorganic matrix (Eq. 6)

Gnk Bgi —TC,‘kdp
AV l-e?® ) (Eq. 6)

epnkf —
P 1- Snkwi

When Egs. 5 and 6 are added together, the total effect of formation and the capillary
bound water compressibility is (Eq. 7)

G,B. Jeuss feur
_ 1_nk gi [(1-e * )+ S i (e° -1)] (Eq. 7)

nkwi

AV, = AVy +AV

epnkw

The compressibility of water (C,) and the compressibility (Cn) can be taken as
constant sometimes. If €= 1 + x, Eq. 7 can be simplified as the common form as that of
Moghadam et al. (2011) (Eqg. 8):

G.,B,
AVnk = AVepnkw +AV, = 1nk—gl (Cankwi + an)( P — p) (Eq 8)

epnkf
 nkwi

The volume change in organic matrix (AVy)

Kerogen is non-water wet, so there is no water in the organic pores under the initial
reservoir conditions. In the process of production, natural gas is desorbed when the pore

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(1):425-440.
http://www.aloki.hu e ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1601_425440
© 2018, ALOKI Kft., Budapest, Hungary



Yang et al.: Material balance equation of overmature organic-rich gas shale
-433-

pressure decreasing. In the overmature kerogen, the volume change of kerogen is
similar to that of coal. According to the solid deformation theory, the Palmer and
Mansoori (1998) model can describe the effects of compression and matrix shrinkage

(Eq. 9).

Do C p P,
DK _14+2m(p—p. - _ - ' Eqg. 9
By +¢pk(p p')+¢pk( )(pL+p pL+pi) (5¢-9)
where (Eqg. 10):
o :ﬁ—(5+ f 1)y (Eq. 10)

% in Egs. 9 and 10 is function of Poisson’s ratio (v), and it is expressed as (Eq. 11):

K_1l+v
=30 (Eq. 11)

Compared with the compressibility of organic pores, the compressibility of solid
kerogen (y) is negligible, so Eq. 10 is usually simplified as (Eq. 12):

1
C =— Eqg. 12
iy (Ea. 12)
Eq. 9 is then simplified as (Eq. 13):
: 11 _
b=ty (p-p)+a -0 LBy (Eq.13)
31-v p|_+p pL+pi

The volume change of organic matrix with decreasing pore pressure is (Eq. 14):

G,B, y_GB; | 1 L l+o P __PB }
Vi = kK~ Do) = T WP T - (Fa- 1)
¢pk (¢P ¢P ) ¢pk {M (p p) [3 (1— ) ]( pPe+pP Pt p')

A

The desorbed volume of adsorbed gas (4Vy)
The isothermal adsorption and desorption equation of shale gas is expressed by
Langmuir equation (Eqg. 15):
Vip
PLt+P

V= (Eqg. 15)

When the reservoir pressure is p, the volume of adsorbed gas is added to the free gas
(Eq. 16):
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G.B, Vp oV
- B VP (Eq. 16)

AV
b pL+P, P+P

The expression of material balance equation

Egs. 3, 8, 14 and 16 are substituted into Eq. 4, and the material balance equation for
the process of reservoir development is as follows (Eq. 17):

By
GpBg +WpBW -W, =G, [(Bg — Bgi) + - Sgnkwi (C.Suani FCo)(p; — p)]+Gk{(Bg - Bgi) (Eq 17)
11l+v

B, 1 p p; B, VLR Vip

9 i 9 LV L
——[=-(p-p)+a 1( - )]+ py By ( - )}
Y T3 1v TP PR gy PR Pt

Herein new parameters Y, X and E are defined as (Eqgs. 18, 19 and 20):

Y =GB, +W B, -W, (Eq. 18)
g Barlo oy Ao b om0 B o Vim VP, (Eq. 19)
L e N
B,
E= (Bg - Bgi) + 1 (Cwsnkwi +an)(pi - p) (Eq 20)

— nkwi

Eq. 17 is expressed as (Eq. 21):

Y X
E = Gnk + Gk E (Eq 21)

Eg. 21 is a linear equation with slope of Gy and intercept of G, Based on actual
production data and gas reservoir pressure data, the relationship between YE and é IS

plotted. Then, Gy and Gy are calculated by means of linear fitting.
The calculation equation of adsorbed gas reserves is as follows (Eq. 22):

B VvV, p.
G, =G, 2% —L0 Eq. 22
=6 ) (Ea.22)

Results

The material balance equation was applied to a pilot production block of a shale gas
reservoir in Xu 5 shale in Sichuan Basin of China. During the production, only gas was
produced. The remaining fluid of 5100 m* did not flow back after stimulation. The
gravity of natural gas was 0.65. Other basic reservoir parameters and production data
are shown in Tables 5 and 6 respectively.
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Table 5. Parameters of shale gas reservoir

Parameter Value Parameter Value
Initial rese(r;@)lr pressure 27.09 MPa Langmuir volume (V,) 4222 m¥t
1
Initial gas (\/Bo!;Jme factor 3.8 x 10° m¥m? Porosity of kerogen (¢p) 0.05
al
Compressibility of 0.00125 MPat Langmuir pressure (p,) 25.5 MPa
inorganic matrix (Cy) ' s '
Compressibility of water 0.000435 MPa-. Parameters of Langmuir 0.0128
(Cw) curve (g)
_ Water_ saturation in 0.2 Axial constraint modulus 6136 MPa
inorganic matrix (Snwi) (M)
. 3 Poisson’s ratio of
Density of kerogen (pp) 2.0t/m kerogen (1) 0.23

Table 6. Production history

Pressure (p/MPa) Cumulatnzgg/&:;sp))roductlon Gas volume factor (By/m*/m?)
25.12 4710000 0.004
23.21 6085000 0.0044
20.09 7721000 0.005
15.12 11002000 0.0065
9.04 15530000 0.0115

Parameters Y, X and E are calculated with Egs. 18, 19 and 20 are shown in Table 7.

The relation of YE VS. X is plotted as Fig. 5 shown. After regression with linear

function, the initial total free gas at standard condition is 0.2901 x 108 m3, free gas in
kerogen being 0.2223 x 10® m*® and free gas in inorganic matrix being 0.0678 x 10° m*.
Based on the calculation results, the free gas in inorganic matrix is 23.37% of total free
gas reserves. Based on Eq. 22, the adsorbed gas in kerogen is 0.0774 x 10® m°.

Table 7. Calculation of key parameters

Volume
Total volume
change of change_ of Volume of
Pressure . - pores in Parameter | Parameter Parameter
(p/MPa) inorganic organic adsorbed egas Y) (X) (E)
matrix (AV . (AV4/m?)
/m) matrlx3
(AV/m?)
25.12 71.46 291.21 9067.44 13740 0.000864 0.000810524
23.21 140.74 559.77 20414.88 21674 0.00134 0.001220704
20.09 253.92 965.60 44717.65 33505 0.002095 0.001837287
15.12 434.20 1510.07 111570.17 66413 0.003995 0.003363581
9.04 654.75 1943.07 350052.54 173495 0.010356 0.008395546
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It is interesting to note that the calculated free gas in kerogen is 76.63%, which
agrees with the assumption that most of the free gas may be in the organic pores in the
overmature organic-rich shale gas reservoirs (Passey et al., 2010).

25000000
20000000 //
15000000
g Y/E =22228763.86X/E+ 6782753.38
10000000 R*=10.86
5000000
0
1.00 1.05 1.10 115 1.20 1.25
XE
Figure 5. Y/E versus X/E
Discussions

The resistivity of dry shale samples with different vitrinite reflectance in Xu jiahe
shale and Zhenjing Shale showed that if vitrinite reflectance is greater than 2%, the rock
resistivity is much lower than that with lower thermal maturities. It proves that there
being abundant amount of solid graphite in overmature shale, and the dissolved gas in
the kerogen or bitumen should be negligible.

Natural fractures in most of gas shales can hardly act as a main storage space.
Therefore, the volume of natural fractures in this type of reservoir can be neglected.

In some gas shale, thin laminated layers of sandstone are imbedded in organic-rich
shale, and free gas in inorganic matrix is also too important to neglect. The distinct
feature of inorganic matrix and kerogen should be considered. The inorganic pores are
water wet, there being water and free gas in effective inorganic pore, while Kerogen is
non-water wet, there is only free gas and adsorbed gas in the organic pores.

For both thin laminated layers of sandstone imbedded in organic-rich shale and high
organic content black shale, a generalized material balance equation is developed with
the principle of material balance, Langmuir isothermal adsorption model and Palmer
and Mansoor (1998) model. Gas in organic matrix and inorganic matrix could be
calculated simultaneously, and it is showed that the majority of the free gas is in the
organic pores in the overmature organic-rich shale gas reservoirs.

Conclusions

Gas shale was treated as a quintuple porosity system, but the overmature organic-rich
gas shale can be simplified as two porosity system.

An advanced gas material balance equation was presented for the overmature
organic-rich gas shale, and the corresponding function was also introduced the material
balance equation can be plotted as a straight line. A field case showed that in
overmature gas shale, most of the free gas is in the organic pores.
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APPENDIX
Nomenclature
o Is the total conductivity of the gas shale;
X, 1S the bulk volume fraction of claybound water;
o, Is the conductivity of claybound water;
X,, 1s the bulk volume fraction of capillary bound or free water;
o, 1s the conductivity of capillary bound or free water;

X grapnite 1S the bulk volume fraction of graphite;
O rapnie 1S the conductivity of graphite;

X yite 1S the bulk volume fraction of pyrite;

O e 1S the conductivity of pyrite;

Vom is the volume ratio of inorganic matrix scaled to the bulk volume of the
composite system, dimensionless;

Vpk is the volume ratio of organic matrix scaled to the bulk volume of the composite
system, dimensionless;

¢m IS the effective pores in inorganic matrix, dimensionless;

Vs IS the volume ratio of inorganic solid to inorganic matrix, dimensionless;

o IS the initial porosity in kerogen, dimensionless;

Vi is the volume ratio of solid kerogen to organic matrix, dimensionless;

¢ is the total porosity, dimensionless;

pi is the initial pressure, MPa;

p is the reservoir pressure, MPa;

G is the total free gas in the reservoirs at standard condition, m?;

G is the free gas in inorganic matrix at standard condition, m?;

Gy is the free gas reserves in organic matrix at standard condition, m?;

G, is the adsorbed gas in organic matrix at standard condition, m?;

Bgi is the gas volume factor at initial reserv0|r pressure, m*/m?;

Gy is the cumulative gas production, m?;

By is the gas volume factor at the reserv0|r pressure p, m¥/m?;

W, is the cumulative water production, m®;

By is the water volume factor at the reserv0|r pressure p, m*/m?;

AV is the total volume change of water and pores in the effective pores of inorganic
matrix, m*;

AV is the volume change of pores in organic matrix, m*;

AV is the volume of adsorbed gas at the reservoir pressure of p, m?;

Wi; is the cumulative water injection, m?;

AVepniw 1S the volume change of water in the effective pores of i morganlc matrix, m*;

AVepnkf is the volume change of effective pore in inorganic matrix, m?®:

Snkwi IS the water saturation in inorganic matrix, dimensionless;

Piis the original reservoir pressure, MPa;

p is the current reservoir pressure, MPa;

C., is the compressibility of water, MPa™;

Cnk Is the compressibility of inorganic matrix, MPa;

¢ ok 1S the porosity of kerogen at the pressure of p, dimensionless;
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Cn is the expansion factor of organic matrix, MPa™;

g I1s parameters of Langmuir curve match to volumetric strain change because of
matrix shrink age, dimensionless;

K is bulk modulus, MPag;

M is the axial constraint modulus, MPa;

pv is the Langmuir pressure, MPa;

f is the factor (0-1), dimensionless;

y is the compressibility of solid kerogen, MPa™;

v 18 the Poisson’s ratio of ker0§en, dimensionless;

V_ is the Langmuir volume, m°/t;

ppk 1S the apparent density of kerogen, t/m>; and

V is the adsorbed gas at the pressure p, m*/t.
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