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Study on the permeability of oil shale during in situ pyrolysis
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Abstract. It is of great significance to quantitatively study the permeability
of oil shale and its variation during in situ pyrolysis, which can be used to
predict the hydrogeological environment changes induced by the in situ
pyrolysis process. Since oil shale permeability during in situ pyrolysis cannot
be directly measured in real time, a systematic analysis of pyrolysis kinetics
and mechanism, combined with thermogravimetric experiments, allow a
constitutive model of the porosity and elastic modulus of oil shale to be
deduced. In analyzing the stress and strain mechanism of oil shale under in
situ conditions, combined with the quantitative relationship between porosity
and permeability, a constitutive permeability model of oil shale during in situ
pyrolysis was established. Meanwhile, the predicted variation of oil shale
permeability during in situ pyrolysis was compared with experimental results.
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1. Introduction

In situ pyrolysis is an emerging oil shale mining method that generates
shale oil and related gaseous products by direct injection of heat into the
underground oil shale layer [1, 2]. Compared with traditional methods of
mining such as well mining and surface dry distillation, the in situ pyrolysis
has the advantages of lower-intensity processing, lower cost, higher
efficiency, and a smaller physical footprint, which render it a key mining
method in the future. However, after in situ pyrolysis oil shale is loose and
porous, and its permeability significantly changes, which adversely affects the
hydrogeological environment and groundwater flow field in the mining area,
inducing even groundwater pollution.

In recent years, scholars have carried out studies on changes in the
permeability characteristics of oil shale caused by pyrolysis. For example,
Kang [3] measured the porosity of oil shale from the Fushun west open-pit mine
at different temperatures and found no significant changes in it at temperatures
from normal to 300 °C. Above 300 °C, the porosity remarkably increased with
increasing temperature. Kang et al. [4] studied the internal pore characteristics
of oil shale under different temperature conditions by using micro-computed
tomography (CT) technology, and established that the pores formed during
pyrolysis were the controlling factor of oil shale permeability change and
that the two factors, porosity and permeability, were highly correlated with
each other. Eseme et al. [5] conducted high-temperature triaxial compression
experiments on oil shale formed in six different geological periods and
observed that the porosity of oil shale was low and that further the porosity
of the compressed oil shale decreased; however, it gradually increased
with increasing temperature and output of oil and gas products. Tiwari et
al. [6] investigated the development and formation of internal pores before
and after pyrolysis of the U.S. Green River oil shale and found that a large
number of pore structures were formed inside oil shale after pyrolysis and
that permeability sharply increased. Zhao [7] used CT methods to measure
the porosity of oil shales in the Fushun west open-pit mine and Laohei
Mountain in Daqing and noticed it to increase with increasing temperature.
The researchers used model fitting to determine the relationship between oil
shale porosity and temperature. Jiang [8] measured the porosity of Fuyu oil
shale before and after pyrolysis and discovered that it was higher at higher
temperatures. At room temperature the porosity was 2.55%, then increased to
10.12% at 300 °C, reaching 19.05% at 500 °C. Qiu [9] found that the porosity
and permeability of the oil shale layer significantly increased after pyrolysis,
while the enlarged pore cracks resulted in hydraulic connections between the
oil shale layer and adjacent aquifers, which might bring pyrolysis pollutants
into the aquifers and lead to groundwater pollution. Bai et al. [10] studied the
evolution of the pore structure of Huadian oil shale in the temperature range of
100800 °C. The results showed that this process was significantly influenced
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by temperature, while the oil shale porosity and permeability increased with
increasing temperature. Burnham [11] investigated changes in the porosity
and permeability of Green River oil shale during retorting under confinement,
and established a related statistical mathematical model based on the fitting
results of a large amount of data. Geng et al. [12—15] observed that under the
effects of temperature and pressure, the pore fracture structure of oil shale
underwent a fundamental and irreversible change, which rendered it from a
low-porosity rock at room temperature to a material with highly developed
pore fractures after high-temperature and high-pressure pyrolysis, while its
permeability also changed synchronously.

The current research is primarily focused on the comparative study of the
porosity and permeability of oil shale before and after pyrolysis. At the same
time, studies on changes in oil shale permeability with pyrolysis degree during
in situ process have been rarely reported. This may be explained by the fact
that it is difficult to observe the oil shale pyrolysis process continuously in real
time, which hampers achieving the necessary oil shale permeability during
the process on time and studying the induced changes in the hydrogeological
environment. In the current research, the qualitative descriptions and
quantitative expressions are based on statistics and fitting only. So far, few
researchers have established and analyzed quantitative models of oil shale
permeability change during the in situ pyrolysis process from a mechanistic
perspective.

Before large-scale industrial implementation of in situ pyrolysis technology,
it is urgent to establish a mechanism-based quantitative model of oil shale
permeability and study the law of related changes during the in situ pyrolysis
process. This will be of great significance for the prediction of resulting
hydrogeological environmental changes in the mining area. In this paper, oil
shale from the Fushun west open-pit mine is used as a research object.

2. Methods

Oil shale is mainly composed of minerals and organic matter. Minerals form
its skeleton part, which is often evenly and finely mixed with organic matter.
Organic matter fills most of the pores of the mineral skeleton. Kerogen is the
main form of organic matter in oil shale, and the essence of oil shale pyrolysis
is the pyrolysis of kerogen. Kerogen will pyrolyze, eventually forming
products such as shale oil and pyrolysis gas. The pyrolysis process model of
Fushun oil shale is described as Equation (1) [16]):

Kerogen — Asphalt—*— Shale Oil + Pyrolysis Gas + Carbon Residue. (1)

With the precipitation of pyrolysis products, oil shale gradually becomes
loose and porous, which leads to changes in porosity and permeability.
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It is well known that oil shale permeability is closely related to porosity,
and the two are usually positively correlated. Under in situ conditions, due to
the confining pressure, oil shale undergoes compressive deformation, causing
porosity changes, which affects its permeability. The deformation property
of oil shale under pressure can be characterized by the elastic modulus.
Therefore, to study the law of oil shale permeability change during in situ
pyrolysis, it is necessary to establish a quantitative relationship between
permeability, porosity and the elastic modulus. This consists in constructing
models of oil shale porosity and elastic modulus, on the basis of which a model
of oil shale porosity change during the in situ pyrolysis process is proposed.
Then, combined with the quantitative relationship between permeability
and porosity, a quantitative model of oil shale permeability change during
the in situ pyrolysis can eventually be constructed and the variation law of
permeability can be studied.

2.1. Model of oil shale porosity during pyrolysis

The above analysis shows that the oil shale porosity changes mainly during the
pyrolysis of its organic matter kerogen. Assuming that the pyrolysis products
of kerogen generated escape immediately, the variation of oil shale porosity
during pyrolysis can be expressed as Equation (2):

MLy =M A P o0y gy 4 Lo EPs L@ P o

n'=n+An=n,+
Mp, Py p.

where 1’ is the porosity of oil shale during pyrolysis, n_is the initial porosity
of oil shale, 4n is the variation of oil shale porosity during pyrolysis, M is the
mass of oil shale, m is the mass of kerogen, m_ is the mass of carbon residue,
p, 1s the density of oil shale, p  is the density of kerogen, p_is the density of
carbon residue, a is the pyrolysis ratio of kerogen, p, is the content of kerogen,
and p_ is the content of residual carbon in oil shale.

2.2. Elastic modulus model of oil shale during pyrolysis

Under high temperature conditions, oil parent material will melt from solid
to liquid. During this process, the pore pressure in oil shale is mainly exerted
by the melted kerogen. According to the principle of effective stress [17] due
to which the overburden remains unchanged, the pore pressure gradually
decreases and the effective stress increases with the pyrolysis of kerogen,
which eventually leads to the compression of oil shale, directly manifested
as the change of the elastic modulus. During the pyrolysis process, the
decomposition of kerogen will cause a decrease of pore pressure and an
increase of effective stress. Eventually, oil shale will be compressed, which
directly results in a decrease of the elastic modulus. In addition, the reduction
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of the compressive strength of the oil shale skeleton at high temperature will
also affect the elastic modulus. In conclusion, the change in the effective stress
and the decrease in skeleton strength in the pyrolysis process are the main
reasons for the decrease in the elastic modulus of oil shale.

In the case of equal strain, the elastic modulus model of oil shale during
pyrolysis can be expressed as follows:

= - )

z :E-(o-'+ut)=E-[o"+u-(l—a)]’ )

o o

where £, o, and u, are the elastic modulus, compressive strength and pore
pressure of oil shale during pyrolysis, respectively; E, ¢ and u are the elastic
modulus, compressive strength and pore pressure of oil shale before pyrolysis,
respectively; and ¢’ is the compressive strength of the oil shale skeleton.

2.3. Pyrolysis rate equation of oil shale

The Coats-Redfern (C-R) method [16, 18-21] was applied to analyze the mass-
temperature curve of oil shale obtained in the thermogravimetric experiment.

ln{_le_a)} :lnﬁ—ﬂ, (5)
T pD RT

The kinetic equation obeyed by this method is as follows:

where 4 is the frequency factor, min™'; R is the gas constant, 8.314 J/(mol-K);
[ is the heating rate, °/min; and D is the activation energy, kJ/mol.

Through the linear fitting of ln[#} and % , A and D can be

obtained from the intercept ln(gJ and the slope —% of the fitted line,

respectively, and the pyrolysis rate constant & of oil shale at any temperature
T can be calculated as follows:

k=A-e N (6)

Then, the pyrolysis rate equation of oil shale at any temperature 7 can be
obtained:
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d—azk-(l—a). (7

By integrating Equation (7), the pyrolysis rate equation can be written as
follows:

a=1-¢™. (8)

2.4. Model of oil shale permeability during in situ pyrolysis
2.4.1. Model of oil shale porosity during in situ pyrolysis

Under in situ conditions, the porosity of oil shale is related to the elastic
modulus. Under the same pressure conditions, the smaller the elastic modulus,
the larger the oil shale deformation and the greater the porosity change.
In order to establish a simple yet comprehensive model to reflect the real in
situ conditions, the following basic assumptions are made in this study:
1) The compression deformation of oil shale is a linear elastic deformation.
2) The compression deformation of oil shale is manifested as the shrinkage
of its internal pores.
3) Nonew cracks are formed in oil shale during the compression deformation.
4) The horizontal confining pressures are equal:

o- .
62203=ﬁ- )

On the basis of assumption 4), combined with the rock mechanics theory
[17], the following relationships are derived:

o, to,+0, o+ p)

In 3 3(-p)° (10)
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RRE (e .
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The model of oil shale porosity under in situ conditions is established as
follows:

. ’
_Vp—Vt & n—&

- Vt(l_gk) - l-¢, ’ (13)

n
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v

where n” is the porosity of oil shale during in situ pyrolysis, n’ = 71’ is
t

the porosity of oil shale during pyrolysis with no confining pressure, v, is the

pore volume of oil shale during pyrolysis with no confining pressure, V, is
the volume of oil shale during pyrolysis with no confining pressure, ¢, is the
volumetric strain of oil shale during pyrolysis under pressure, E| is the bulk
modulus of oil shale during pyrolysis with no pressure, u is Poisson’s ratio of
oil shale, and ¢,, o, and o, are the principal stresses.

2.4.2. Quantitative relationship between oil shale porosity and permeability

The constitutive relationship between rock permeability and porosity is
complex, and there is currently no corresponding physical constitutive model
available. In this study, the quantitative relationship between oil shale porosity
and permeability is established by fitting.

2.4.3. Model of oil shale permeability during in situ pyrolysis

The oil shale permeability model during in situ pyrolysis can be obtained
by substituting the porosity model by the relationship between porosity and
permeability fitting.

3. Results and discussion

3.1. Pyrolysis reaction rate equation of oil shale

Based on thermogravimetric (TG) analysis experiments, TG and differential
thermogravimetric (DTG) curves of oil shale pyrolysis in the Fushun west
open-pit mine were obtained (Fig. 1). The curves clearly show that the pyroly-
sis of oil shale mainly occurs in the temperature range of 300-600 °C [3].
At this stage, kerogen is mostly pyrolyzed to give shale oil and gaseous
products. The TG curve declines rapidly and sharply, the maximum peak value
appears on the DTG curve and the weight loss is large, accounting for approxi-
mately 16.21% of the sample mass. However, a previous study [22] found that
in the range of 300-500 °C, the variations in the porosity, elastic modulus
and compressive strength of the Fushun west open-pit mine oil shale sharply
increased, while these variations were slight in the range of 500-600 °C.
It was believed that the pyrolysis of oil shale mostly occurred at 300-500 °C,
and that of other substances, such as fixed carbon, took place in the range
of 500-600 °C. Therefore, in this paper, the pyrolysis temperature range is
determined to be 300-500 °C.

Based on the above research methods and thermogravimetric curve data,
ln[ - lngz— a)

fitted, the results are shown in Figure 2.

} and % in the pyrolysis stage (300-500 °C) were linearly
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Fig. 2. Linear fitting result of In[-In(1-)/7?] and 1/T.

As seen from this figure, the activation energy D = 113012.202 J/mol =
113.01 kJ/mol and the frequency factor 4 = 51919635.76 min"'. Then the
pyrolysis rate equations for oil shale at 300 °C, 400 °C and 500 °C can be
respectively expressed as follows:
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0=1—eM=1_264x 10*31, (14)
o= 1 _ e*kl‘ — 1 _ 6*0.0897’ (15)
a=1-¢el=1-¢!2" (16)

3.2. Verification of the model of oil shale porosity during pyrolysis

The values of porosity model parameters were taken from previous researches:
n = 4.56%, p, = 18.9%, p_ = 1.95 g/em’, p_ = 2.05 g/cm’, p = 1.104 g/cm,
p=8.19% [23, 24].

The porosity of oil shale during the 30-minute and 60-minute pyrolysis
at 300 °C, 400 °C and 500 °C was calculated and the values obtained were
compared with experimental values. The results are given in Table 1.

Table 1. Comparison between the calculated and measured values of porosity

Measured values ,% [3, 22] Absolute error,
%
o g - -
g £ E £ g £ g
3 g Z b5 = < b5 = <
s S IS g g - 5] g 2 S
1) g 3 = g 3 =] = = o =
o =] ‘_z‘ = o e |5 = — E 5]
5 = 5 2 22 & S 22 £
= = 3=t
5 = g =
@) @)
300 60 8.33 7.39 - - 0.99 - -
30 28.52 — 20.33 24.14 - 8.19 4.38
400
60 30.17 18.80 - - 11.37 - -
30 30.29 - 29.76 33.71 - 0.53 342
500
60 30.29 25.50 - - 4.79 - -

Table 2 reveals that under various temperature conditions there is a good
agreement between the experimental porosity values and those calculated by
the model with a small error only. The absolute porosity error at 300 °C is the
smallest, being larger at 500 °C, and the largest at 400 °C, which is due to the
influence of oil shale particle size on pyrolysis. Although oil shale is in a high-
temperature environment, the heat transfer and temperature rise also require a
certain amount of time to take place. The higher the temperature, the larger the
block diameter and the longer the heat transfer time required. The pyrolysis
ratio equation established in this research is based on the weight loss data of
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Table 2. Mechanical properties of oil shale samples at different temperatures [22]

Temperature, °C Measured value of elastic Measured value of compressive
modulus, strength,

MPa MPa

Room temperature 3289.33 76.84
200 244333 49.60

300 1748.67 34.28

400 1496.00 29.10

500 1104.67 21.34

600 1899.00 20.21

the ground oil shale sample (particle size < 0.2 mm). The size of the oil shale
sample measured by the conventional method (approximately 40—50 mm in
length in cube rock) is big, while the size of the oil shale sample (3.8 x 15 mm)
measured by the mercury intrusion and CT methods is small. Studies
have shown that at 475 °C, oil shale with a block diameter of 40—70 mm
requires a heat transfer time of 30—40 min [23]. At a lower temperature, 300 °C,
the internal and external temperatures of oil shale specimens can be consistent
over a short time. The actual conversion ratio of oil shale does not differ
much from the theoretical conversion ratio, so the absolute error of oil shale
porosity is small at 300 °C. At a higher temperature, 400 °C, it takes a long
time for the internal and external temperatures of the specimens to reach the
same temperature, and the conversion ratio of 99% is achieved in 51.63 min.
A longer heat transfer time will greatly affect the pyrolysis conversion ratio of
oil shale, so the absolute porosity error at 400 °C is relatively large. At 500 °C,
it takes only 3.80 min for the conversion rate to reach 99%. Although the heat
transfer time is further extended, there is still enough pyrolysis time for the
actual conversion ratio of oil shale to reach almost the same level with the
theoretical conversion ratio, so the absolute error of oil shale porosity is not
large. In addition, a comparison showed the measured porosity values to be
smaller than the theoretical ones, which may be explained by that the pyrolysis
products would more or less remain in the pores of oil shale.

In summary, the model established in this study based on the pyrolysis
reaction kinetics can accurately calculate the porosity of oil shale in the
pyrolysis process with a small error, which is especially suitable for small-
sized specimens.

3.3. Verification of the oil shale elastic modulus model during pyrolysis

Table 2 shows the changes in the mechanical properties of oil shale after
complete pyrolysis from room temperature to 600 °C. It can be seen that after
entering the pyrolysis stage, due to the thermal decomposition of kerogen, the
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elastic modulus and compressive strength drop significantly until 500 °C. At
600 °C, the elastic modulus increases and the compressive strength decreases,
but these changes are small. The changes in the porosity, compressive strength
and elastic modulus of oil shale during the pyrolysis process were mainly
caused by that of kerogen. Compared with the pyrolysis of kerogen which
mainly took place in the temperature range of 300-500 °C, the pyrolysis of
oil shale at 500-600 °C also involved that of other substances such as fixed
carbon. Therefore, compared with 500 °C, the elastic modulus and compressive
strength of oil shale at 600 °C changed but a little [22].

As seen above, the pyrolysis of oil shale starts at 300 °C. To exclude the
effect of water in oil shale on the pore pressure provided by kerogen, in this
study, the elastic modulus of oil shale at 200 °C is taken as the basic value of the
pre-pyrolysis elastic modulus to calculate the elastic moduli at 300 °C, 400 °C
and 500 °C during pyrolysis.

3.3.1. Calculation of pore pressure during pyrolysis

The compressive strength of oil shale is composed of the compressive strength
of the oil shale skeleton and the pore pressure provided by kerogen, which can
be expressed as Equation (17):

oc=0'+u. (17)

The compressive strength of oil shale, i.e. of the oil shale skeleton, after
complete pyrolysis at 300 °C, 400 °C and 500 °C was statistically analyzed,
and the mechanical damage of the skeleton was found to linearly increase with
temperature (Fig. 3).
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Fig. 3. Linear fitting result of the oil shale skeleton compressive strength and temperature.
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As seen from Figure 3, the linear fitting equation of the compressive
strength of the oil shale skeleton with temperature is expressed as Equation

(18):
0'=-0.0647T+ 54.12, R*> = 0.9869. (18)

The calculated compressive strength value of the oil shale skeleton at 200 °C
is 41.18 MPa. At 200 °C, the water in oil shale is completely evaporated and
the pyrolysis of the oil parent material has not yet occurred. So, the pore
pressure provided by the oil parent material in oil shale can be calculated as
follows:

— ’
u 0-200 °C o 200 °C

=49.6—41.18 = 8.42 MPa. (19)

3.3.2. Verification of the elastic modulus of oil shale during pyrolysis

The elastic modulus of oil shale at different pyrolysis temperatures was
continuously simulated and calculated. The results are shown in Figure 4.

The elastic modulus of oil shale during pyrolysis is difficult to measure
in real time. To avoid the error effect caused by the heat transfer time, the
calculated elastic modulus values of oil shale after full pyrolysis at 300 °C,
400 °C and 500 °C (calculated at a conversion ratio of 0.99) are compared
with the experimental data obtained under the corresponding conditions for
verification, as shown in Table 3.

Table 3 reveals the closeness of the calculated and experimental values of
the oil shale elastic modulus, while the relative error is small. These results
also confirm the correctness of the hypothesis made and the calculated model
established in this study.
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Fig. 4. The elastic modulus of oil shale during pyrolysis.
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Table 3. Comparison between the calculated and measured values of elastic
modulus

Temperature, | Measured value of elastic | Calculated value of elastic | Relative error,
°C modulus. modulus, %
MPa MPa
300 1748.67 1688.66 343
400 1496.00 1433.49 4.18
500 1104.67 1051.22 4.84

3.4. Establishment of the oil shale permeability model during in situ
pyrolysis

3.4.1. Quantitative relationship between oil shale porosity and permeability

In fitting data of a previous research [22], in this study, the quantitative
relationship between the porosity and permeability of Fushun oil shale was
established, as shown in Figure 5 and by Equation (20):

k=0.4301-n"*% R?=0.9338, (20)
where £ is the permeability of oil shale and 7 is the porosity of oil shale.
A previous study [25] found that rock porosity was positively correlated

with permeability as a power function. Equation (20) presented in the current
study is consistent with this finding.
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Fig. 5. Fitting result of the porosity and permeability of oil shale.
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3.4.2. Model of permeability and calculated oil shale permeability during in
situ pyrolysis

By substituting Equation (12) into Equation (20), the model of Fushun oil
shale permeability during in situ pyrolysis can be expressed as Equation (21):

, 1.3988
k,=0.4301-(” EkJ , @D

_gk

where £, is the permeability of oil shale during pyrolysis under in situ pressure.

Based on Equation (21), the permeability of oil shale during the pyrolysis
process at 300 °C, 400 °C and 500 °C at vertical pressures of 1 MPa, 5 MPa
and 10 MPa, respectively, was calculated, the results are shown in Figure 6.

Figure 6 displays both temperature and pressure to influence the
permeability of oil shale during pyrolysis. In case of the same temperature and
time of pyrolysis, permeability decreases with increasing pressure. However,
the permeability of oil shale is mainly affected by temperature and increases
rapidly with it. At 300 °C, the oil shale permeability increases slowly. At
temperatures of 400 °C and 500 °C, it increases rapidly, decreasing thereafter.
After a 6-minute pyrolysis, the permeability increase ratio at 500 °C is the
highest, 1330.79-1515.96%, being at 400 °C rather similar, approximately
1319.72-1465.62%, and at 300 °C the lowest, 133.80-144.72%. Although
the permeability of oil shale increases significantly at 500 °C, its absolute
permeability is still low, the maximum being only 50.65 x 10 pm?, which
is considered poor. According to the permeability classification [24], the
pyrolyzed oil shale layer belongs to the ultra-low permeability rock layer,
which means that the hydrogeological environment of the mining area after in
situ pyrolysis is relatively safe.

3.5. Discussion

This study does not consider the process of heat conduction during pyrolysis,
and by default, the temperature is always the same. The heat transfer time
of small-sized specimens is shorter, so the permeability model during in situ
pyrolysis is more easily applicable to small oil shale samples. To accurately
simulate the permeability change during the in situ pyrolysis of large block oil
shale, it is necessary to combine the heat transfer equation with the established
permeability model during in situ pyrolysis. Previous studies have shown that
the time required for the temperature of block oil shale to reach consistency is
in direct proportion to the square of the block diameter [25, 26], providing a
theoretical basis for a further modification of this model in the future.

The effect of thermal cracking on permeability is not considered in this
study, mainly because this phenomenon is the result of an uneven thermal
expansion of the rock, which is mostly controlled by the rock heterogeneity
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and reveals certain randomness. Meanwhile, the currently available theoretical
model for thermal cracking is far from being perfect [27-29]. An in-depth
study of the formation mechanism of thermal cracking and its impact on
permeability, as well as a further improvement of the permeability model of
oil shale during in situ pyrolysis will be the directions of future research.

4. Conclusions

1. Models for oil shale porosity and elastic modulus during pyrolysis are
established. The theoretical calculated values are basically consistent
with the measured values, with a small error only. Based on the above
two models, combined with the fitting relationship between porosity
and permeability, the permeability model during in situ pyrolysis is
established.

2. The simulation results show that under in situ pyrolysis conditions,
the permeability of oil shale is mainly affected by temperature and
increases with increasing temperature. The higher the temperature, the
higher the rate of increase in permeability. After in situ pyrolysis, the
absolute permeability of oil shale is still low and has a little impact on
the hydrogeological environment of the mining area.

3. The model of oil shale permeability during in situ pyrolysis is easily
applicable to small oil shale samples. For large block oil shale, the heat
conduction process will become a key controlling factor affecting its
overall permeability. Combining the heat transfer equation with the
established permeability model during in situ pyrolysis, constructing
a permeability model which is suitable for full-sized oil shale is the
direction of future research.
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