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the mercury withdrawal efficiency is low and the amount of internal pores in 
oil shale is still small (Fig. 4b). At a temperature of 452 °C, oil shale has many 
pores and the pore structure is relatively complex (Fig. 4c). This temperature is 

Fig. 4. Mercury injection and withdrawal curves for oil shale pyrolysis at different 
temperatures by conduction heating: a) 314 °C, b) 382 °C, c) 452 °C.
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considered to be the threshold for the transition of pore structure from simple 
to complex in conduction heating.

The above analysis demonstrates that the threshold temperature for oil 
shale pore structure transformation is lower under the convection mode of 
heating than under the conduction mode of heating. The reason is that, on 
the one hand, when the high-temperature steam is used as the heat transfer 
fluid to pyrolyze oil shale, not only kerogen inside the rock mass undergoes 
the self-cracking, but also water vapor participates in this reaction, making 
the pyrolysis process more complicated. On the other hand, when the high-
temperature steam carries the pyrolysis products, the oil shale pore channels 
widen, thereby intensifying the evolution of pore structure.
 
4.2. Changes in the porosity and permeability of oil shale

Porosity is an important indicator for evaluating the extent of pore development 
in a rock. In the mercury injection test, porosity is the ratio of total pore volume 
to total medium volume (Table 5) [12]. Permeability is an important parameter 
reflecting the permeability characteristics of rock mass and can be determined 
by simulating the flow of fluid through a cylindrical channel [13]. Variations 
in the porosity and permeability of oil shale with temperature during pyrolysis 
under different heating modes are shown in Figure 5.

Table 5. Total pore volume of oil shale samples at different pyrolysis temperatures

Heating 
mode

Pyrolysis temperature, ºC

20 314 382 452 511 534 555

Total pore 
volume,
mL

Convection
heating 0.0105 0.0212 0.1135 0.1419 0.1667 0.1556 0.2027

Conduction
heating 0.0105 0.0214 0.0432 0.1164 0.1220 0.1669 0.1447

As the pyrolysis temperature increases from 20 °C to 314 °C, the increase in 
the porosity and permeability of oil shale is relatively insignificant under both 
the heating modes (Fig. 5a, 5b). When the pyrolysis temperature is 314 °C, 
the oil shale porosity in convection heating is 4.82% and in conduction heating 
4.26%. As 314 °C is by far not an effective pyrolysis temperature of kerogen, 
oil shale mainly undergoes thermophysical changes.

When the pyrolysis temperature increases from 314 °C to 382 °C, the 
porosity of oil shale increases from 4.82 to 22.36%, which is a 4.64-fold 
increase. The permeability increases from 0.53 to 2.61 md in case of the 
convection mode of heating. Under the conduction mode of heating, the oil shale 
porosity increases from 4.26 to 7.86% and permeability from 0.32 to 1.13 md. 
Therefore, when the pyrolysis temperature reaches 382 °C, the porosity of oil 
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(a)

(b)

Fig. 5. Variations in the porosity and permeability of oil shale as a function of 
temperature during pyrolysis under different heating modes: a) porosity vs temperature, 
b) permeability vs temperature.
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shale heated under the convection mode is much higher than that of oil shale 
heated under the conduction mode. Oil shale has an obvious bedding structure 
with low strength. Under the continuous action of superheated steam, oil 
shale often remains in a three-way tensile state [14], due to which the internal 
regions of the rock mass undergo a noticeable thermal cracking.

With the pyrolysis temperature increasing from 382 °C to 555 °C, the 
porosity and permeability of oil shale increase rapidly under both heating 
modes. In convection heating, the porosity of oil shale increases from 22.36 
to 32.24% and permeability from 2.61 to 4.84 md. In conduction heating, the 
porosity of oil shale increases from 7.86 to 28.06% and permeability from 
1.13 to 4.68 md. At a pyrolysis temperature of 555 °C, the porosity of oil 
shale under the convection and conduction modes of heating is respectively 
15.46 times and 13.46 times that under natural conditions. Organic matter is 
pyrolyzed at high temperature. During the transformation of kerogen from 
the solid to gas phase, high expansion stress is accumulated in the pore space, 
resulting in the formation of numerous pores inside the rock mass under strong 
pyrolysis conditions.

In general, the porosity and permeability of oil shale by convection 
heating are higher than those by conduction heating. The reason is that when 
the pyrolysis temperature reaches the threshold temperature for pyrolysis of 
organic matter, high-temperature steam can extract the shale oil attached to the 
pore wall through an extensively fractured structure, thus further increasing 
the pore space and porosity of oil shale. Moreover, during the precipitation 
process of high-temperature steam carrying shale gas and shale oil, the pores 
widen further, forming huge pore spaces and percolation channels.

4.3. Pore size distribution of oil shale

Figure 6 illustrates temperature-dependent variations in the average pore size 
of oil shale pyrolyzed under the conduction and convection modes of heating.

The figure displays that at the same pyrolysis temperature the average pore 
size of oil shale under the convection heating mode is mostly higher than that 
under the conduction heating mode. In general, the average pore size of oil 
shale increases with increasing pyrolysis temperature. When the temperature 
increases from room temperature to 314 °C, no obvious increase in average 
pore size is observed in both heating modes. The temperature rise from 314 °C 
to 555 °C increases the average pore size of oil shale from 23.70 to 218.15 nm 
by convection heating and from 21.68 to 145.60 nm by conduction heating. 
Especially when the pyrolysis temperature reaches 555 °C, the average 
pore size of oil shale in case of the convection heating mode is much larger 
than that in the conduction heating mode. This may be explained on the one 
hand by that the thermal cracking of oil shale becomes more vigorous with 
steam temperature continuously increasing. The diameter of pores constantly 
increases during the continuous injection and drainage of high-temperature 
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fluid. On the other hand, the clay minerals present in oil shale undergo 
slow decomposition at low temperatures. Moreover, the dehydration rate is 
significant at high temperatures, which accelerates the formation of pores.

5. Evolution of different types of pores during pyrolysis of oil shale 
by steam injection

The above results demonstrate that at the same pyrolysis temperature, the 
porosity, permeability and pore size of oil shale are higher in the convection 
heating mode than in the conduction heating mode and the development of 
pores is more obvious. Therefore, the evolution characteristics of different 
types of pores during the pyrolysis of oil shale by steam injection are discussed. 
Based on Hodot’s pore classification scheme [15], the internal pores of oil 
shale can be divided into four categories according to pore size: micropores 
(d ≤ 10 nm), minipores (10 nm < d ≤ 100 nm), mesopores (100 nm < d ≤ 
1000 nm) and macropores (d > 1000 nm). Table 6 gives the volumes and 
porosities of different types of pores formed in oil shale during pyrolysis by 
steam injection. In Figure 7 variations in the porosity of oil shale pores of 
different size with temperature during pyrolysis by steam injection are shown.

It can be seen from Figure 7 that when the pyrolysis temperature is 
between 20 °C and 314 °C, the porosity of all types of pores is very low and 
oil shale does not undergo a significant thermal cracking at low temperatures. 
Moreover, the temperature has not reached the threshold for an effective 

Fig. 6. Variations in the average pore size of oil shale with temperature during 
pyrolysis under the conduction and convection heating modes.
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pyrolysis of kerogen. Kerogen undergoes mainly the softening stage, with 
high viscosity, which blocks some pores. Hence, there is no significant change 
in pore volume with temperature increasing in this range.

Above 314 °C, the porosity of mesopores and macropores increases with 
rising temperature. The increase in the porosity of mesopores is more noticeable 
while that of minipores first increases and then decreases. Some studies have 
indicated that the threshold temperature for an effective pyrolysis of kerogen is 

Table 6. Volumes and porosities of different types of pores in oil shale pyrolyzed 
by steam injection

Pyrolysis 
tempera-
ture, °C

Pore volume, ml Porosity, %

Mirco-
pores

Mini-
pores

Meso-
pores

Macro-
pores

Mirco-
pores

Mini-
pores

Meso-
pores

Macro-
pores

20 0.0020 0.0051 0.0003 0.0031 0.39 1.03 0.05 0.62

314 0.0036 0.0067 0.0022 0.0087 0.83 1.56 0.47 1.96

382 0.0043 0.0562 0.0453 0.0077 0.87 11.35 8.62 1.52

452 0.0017 0.0322 0.0917 0.0163 0.34 6.18 17.28 3.05

511 0.0008 0.0187 0.1243 0.0229 0.14 3.48 22.82 4.15

534 0.0008 0.0226 0.1167 0.0155 0.15 4.08 21.09 2.80

555 0.0003 0.0212 0.1352 0.0460 0.05 3.58 21.48 7.13

Fig. 7. Variations in the porosity of different types of pores of oil shale pyrolyzed at 
different temperatures by steam injection.
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400 °C. After the organic matter begins to effectively decompose, mesopores 
dominate among the  pores, followed by macropores and minipores, while 
micropores are less abundant. Hence, the order of formation of pores is as 
follows: mesopores > macropores ≈ minipores > micropores.

In summary, when the pyrolysis temperature of oil shale reaches an 
effective level, the size of internal pores gradually increases. Micropores 
and minipores with a smaller diameter gradually change into mesopores and 
macropores with a larger diameter. The main reasons for this are that first, 
oil shale in the natural state is a dense rock, with few internal pores. During 
pyrolysis by steam injection, there take place complex chemical reactions of 
organic matter. These reactions lead to the formation of gas products, due 
to which the pore diameter gradually increases during the migration process 
of oil and gas products. Second, in the process of a rapid heat transfer of 
thermal fluid, the rock mass undergoes obvious physical changes, which are 
mainly manifested as thermal expansion. Owing to the steam pressure, the 
pores gradually expand outside the oil shale, which increases the proportion 
of mesopores and macropores. Third, the strength and hardness of oil shale are 
relatively high under normal conditions. At high temperature, the deformation 
of particles with different densities inside the oil shale is chaotic, the strength 
is greatly reduced and the plasticity is enhanced. Consequently, macro and 
micro deformation occurs readily under the influence of high-temperature 
steam.

6. Conclusions

In this paper, the evolution of pore characteristics of oil shale during pyrolysis 
under the convection and conduction heating modes was studied by mercury 
intrusion porosimetry. The important pore parameters in both the heating 
modes were calculated. The main conclusions are as follows:
1.	 The weight loss rate of oil shale in case of the convection heating mode 

is in general higher than that in the conduction heating mode. Hence, 
the efficiency of pyrolysis of oil shale in the convection heating mode is 
higher. The threshold temperature for the transformation of pore structure 
of oil shale under the convection heating mode is lower than that under 
the conduction heating mode. By convection heating, oil shale undergoes 
more complex chemical reactions and physical changes.

2.	 As the pyrolysis temperature increases from room temperature to 555 °C, 
the porosity of oil shale increases from 2.09 to 28.06% in conduction 
heating and from 2.09 to 32.24% in convection heating. In the latter 
heating mode, the high-temperature fluid can extract the shale oil attached 
to the pore wall, thereby further increasing the pore space and porosity of 
oil shale.

Evolution of pore characteristics in oil shale during pyrolysis ...
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3.	 As the pyrolysis temperature increases from room temperature to 314 °C, 
the average pore size of oil shale does not increase significantly. With the 
temperature increasing from 314 °C to 555 °C, the average pore size of oil 
shale increases from 23.70 to 218.15 nm in case of convection heating and 
from 21.68 to 145.60 nm in case of conduction heating. In the process of 
pyrolysis of organic matter and drainage of oil and gas, high-temperature 
steam continuously increases the pore size.

4.	 During the pyrolysis of oil shale by steam injection above 314 °C, 
the volume of mesopores and macropores increases with increasing 
temperature, whereas that of minipores first increases and then decreases. 
On the whole, micropores and minipores with a smaller diameter gradually 
change into mesopores and macropores with a larger diameter.
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