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Abstract. In this paper a simulation model of oil shale formation is generated 
in which the reservoir is heated by downhole heaters and subsurface solid 
kerogen is converted into liquid and gas hydrocarbons by the function of 
chemical reactions, temperature and time. On the basis of the results obtained, 
the alteration in porosity and permeability is evaluated. It is found that the 
porosity and permeability of oil shale increase significantly as a function of 
in-situ kerogen conversion into oil and gas. A new mathematical modeling 
approach is adopted to measure the quantitative change in porosity. It is 
revealed that the effective porosity of the studied reservoir increases from the 
initial value of 5% to the final value of 12.5% after in-situ kerogen pyrolysis. 
In-situ permeability, as a function of porosity, is also modeled and a noteworthy 
increase is observed. The results are compared with previously published 
experimental findings and are found to be in a good agreement.
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1. Introduction

Oil shale is a sedimentary rock that contains a noteworthy quantity of kerogen, 
which is the source of generating hydrocarbon as oil and gas [1]. Oil shale 
reserves are found in many regions of the world [2]. As per precise estimation, 
the worldwide reserves of oil shale are around 3.6 × 1011 m3 [3]. But the major 
reserve holder region is the United States of America having approximately 
total oil shale reserves around 1.8 × 1011 m3 [3]. Based on these numbers, oil 
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shale may be a significant alternative fuel resource in upcoming decades.
The kerogen in oil shale is found as a solid phase and can be converted 

into liquid and gas-phase hydrocarbons by different methods, i.e. ex-situ and 
in-situ retorting or pyrolysis of this organic material. The ex-situ pyrolysis 
is carried out at the surface in a wide range of temperature by mining the oil 
shale rock from the subsurface, but this method has numerous limitations, of 
which two are major ones, i.e. depth of oil shale reservoir and environmental 
issues [4].

In-situ pyrolysis of oil shale includes subsurface heating of the reservoir. 
The heating process can be carried out by different methods, i.e. electrical 
or non-electrical [5]. Applied in a field in Colorado, Shell’s in-situ electrical 
heating pilot project proved to be successful, opening new windows for 
research into this method [5]. Although the in-situ pyrolysis method has many 
advantages over ex-situ process such as no excretion of environmentally 
hazardous and poisonous water and gases, and a comparatively high technical 
feasibility for deeper oil shale reservoirs, the main hindrance to adopting this 
method is economics, because in-situ heating requires a significant amount of 
direct or indirect input of energy [6–8].

Normally, the initial porosity and permeability of oil shale are very low 
so that any fluid may not flow through it without application of a stimulation 
technique [9–13]. When the shale formation is heated, the kerogen which 
exists as a solid phase is converted to hydrocarbon and other fluids, ultimately 
increasing the void pores in the rock. These void pores increase the effective 
porosity of oil shale which translates to positive alteration in permeability.

Some researchers conducted studies on conversion, fluid flow and 
production process of oil shale, i.e. implemented Steamfrac for in-situ 
conversion process (ICP) [14], in which they modeled the conversion process 
of oil shale by steam injection through hydraulic fractures. Some investigators 
compared different methods of in-situ upgrading in terms of energy  
efficiency [15], while some worked on different aspects and impacts of 
chemical reactions [16]. Experiments with oil shale from Shell’s Mahogany 
oil shale field were also simulated [17]. The results of another Shell-run pilot 
project of oil shale ICP were also modeled [18]. But all those researchers did 
not consider the dynamic properties alteration like change in porosity and 
permeability which occurs at every moment of the in-situ upgrading of an oil 
shale reservoir.

In the numerical simulation of in-situ pyrolysis, many complicated 
processes need to be incorporated, i.e. heat flow through conduction 
and convection, kerogen conversion, chemical reactions, fluid flow, and 
production. There have been carried out rare studies to develop a simulator 
to incorporate the whole in-situ conversion process of an oil shale reservoir. 
Some investigators worked on modeling the fronts of chemical reactions and 
heat dissipation [19], while others developed a model to incorporate the hot 
CO2 injection based on non-dimensional equations, assuming no effects of 
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temperature on reaction rate [20]. Some scientists developed a simulator and 
studied the sensitivity of Shell-tested in-situ conversion process [5], whereas 
some researchers developed a simulator only for kerogen conversion [21]. 
However, all those studies ignored the effect of kerogen pyrolysis on porosity.

Since the alteration mechanism of effective porosity and permeability 
is a key parameter in the in-situ upgrading of oil shale, therefore, it should 
be more focused on further research within this domain. It is because the 
change in porosity is directly and change in permeability is indirectly related 
to kerogen decomposition which occurs at every time step [22–26]. Hence 
the acknowledgment of alteration in porosity and permeability during in-
situ conversion process is essential to correctly model the dynamics of fluid 
flow, heat flow, and chemical reactions as well. Therefore, in this study, a 
dual permeability oil shale reservoir numerical simulation model is generated 
using a commercial reservoir simulator having thermal and compositional 
modeling options. Simple chemical reactions were established and the in-situ 
heating and pyrolysis of kerogen, said chemical reactions, and fluid and heat 
flow were simulated. Kerogen consumption was investigated accordingly 
through simulation and on the basis of this a mathematical correlation for 
porosity evaluation was established. Since permeability is dependent on 
porosity, therefore, the incremental permeability was also estimated by the 
Carmen-Kozeny model. This technique will help overcome challenges of in-
situ upgrading of oil shale. Figure 1 shows the physical connotation of the 
concept of this study. 

Fig. 1. A conceptual model of incremental porosity of oil shale during in-situ 
conversion process on the basis of kerogen consumption.
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2. Numerical simulation

2.1. Numerical model description

A dual permeability oil shale reservoir model was generated on a commercial 
simulator by assuming the thickness and depth of the formation to be 36 m and 
61 m, respectively. The Cartesian Grids were modeled as 9 × 9 × 28 number 
of blocks with 0.44 m × 0.44 m × 3 m dimensions like a square well pattern 
having four heater wells with the spacing of 3.96 m and one production well 
in the middle (Fig. 2).

Fig. 2. Well pattern used in the study.

The values of reservoir pressure, depth, net pay and matrix effective 
porosity were taken from the Mahogany Demonstration Project (MDP), 
a pilot project of in-situ pyrolysis of oil shale. Shell, the operator of MDP, 
conducted this project from the year 2003 to 2005. The geological formation 
was Green River. In MDP sixteen heater wells were drilled in three circles 
while two production wells were drilled in the center [5]. In most of the 
previous researches regarding ICP, fractures were not included in the model. 
In our model, natural fractures were also considered with a fracture spacing 
(FS) of 1 m in the base case as shown in Table 1. The other reservoir properties 
used in our model, such as matrix effective porosity and permeability, were 
adopted as per within the range of already published oil shale data and are 
summarized in Table 1 [9, 14]. Oil shale has a very low initial porosity and 
permeability; therefore, the values were taken as 0.05 md fraction for initial 
effective porosity and 0.02 md for matrix permeability in horizontal direction. 
To acknowledge the permeability anisotropy, the vertical matrix permeability 
was taken as 0.002 md whereas oil shale formation compressibility was taken 
as 4.35 × 10–7 1/kPa (Table 1).
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Table 1. Reservoir properties used in the study

Parameter Value Unit

Reservoir pressure 700 kPa

Reservoir depth 600 m

Reservoir net pay 36 m

Fracture spacing 1 m

Matrix effective porosity 0.05 Fractions

Fracture porosity 0.8 Fractions

Matrix permeability, horizontal 0.02 md

Matrix permeability, vertical 0.002 md

Fracture permeability, horizontal 100 md

Fracture permeability, vertical 10 md

Initial kerogen content 20000 gmol/m3

Density of oil shale 2 gm/cm3

Formation compressibility 4.35 × 10–7 1/kPa

Initial reservoir temperature 28 ºC

Heater wells temperature 340 ºC

	
For the simplicity of the chemical model and to minimize the processing 

time of compositional and thermal simulation, normally the least number 
of components is used. For this purpose, a larger number of components is 
lumped (pseudoized) into a smaller number to define the fluid volumetric 
and phase behavior through an equation of estate (EOS). In this study, a fluid 
model, with hydrocarbon pseudo-component lumping and pressure-volume-
temperature (PVT) properties, was generated through WINPROP software 
which is a module of the main simulation software used. The fluid model 
consisted of three generic pseudo-components, namely heavy oil, light oil and 
gas, which were lumped through the user-defined lumping scheme as shown 
in Table 2. The lumping process of the components consisted in mapping the 
45 hydrocarbon species into three generic pseudo-components. The actual 
hydrocarbon components through C21 to C45, C6 to C20 and C1 to C5 were 
lumped to pseudo-components heavy oil, light oil and gas, respectively. Lee 
and Kesler mixing rules were applied to calculate the critical properties of the 
pseudo-components.
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Table 2. Properties and composition of the lumped components

Lumped 
component

Hydrocarbon pseudo-
component range

Critical 
pressure, 
kPa

Critical 
temperature, 
°C

Molecular 
weight,  
g/mol

Acentric 
factor

Heavy oil C21–C45 1199.18 562.42 341.2 0.969

Light oil C6–C20 2320.88 374.94 157 0.492

Gas C1–C5 4541.86 38.73 34.07 0.095

Temperature-dependent kerogen conversion chemical reactions were 
established by modifying the reaction model offered by Fan et al. [5]. The 
slightly modified chemical reactions and relevant kinetic data are given in 
Table 3. Water and CO2 were eliminated from the reactions while prechar was 
considered as part of the remaining solid phase. In fact, this modification did 
not affect the rate of production [5].

Table 3. Chemical reactions model (modified after [5])

No. Reaction Activation 
energy, J/mol

Frequency 
factor

1 Kerogen → 0.0107 heavy oil + 0.0097 light oil + 
0.0072 hydrocarbon gas

213500 2.59 × 1018

2 Heavy oil → 0.6613 light oil + 1.5038 hydrocarbon gas 226090 8.64 × 1017

3 Light oil → 3.2378 hydrocarbon gas 226090 4.32 × 1016

3. Mathematical models for altered porosity and permeability

Kerogen exists as a solid phase in the pores of oil shale formation and 
decomposes by in-situ pyrolysis process which results in the change of void 
space volume. The incremental porosity (φinc) during in-situ pyrolysis together 
with the initial effective porosity (φIE) of oil shale formation makes the total 
altered porosity (φTA), as shown in Equation (1):

   		  φTA = φIE + φinc.                                               (1) 
	
As per the basic definition, porosity (φ) is the ratio of the pore volume (Vp) 

to the bulk volume volume (Vb) of the rock as shown in Equation (2):
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rock as shown in Equation (2): 

𝜑𝜑 =	
𝑉𝑉*
𝑉𝑉+

	.																																																																																																			(2) 

 Note that in the case of oil shale, the pore volume (	𝑉𝑉*′) also contains the solid phase kerogen (𝑉𝑉,): 

𝑉𝑉*′ 	= 𝑉𝑉* −	𝑉𝑉,	.																																																																																												(3) 

 After in-situ pyrolysis, this solid-phase kerogen	(𝑉𝑉,) was converted to fluid by creating more void pores. 

Therefore, Equation (2) can be written as: 

𝜑𝜑"#$
= 	

𝑉𝑉* − 𝑉𝑉,
𝑉𝑉+

	,																																																																																					(4) 

𝜑𝜑"#$ = 	
𝑉𝑉*
𝑉𝑉+

−	
𝑉𝑉,
𝑉𝑉+

	.																																																																																			(5) 
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φ =  

Vp  .                                                      (2)

Note that in the case of oil shale, the pore volume (Vp') also contains the 
solid phase kerogen (Vk):

Vp' = Vp–Vk.                                                  (3)

	
After in-situ pyrolysis, this solid-phase kerogen (Vk) was converted to fluid 

by creating more void pores. Therefore, Equation (2) can be written as:

φinc = 
(Vp–Vk),                                                 (4)

φinc = 
Vp–

Vk .                                                   (5)

Since the incremental porosity belongs to the portion of no-fluid porosity 
or, in other words, void porosity (φv) and the ratio of kerogen concentration 
to bulk volume also belongs to void porosity, therefore, Equation (5) can be 
written as:

                              (6)

                              (7)

where kcon is the concentration and kρ is the density of kerogen at the pore 
level. So, Equation (1) can be written as:

                              (8)

The above equation can be used to find out the total altered porosity at any 
time step as the function of kerogen concentration. For the altered permeability 
(K), the Carmen-Kozeny model (Eq. (9)) was used utilizing the values of 
known initial permeability (K0) and total altered porosity (φTA) obtained from 
Equation (8):

                              (9)
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4. Results and discussion

4.1. Base case scenario

Since the in-situ kerogen conversion rates are dependent on temperature, 
therefore, the subsurface heating of the oil shale formation was achieved by 
four downhole heater wells at a constant temperature of 340 °C, started from 
the very first day of simulation. The heat started to dissipate into the reservoir 
and it took approximately 386 days for the temperature of the whole simulated 
section of the reservoir to reach 340 °C. This is illustrated in Figure 3a which 
shows the temperature distribution in the reservoir at different time periods.

Due to the continuous subsurface heating, kerogen decomposed and 
hydrocarbon was generated as per the established chemical reactions. It can 
be seen from Figure 3b that kerogen started to decompose first from near 
the heater well region and was then depleted in the whole simulation section 
accordingly. This occurred because the kerogen conversion process was 
dependent on temperature. At the end of 386 days almost all the kerogen was 
converted. As seen from Figures 3a and 3b, heat affected the upper and lowest 
zones of the reservoir differently from its whole middle part. This happened 
due to the heat losses of overburden (OB) and underburden (UB) geological 
formation.

	

15 days        45 days           90 days            150 days          386 days

(b)

15 days           45 days          90 days           150 days       386 days

Fig. 3. (a) Distribution of temperature after 15, 45, 90, 150 and 386 days;  
(b) distribution of kerogen (fraction) after 15, 45, 90, 150 and 386 days.

(a)
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Due to the elevated temperature kerogen was converted to hydrocarbons. 
Then these hydrocarbons (liquid and gas) were produced through the 
production well. Figure 4a demonstrates the oil and gas production rate at 
surface condition (SC) as per the function of temperature and also shows some 
typical characteristics of ICP. The figure reveals that the production rate of gas 
was high at the initial stage of the process. There were two reasons for this. 
First, the quantity of the gas phase already present in the effective porosity and 
the fractures moved first. Second, since the heaters were operated at a high 
temperature (340 °C), the kerogen conversion took place very quickly in the 
heater blocks. 

The peak of hydrocarbon production was achieved by the 90th day after 
which the rate decreased gradually. Figure 4b shows the cumulative oil and 
gas production and cumulative kerogen consumption. It can be seen from 
the figure that the cumulative oil and gas production is totally dependent on 
kerogen consumption.

(a)

(b)

Fig. 4. (a) Temperature distribution and oil and gas rate; (b) cumulative oil and gas 
production and kerogen consumption.
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On the basis of the kerogen consumption which was estimated through 
numerical simulation, the altered porosity was evaluated using the proposed 
model (Eq. (8)). Since permeability is dependent on porosity, therefore, the 
altered permeability was also computed using the Carmen-Kozeny model 
(Eq. (9)). Figure 5 shows the change of initial porosity and permeability as 
a function of kerogen consumption during the in-situ pyrolysis process of 
kerogen of oil shale. It can be observed that the porosity increased significantly 
from the initial value of 5% to the final value of 10.2% whereas permeability 
was also increased from 0.02 md to 0.19 md in the base case scenario.

4.2. Sensitivity study

Two parameters of the numerical reservoir simulation model, i.e. the initial 
kerogen concentration and fracture spacing, were selected to run different 
sensitivities. Then the values of kerogen consumption obtained in these 
sensitivity studies were estimated through numerical simulation. On the basis 
of the obtained kerogen consumption values, the different trends of incremental 
porosity were evaluated through the mathematical model proposed by us (Eq. 
(8)), whereas the values of incremental permeability were also estimated 
through the Carmen-Kozeny model (Eq. (9)) by using said trends.

The main reason behind selecting these two parameters for sensitivities 
is that they are not fixed, i.e. they have not been reported previously. But 
there are some predefined reasonable ranges of these parameters found in 
literature. For example, Dyni [3] offered a range of the initial concentration 
of kerogen from 10 to 20 wt% for the commercial feasibility of oil shale. This 
range translates to 0.2 to 0.4 g kerogen/cm3 as the density of kerogen in oil 
shale (since oil shale has a density of approximately 2 g/cm3). So, as per the 
chemical formula of kerogen, these values correspond to the range of 13615 
to 27231 gmol/m3 [5].

Fig. 5. Altered porosity and permeability as a function of kerogen consumption.

Atif Zafar et al.
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Therefore, the three scenarios of the initial concentration of kerogen 
were taken as higher (27000 gmol/m3), medium (20000 gmol/m3) and lower 
(13000 gmol/m3) for the input of numerical simulation. On the basis of the 
results of those sensitivity studies, the incremental values of porosity and 
permeability were evaluated, as shown in Figure 6a. The figure displays 
that porosity was increased from 5 to 12.5% at a higher initial concentration 
of kerogen while the increment was 5 to 10% and 5 to 8% for the medium 
and lower kerogen concentration, respectively. The same trend was also 
observed for the incremental permeability. So, it was shown that the higher 
the initial concentration of kerogen, the greater the change in porosity. As a 

(a)

(b)

Fig. 6. (a) Altered porosity and permeability at different initial kerogen concentrations; 
(b) altered porosity and permeability, and kerogen consumption at different fracture 
spacings (FS).
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result, the higher incremental permeability will be achieved at a higher initial 
concentration of kerogen.

The three scenarios of fracture spacing were taken as 0.25 m, 2 m and 3 m 
for the input of numerical simulation. On the basis of the results of those 
sensitivity studies, the incremental values of porosity and permeability were 
evaluated, as shown in Figure 6b. The figure demonstrates that different values 
of fracture spacing did not affect the increasing trend of porosity. Although 
there was a certain increment in the final value of permeability, from 0.19 to 
0.2 md, at a 0.25 m fracture spacing, this was not very significant. Hence, these 
trends support our hypothesis that the incremental porosity and permeability 
were mainly dependent on the initial kerogen concentration of oil shale.

5. Comparative analysis

To validate the concept presented in this study, a comparative analysis of the 
results was also carried out and is presented in Table 4. The results of the study 
were compared with those of two previous studies by Kang [27] and Zhao 
[28]. The researchers carried out the incremental porosity evaluation of oil 
shale through laboratory experiments. Both of them used the oil shale samples 
from Fushun field of China. Fushun oil shale does not differ very much in 
organic composition from US Green River oil shale used in MDP. In our 
study, the kerogen consumption was estimated through numerical simulation, 
then the altered porosity was evaluated using the proposed model (Eq. (8)). 
The modeled incremental value of porosity of oil shale was in good agreement 
with the actual values of Fushun oil shale measured by Kang [27] and Zhao 
[28] through a series of laboratory experiments (Table 4).

Table 4. Comparative analysis of the results of this study with data of previous 
studies

Study Oil shale 
field, location

Initial 
porosity, 

%

Tempera-
ture, °C

Incremental 
porosity, % Method

Kang [27] Fushun, 
China 2.14 300 7.34 Conventional laboratory 

experiments

Current 
study MDP, USA 5.00 340 12.50 Numerical and 

mathematical modelling

Kang [27] Fushun, 
China 2.14 400 18.80 Conventional laboratory 

experiments

Zhao [28] Fushun, 
China 2.14 400 20.33 Mercury intrusion 

laboratory experiments

Zhao [28] Fushun, 
China 2.14 400 24.14 Computed tomography 

laboratory experiments

Atif Zafar et al.
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6. Conclusions

The study was conducted very carefully on the basis of extensive literature 
review, oil shale reservoir numerical simulation and mathematical modeling 
of the evaluation of incremental porosity and permeability. Based on the 
results of this research work the following conclusions are drawn:

1.	 By using the Green River oil shale data, considering the overburden-
underburden heat losses, modifying the chemical reactions and 
modeling and lumping the hydrocarbon fluid components, the reservoir 
numerical simulation of oil shale was carried out.

2.	 On the basis of the in-situ kerogen conversion kinetics, a mathematical 
model for incremental porosity evaluation was established. The results 
demonstrated that porosity and permeability increased significantly 
during the in-situ conversion process of oil shale. The modeled values 
of porosity and permeability showed that their increment rate was 
mainly dependent on kerogen conversion.

3.	 Sensitivity analyses of the initial concentration of kerogen and fracture 
spacing were also performed. On the basis of the results of the sensitivity 
studies, it can be stated that the higher the initial concentration of 
kerogen, the greater the change in porosity and permeability. 
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