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INTRODUCTION 

The alternative ways of production of synthetic liquid fuels, which are 
substitutes of petroleum products, are intensively investigated round the world, 
especially in countries possessing coal, oil shale, and petroleum bitumen 
deposits. 

Oil shales from different deposits vary in chemical composition and technical 
and technological properties, e.g. in oil yield [1]. 

 
Table 1. The oil yield at retorting of oil shales from different deposits, % 

Deposit Oil 

Kvarntrop (Sweden) 5.7 
Kukersite (Estonia) 22.0 
Green River (USA) 10.4 
Irati (Brazil) 6.9 
Maoming (China) 7.3 
El Lajjun (Jordan) 10.1 

  

The Baltic oil shale – kukersite – has got a special place among other oil 
shales of the world because of its nature, properties and behavior under thermal 
treatment. Baltic oil shale contains middling 32-35% of organic matter and 68-
65% of mineral part on the average. But the upper limit of organic matter in 
some “fatty” core layers can overcome 60%. 

Independently on the organic matter content of samples, the initial kerogen of 
kukersite is unique in composition, and products of its thermal decomposition 
contain large quantities of acid and neutral oxygen compounds as well as 
unsaturated, saturated, and aromatic hydrocarbons. 

The yield of liquid products in industrial apparatus is not high enough and 
does not exceed 50-55% of the organic matter of the raw material. Relatively 
low yield of liquid products in the process is caused by partial decomposition of 
primary products with formation of gas and coke. 

The comprehensive investigations of kukersite pyrolysis have shown that the 
thermal decomposition of kerogen begins at 170–180 °C with evolution of 
decomposition water, CO2 and H2S. Between temperatures 325–410 °C takes 
place softening (plasticization) stage where up to 90% of the kerogen macro-
molecules can be converted into thermobitumen (TB) including some light 
fractions at optimum combination of time and temperature. TB, the 
highmolecular non-volatile intermediate product of kerogen thermal cracking is 
soluble in organic solvents. 

The composition and physical characteristics of the polycomponental TB 
depend on its formation conditions whereas at 325–350 °C begins the pyrolysis 
of TB into oil fractions, gas and semicoke. 
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The investigation into the stage of thermobitumen formation is of much 
interest from the theoretical as well as practical viewpoints because 
decomposition of kukersite oil shale in industrial apparatus also takes place via 
this stage. 

Transition of kukersite to the plastic state within the temperature range of 
350–400 °C at slow heating is one of the characteristics of kukersite causing 
considerable difficulties at industrial oil production. The operation of apparatus 
for kukersite thermal decomposition has shown that the processing of 
bituminizable oil shale is connected with substantial difficulties and sets various 
requirements for apparatus construction and technological operational 
parameters. 

The troublesome consequences such as sticking of organic matter to the retort 
walls, formation of hangings, etc. have been eliminated by going through the 
temperatures of maximum TB formation at a relatively high speed (not less than 
3–4 °C/min). At that, special efforts, mainly fast heat supply, have been applied 
to avoid caking and plugging problems of undesirable pitchy plasticization 
caused by TB formation. Therefore, the knowledge about the thermobitumen 
formation stage and the behavior of kukersite at this stage may serve as useful 
information for optimal operation of technological equipment as well as for the 
design of apparatus used in thermal processing of kukersite oil shale.  

The formation of TB from oil shale, has been studied intensively in the 
middle of the last century is again of interest. The main purpose of the former 
investigations has been to understand the origin and composition of oil shale. At 
that, the individual effects of time or temperature at various constant values of 
the other parameter on the yield of TB, semicoke and volatiles at low 
temperature pyrolysis of oil shale and enriched kerogen in open retorts was 
studied. A convincing co-effect of temperature, time and heating rate on the 
maximum yield of TB and characteristics of the products is evident in the works 
cited in the last century without any mathematical interpretation. 

The present theses sets the goal on the description of kinetics of 
thermobitumen formation in laboratory closed and open systems. The results 
would give a theoretical bases for the hypothesis to increase in liquid products 
yield and decrease in losses of the potentially useful organic matter by 
elimination of the secondary processes of kukersite organic matter 
decomposition into gas and coke. Reduction in gas and coke formation is 
achieved by terminating the thermal decomposition process under low-
temperature region, at the stage of formation of the primary product – 
thermobitumen. 
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1 LITERATURE REVIEW  

1.1 Kukersite oil shale  

1.1.1 Kerogen – the organic substance 
Kerogen is an amorphous substance of dark to light brown color. It forms small 
clots of 20-150 μm dimensions inside oil shale material. Kerogen is a high- 
molecular heteroatomic substance of complicated structure. Only a small part of 
kerogen is extractable with solvents at room temperature and normal pressure. 
Negligible solubility of kerogen gives rise to the assumption that its 
macromolecules are of three-dimensional structure and relatively large size [2-
5].  

Kerogen of kukersite is a macromolecular substance of natural cross-linked 
polymer type of practically homogenous composition. According to [6] kerogen 
of kukersite has highly aliphatic structure and its main structural element is a 
long straight chain with odd number of carbon atoms (fragments of saturated and 
unsaturated fat acids of the source organic matter). The presence of polycarbonyl 
structures in the form of cycles is also established. The main bridges connecting 
the structural units of kerogen in the macromolecule are ester and ether groups 
[7].  

All that characteristic features of kukersite kerogen determine its specific 
behavior in the thermal decomposition process - relatively poor thermal stability 
of its macromolecule, high reactivity of primary products of decomposition and 
high probability of their aromatization [8].  

According to the last studies by NMR [9], macromolecule of kerogen is 
highly aliphatic, with the ratio of aliphatic to aromatic carbons ca 4–5. It was 
given the model of kukersite kerogen with the empirical formula 
C421H638O44S4NCl, according to which the elemental composition of kerogen 
should be, %: C – 76.9; H – 9.7; O – 10.7; S – 1.9; N – 0.2; Cl – 0.5, and the 
atomic ratio of H/C 1.515. Kukersite’s kerogen contains less than 1% natural 
soluble bitumens. At that, the chemical composition of kerogen is supprisingly 
stable in all its deposits as far the differences do not overcome analysis errors.  

At laboratory standard retorting the organic matter (OM) is distributed 
between 65.6% oil, 10.7% gases, 18.3% semicoke and 5.4% pyrolytic water 
[10].  
 

1.1.2 Mineral part of kukersite oil shale  
The mineral part of oil shale prevails over the organic part. The composition of 
the mineral part is diverse. The main rock forming components are argillaceous, 
aleuric-argillaceous, carbonaceous, argillaceous-carbonaceous, siliceous and 
siliceous-argillaceous material of detrital-pelitomorphic texture [11]. The main 
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mineral groups are carbonates, silicates and aluminum silicates, quartz, and 
sulfides. Occasionally are present different sulfates, phosphates, sometimes 
halides, amorphous silica, and other minerals [12-14]. An example of the 
kukersite mineral composition published by Dilaktorsky [15] is presented in 
Table 2. 
 

Table 2. Mineral composition of the inorganic part of kukersite oil shale [15] 

 

1.2 Decomposition of oil shale 
A number of experimental studies on the decomposition process of kukersite oil 
shale have been carried out. Different schemes of decomposition have been 
proposed but what all of them have in common is the sequence of intermediate 
stages of kukersite oil shale conversion into end products [16-23]. 

Kogerman [24] presented the pyrolysis of kukersite as a range of sequential 
processes as follows: 

Below 150 °C – separation of water and occludive gases, 
170–180 °C – beginning of kerogen destruction, 
320–340 °C – active destruction of kerogen, beginning of gas evolution in 

large quantities, 
380–390 °C – beginning of destruction of polymerization products forming 

liquid products (oil), 
415–420 °C – endothermic reactions of coke formation. 
According to Ya. I. Khisin [25] decomposition of kukersite oil shale starts at 

170-180 °C, when changes in oil shale appearance become apparent but no 
significant quantities of vapor and gas products are emitted. In the process of 
thermal decomposition of kukersite oil shale first is formed pyrogenetic water at 
270-290 °C, then gas at 325-350 °C and oil at the same temperature as gas but 
with a certain time lag. In that temperature range the organic substance of 
kukersite oil shale melts with formation of soluble in benzene pyrobitumen (this 
term is used by Ya. I. Khisin for thermobitumen). Besides, Khisin states that: 

1) about 80% of pyrogenic water is evolved before the beginning of bitumen 
formation, while only 14-15% of total oil is evolved to that time;  

2) a significant part of gas evolves at the beginning of pyrobitumen 
(thermobituimen) formation. After that gas evolution slows down and increases 
again alongside the decomposition of thermobitumen; 

3) evolution of oil, which accompanies pyrobitumen formation, is slow at the 
beginning of the process but then outpaces the rate of pyrobitumen formation.  

Mineral Chemical Formula Content, % 
Tiff CaCO3 58.2 

Dolomite CaMg(CO3)2 12.6 
Quartz SiO2 11.8 
Pyrite FeS2 3.4 
Mica K2O· Al2O3 · 6SiO2 4.0 

Hydromica K2O · 3Al2O3 · 6SiO2 · 2H2O 10.0 
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K. Luts views the first stage of kukersite oil shale decomposition as an 
independent process of deoxidation of kerogen with formation of “asphalt”, 
which is cracked into oil, gas, and coke. Oil is subjected to consequent cracking 
into light fractions and coke; the light product might also be completely cracked 
to gas [26, 27]. 

A. F. Dobryanski defines the process of kukersite oil shale thermal 
decomposition [28] as a consequent transformation of heavy products to the light 
ones via strictly defined stages: 

 Deoxidation is the first visible stage of transformation, which is 
characterized by kerogen stabilization accompanied by intermolecular 
regroupings;  
 Formation of pyrobitumen in the course of thermolysis of stabilized 

kerogen. The process is accompanied by evolution of additional water and 
leads to the formation of the first modification of liquid soluble bitumen 
(thermobitumen), which consists of molecules of various size;  
 Cracking of thermobitumen with formation of oil. In the course of the 

further transformations the second modification of bitumen is formed and 
light oil is evolved. The transformation of thermobitumen is accompanied by 
evolution of middle oil fractions and formation of the first modification of 
“coke”. Thermal decomposition of “coke” results in formation of heavy oil 
and stable solid residue. 
 

1.3 Physical and chemical transformations taking place at the stage 
of thermobitumen formation 

Before reviewing various processes taking place at thermobitumen formation, it 
is advisable to have a look at physical changes of kukersite oil shale at 350-
410 °C. 

After oil shale is heated up to 350-360 °C, gradual and accelerating with 
rising temperature softening of oil shale is observed. Oil shale passes into the so-
called plastic state, which is equivalent to bituminization in chemical sense. Oil 
shale plasticity reaches its maximum and then diminishes as temperature rises. 
Plasticity disappears completely at about 420 °C. Thermal conductivity of oil 
shale in the plastic state is lower than that in the solid state. Hence, temperature 
rise inside the shale oil lump is retarded during the heating process and, as a 
result, the transition from the plastic to the solid state progresses at a slower rate. 
Gas evolution from inside the lump is retarded too [29]. 

Baltic shale oil exhibits plasticity at the lowest temperature and is softened 
the most in comparison with other solid fuels [30]. 

Plasticity is the physical reflection of the chemical restructuring of oil shale 
at the initial stage, when cracked at the first stage kerogen has not lost the most 
part of the liquid organic matter. That liquid material destroys the solid structure 
of oil shale and leaves the mineral components in the state of suspension. 
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It is also worth mentioning the influence of heating rate and particle size on 
the plastic state of oil shale. The more fine is the particle, the higher degree of 
plasticity it gets. The temperature region of the existence of plastic state is 
widening and shifting to the higher temperatures at the heating rate of 10 °C per 
min [31]. The first stage of the process is inevitably connected with the second 
one, characterized by formation of thermobitumen and evolution of volatiles.  

The series of the decomposition processes of the depolymerization products 
at the second stage is determined to a great degree by the specific features of the 
chemical structure of the organic matter of oil shale. At first takes place the 
breakage of very unstable oxygen-oxygen bonds (the so-called oxygen bridges, 
whose amount in kerogen may be large enough). Then sulfur separates. After 
that the breakage of weakened bonds at carbon atoms situated in the beta-
position to the conjugated and normal double bond takes place. Further 
decomposition proceeds in regions with conjugated carbonyl groups, ester 
groups, and, at last, links of relatively long, branched in the first place, aliphatic 
saturated chains are being ruptured [6]. 
 

1.4 Secondary processes at thermal decomposition of kerogen 
macromolecule  

The specific features of kerogen chemical nature determine the inevitability of 
singular secondary processes taking place at the stage of thermobitumen 
formation. In the first place, it is the closure into unsaturated cycles of remnants 
of destroyed structures with conjugated double bonds, as well as active 
interaction of fragments with “naked” functional groups, which are characterized 
by high reactivity [32, 33]. 

The main result of those secondary condensation reactions is formation of 
thermostable molecules, which accumulate in thermobitumen. At the same time 
the composition and properties of volatile substances, which evolve in the period 
of active bituminization, cannot remain unchanged in the process to the very 
end. 

More than that, the share of the “primary” product (light fragments formed 
directly during the breakdown of depolymerization products of kerogen) should 
be rather small, when compared with the total sum of volatile products, even at 
that stage. Besides the formation of thermobitumen, the secondary processes of 
destruction and condensation of its molecules with the formation of the 
“secondary” volatiles as well as of thermostabilized residue of ordered aromatic 
structure are continuously taking place.  

The indirect confirmation of that are data obtained by Kask on the changes in 
composition of thermobitumen in the course of the process. Gubergritz [6] gives 
the direct confirmation by additional handling of experimental data of Aarna and 
Kask [34, 35]. The results presented in the Table 3 show active and relatively 
regular increase in time of phenol concentration, redistribution of functional 
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groups with the decline of concentration of less stable carbonyl functions, and 
progressive rise in the degree of unsaturation of oil molecules {nc = 101 – 600[H 
+ 0.08125(O + S + N)]/C [6]}. That is the result of development of not only the 
processes of destructive nature but also of the secondary reactions. The data in 
Table 4 below show that the share of the “secondary” product in the interval of 
0.6 to 5 h from the beginning of the process is 53% from the total amount of 
evolved oil. During the last 1.5 h the percentage reaches 73.6%. 
Correspondingly, the amount of thermobitumen formed in that process is not 
70% of the source kerogen but about 78% because more than 10% of 
themobitumen has been decomposed to the moment. 

 
 
 

Table 3. Composition and yield of volatile products of oil shale decomposition [34] 

Items  
Time intervals, h 

0-0.6 0.6-1.5 
1.5-
3.5 

3.5-7 7-12 12-24 24-48 

Total yield of volatiles 
from the start of the 

experiment (on kerogen 
basis), wt % 

10.03 18.31 26.68 33.51 40.78 52.48 62.95 

Oil yield at the time 
interval, g/100 g 5.04 6.52 7.25 5.80 5.94 10.05 9.03 

Oil yield based on the 
sum of volatiles, wt % 50.1 78.7 86.6 85.0 81.8 86.0 86.1 

Degree of oil 
unsaturation,  nc

 12.7 14.1 15.0 16.3 16.5 16.9 18.5 

Atom ratio 100Н/С  168 166 166 166 166 164 163 

Atom ratio 100(O+S)/C 7.50 6.23 5.46 5.34 4.95 4.47 4.00 

Content of phenols in 
oil, wt % 19.7 26.7 28.9 28.1 27.7 28.2 26.3 

Content of hydroxyl 
group, g-equiv./100 g 0.176 0.266 0.271 0.197 0.199 0.177 0.157 

Content of carbonyl 
group, g-equiv./100 g  0.175 0.03 0.066 0.056 0.048 0.039 0.032 

Gas yield based on the 
sum of volatiles, wt % 27.0 28.7 10.2 12.0 16.4 11.5 11.9 

Degree of gas saturation  0.437 0.439 0.461 … 0.121 … … 
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Table 4. Products’ yield in isothermal decomposition of kerogen (g/100 g) at 360 °C 
[6] 

Interval, 
h 

Yield during 
the interval, % nc 
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TB Oil Pri-
mary 

Secon-
dary 

0-0.6 19.5 5.0 12.7 5.0 - - 19.5 - - 

0.6-1.5 20.0 6.6 14.1 4.0 2.6 2.6 22.6 11.5 39.4 

1.5-3.5 29.0 7.2 15.0 2.9 4.3 4.3 33.3 14.8 60.0 

3.5-5.0 1.5 1.9 15.8 0.5 1.4 1.4 2.9 48.3 73.6 

 

According to Karavaev [36], it is not possible to determine unmistakably the 
quantitative yield of thermobitumen by direct measurements even in the first 
period without considering the results of the secondary reactions. That 
complicates the attempts to describe analytically the kinetics of kerogen 
decomposition in that period. The existing literature data confirm the revealed 
tendency for changes in the yield and composition of volatiles and 
thermobitumen under the influence of the secondary reactions.  

Oil evolved in the period of low-temperature isothermal decomposition of oil 
shale during the first 0.6 h is most similar to the primary one and is distinguished 
by the high content of oxygen and sulfur, which is similar to that of 
thermobitumen. The oil also has the lowest degree of dehydrogenation and 
unsaturation, low phenol content, and the highest ratio of concentrations of 
carbonyl and hydroxyl groups in oil [34]. 

The specific features of low-temperature isothermal decomposition of 
kukersite are determined by the peculiar physical conditions of the process, 
which has impact on the composition of volatiles. During the whole heating 
period at low temperature region only relatively light products are being distilled 
and evolved from the system. Not-distilled fragments are partly subjected to 
destruction to the degree, which is determined by the low temperature potential 
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of the system, and partly they interact and become the source of larger 
thermostabilized molecules. 

The energy level of the system is not sufficient for destruction of the 
thermostabilized molecules and for their distillation. Though the rate of the 
secondary reactions at low temperature is relatively low (it is assumed by the 
analogy with alkanes that the rate is substantially lower than the rate of cracking 
reactions below 500 °C), the quantity of products taking part in the secondary 
reactions is quite considerable [37]. 

The following low-temperature transformations of such a product can be only 
of the intermolecular rearrangement type with redistribution of hydrogen and 
separation of small unsaturated fragments or by direct dehydrogenation of the 
non-volatile part and interaction of evolved hydrogen with volatile olefins [38]. 
As a result a certain additional quantity of light volatile products of saturated 
character is formed and further unsaturation and thermostabilization of 
condensed systems low in hydrogen takes place. N. I. Zelenin and 
K. B. Chernyshova pointed to similar transformations in their research [39]. 

The degree of unsaturation of the hydrocarbon part of gas declines from 0.44-
0.46 to 0.12 with time. Summary content of olefins in gas drops to 4.85%, while 
that of saturated hydrocarbons increases up to 66.7%. Intensive formation of the 
latter is not possible without dehydrogenation and unsaturation of the heavier 
non-volatile products of decomposition of kerogen [34]. 

 

1.5 Stage of formation of thermobitumen in the general scheme of 
kukersite oil shale decomposition 

In this work the intermediate stage of thermobitumenization was of interest. 
In accordance with rising and declining yield of thermobitumen, the 

themobituminization stage is possible to formally divide into two periods: the 
formation and decomposition of thermobitumen [40, 41]. 

K. Luts [42] has stated that at the formation of thermobitumen two processes 
proceed simultaneously: the first one is the formation of thermobitumen itself, 
and the second is the subsequent decomposition of thermobitumen. The rate of 
the first process is faster than that of the second one because thermobitumen is 
more stable than kerogen in relation to temperature. As thermobitumen is 
accumulating, more oil is formed but the amount of thermobitumen is 
diminishing in accordance with the rate law.  

The validity of Luts’s statement is confirmed by the experiments by 
N. V. Popov and V. P. Tsybasov even in the case of constant temperature. 

The conditions of thermal decomposition (temperature, heating rate, size of 
shale oil piece, etc) obviously determine not only the final results but also the 
mechanism of the process. According to schemes proposed by K. Luts and 
A. Aarna (schemes I and II), decmposition is viewed as a sequential transition of 
kerogen into thermobitumen and thermobitumen into oil and coke. Scheme II is 
based on a vast experimental data on isothermal decomposition of oil shale, 
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mostly at low temperatures [44]. The formation of decomposition products under 
those conditions is characterized by the following diagrams (Fig. 1).  
 
 
 

I. According to K. Luts [42] and A. F. Dobryansky [2] kerogen passes 
the pyrobitumen phase and subsequent formation of gas, coke and 
oil: 
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Cracking: СО2, СО, Н2О, Н2, СН4, coke 

Oil

Pyrolysis: Н 2, СН 4, СnHm, coke 

Light hydrocarbons 
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II. According to A. Ya. Aarna [44] formation of two subsequent forms of 
bitumen takes place: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Kerogen

Decomposition of peripheric functional groups → СО2, H2S, CO, H2, H2O 
Decomposition of oxygen and sulfur bonds of the macromolecule  

Primary bitumen 

Decomposition Low-boiling oil 
fractions 

CO2, H2S, CO, 
CnHm, H2, H2O 

Secondary bitumen 

Decomposition of oxygen bonds 
С–О–С → CnH2n+2, H2, CO, CO2, coke 

High-boiling oil fractions 

Cracking of carbon bonds → CH4, H2, coke 

Low-boiling oil fractions 
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III. According to A. K. Mityurev thermobitumen is solution of kerogen in oil 

[45]: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Kerogen 

Cracking → gas, water 

Heavy oil fractions 
Oil → light oil fractions 

Solution of kerogen in oil (thermobitumen) 

Cracking → gas, water, coke 

Oil 
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IV. According to A. Ya. Aarna and E. T. Lippmaa parallel decomposition of the 
kerogen, kerogen’, thermobitumen’, thermobitumen’’, and coke’ take place [46]: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 Fig. 1. Schemes of oil shale decomposition. 
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Therobitumen’’ 
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Coke’’ 
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According to data of A. Ya. Aarna and Yu. T. Rikken [47] structural changes in 
kerogen take place at the early stage of decomposition, when the yield of volatile 
substances is 2-5%. Breaking of oxygen bonds and formation of new carbon 
bonds characterize those changes. 

Experimental data on isothermal decomposition of oil shale (scheme III 
proposed by Mityurev [45]) are explained in another way. In accordance with 
that scheme, kerogen decomposes into oil, gas and water simultaneously, while 
the light oil is distilled and the heavy oil remains in the liquid phase and 
dissolves kerogen. That solution of variable concentration is thermobitumen. 

According to scheme IV of thermal decomposition all volatile products, 
including oil, are primary products of decomposition [46]. 

All the schemes in Fig. 1 have been too complicated for estimation of the 
current yields of the variety of mean products and for estimation of rate factors 
for the transformations. 

 

1.6 Yield, composition and properties of thermobitumen 
After review of schemes of kukersite oil shale decomposition and of the 
secondary processes taking place at the stage of thermobitumen formation, the 
main properties and specific features of thermobitumen are reviewed. 

Thermobitumen is a mixture of various substances, which are not able to 
evolve from the system [46]. The liquid state at the decomposition temperature 
and solubility in benzene and benzene-ethanol mixture are the most defined and 
constant properties of thermobitumen. The element and group composition of 
thermobitumen are constantly changing with time and temperature. 

Independent of the decomposition temperature, the first portion of 
thermobitumen differs in composition from the source kerogen. It contains 
substantially less heteroatoms, but the relative dehydrogenation process is not 
very noticeable. Somewhat higher share of volatile substances in the beginning 
of the first period in comparison with the following portions is explained by 
relatively uneven distribution of temperature in the oil shale layer and local 
overheating of some particles situated at the periphery [6]. 

Kask, Aarna and Lippmaa, Schulman [20, 46, 54], and others have studied 
the formation of TB in open systems, only Kogerman and Kopwillem [50] and 
Karavayev [52] have carried out the process in autoclaves. Experiments were 
made varying heating time and pyrolysis temperature to study their influence on 
the yield and composition of oil and TB. Kogerman and Kopwillem [50] have 
concluded that the yield of destruction water under the pressure 100 at is 
practically the same as that in open retorts and does not depend on pyrolysis 
atmosphere. So, kerogen should include unstable formations, possible aliphatic 
compounds, which transform to more stable structures emitting equal quantity of 
water which does not depend on pyrolysis atmosphere. 
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Kask and Aarna studied the yield and composition of products depending on 
pyrolysis conditions in Fischer retort [20, 35, 20, 21], The data obtained are 
given in Table 5. 

 
Table 5. Yield and elemental composition of products obtained from kukersite [35, 

20] 

Species 
Yield, 

% 
TB/OM

Elemental composition, % 
H/C 

Molec. 
mass С H S O+N

Initial concentrated shale,
(87.25% OM from shale) 

 82.1 10.63 0.75 6.5 1.55  

ТВ 275 °C, 456 h 17.9 83.0 10.1 0.50 6.7 1.46 710 
ТВ 300 °C, 387 h 69.8 85.1 8.77 0.32 5.8 1.24 1300 
ТВ 340 °C, 12 h 59.8 83.8 9.78 0.52 5.9 1.40 1240 
ТВ 360 °C, 4 h 63.8 83.6 9.56 0.50 6.3 1.37 790 
ТВ 380 °C, 4 h 35.6 85.3 0.535 0.53 5.3 1.25 651 
Organic residue insoluble
in benzene (360 °C, 5 h) 

1.1 83.3 10.43 0.35 5.9 1.50  

 

Schulman [54] has reported that the maximum yield of TB is obtained at the 
temperature range 390–395 °C, and TB is made up to 55–57% of organic matter 
irrespective of oil shale quality. At these temperatures carbon content of organic 
solid residue (remained after extraction of TB with a mixture of ethanol-
benzene) is of the minimum value. 

Aarna, Lippmaa [46, 53], Luts [51], and Kask [35] have shown that TB 
contains less hydrogen than initial kerogen.  

According to Kask and Mihkelson [56], the formula of TB is C54.8H69.4O3 
with atomic ratio of H/C 1.27 only. Thus, along with the loss of oxygen with 
water formation, and that of sulfur with H2S, also the loss of hydrogen occurs in 
the TB formation process. TB, formed in an open system under atmospheric 
pressure is a new formation which contains less both oxygen and hydrogen. 

At the first stage, the loss of hydrogen takes place due to emission of water 
and hydrogen sulfide. The main part of oxygen leaves with carbon dioxide. The 
oxygen, which is more strongly attached to carbon, remains in solid residue. The 
higher is the destruction degree, the less is the hydrogen content in TB, and the 
more stable is the oxygen remained. Decreasing of hydrogen content in TB, 
compared with that in kerogen, is more obvious if to take into account that at the 
first stage of thermal stabilization of OM the carbon is lost only as carbon 
dioxide. 

Karavayev and Wener studied TB formation in an autoclave at the 
temperature range 350–360 °C and residence time 6–8 hours [52]. The yield of 
TB soluble in benzene was 71.3%, on kerogen basis, the yield of gas over 4%, 
and its composition was as follows: СО2 + Н2О (41.5%), СnН2n (2.0%), СО 
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(1.8%), Н2 (13.2%), СnН2n+2 (41.5%). So, the gas consisted mainly of saturated 
hydrocarbons and hydrogen. The oil, which in autoclaves remains together with 
TB, may be enriched with hydrogen because it is a product of continual 
destruction and intermolecular reforming of TB. At the same time, a part of 
primary products of complicated structure should lose the hydrogen and form an 
insoluble residue. Atomic H/C ratio in the process of TB formation was as 
follows: initial kerogen 1.46, TB 1.28, oil soluble in alcohol 1.35, TB insoluble 
in alcohol 1.14. 

In [20] and [35] Kask showed that TB is miscellaneous consisting of various 
molecules which could be divided by solvents into fractions of different 
molecular mass and properties. It has been proved [20] that when TB is 
subjected to carbonization, the yield of oil is less than by direct semicoking of 
oil shale. For example, the yield of oil from kerogen at retorting of the initial 
shale was 66.0%, but at the two-stage carbonization of oil shale the yield of oil 
was only 56.9% (including 17.5% in the process of TB formation, 36.2% from 
retorting of separated TB and 3.2% from semicoking of the residue insoluble in 
benzene). The total yield of the solid residue increased from 17.9 to 25.6%, 
respectively. At the same time, the quantity of gas was practically constant (10.3 
and 10.7%). The more complete was the low-temperature destruction of kerogen 
to TB, the more structures in TB appeared to be able to condensate and coke 
during further carbonization, and the less the material remains which could be 
destructed to volatiles. 

TB obtained in an open system has been characterized by molecular mass, 
elemental composition [49–56], solvent fractionation [35, 58], infrared 
spectroscopy [57, 58], and NMR spectroscopy [59]. It was shown [49–56] that 
molecular mass and elemental composition of TB depend on bituminization 
conditions. In the composition of TB were found various polycyclic compounds 
of different molecular mass (average 400–500) connected together by oxygen 
links [35]. The molecule mass of TB obtained in autoclave was about 350 [9]. At 
the first stage of bituminization the content of carbon in TB is approximately 
82% and that of hydrogen about 10%. At higher temperatures and longer 
residence time the content of carbon increases and that of hydrogen decreases. 
Under more rigid conditions of bituminization, as a result of hydrogen 
redividing, a part of TB becomes so poor in hydrogen that forms insoluble in 
benzene coke together with mineral part. The content of oxygen in TB is about 
7%, and it does not depend on temperature but depends on residence time. At a 
longer process the oxygen content decreases, reaching 5%. An example of the 
oxygen distribution is presented in Table 6. 
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  Table 6. The oxygen distribution in TB [56] 

Item % 

Carboxyl groups 1.0 

Hydroxyl groups 47.7 

Carbonyl groups 13.3 

Ether groups 21.0 

Non-defined function 17.0 

The formation of TB as an intermediate pyrolysis state in the temperature 
range 375–425 °C has been described also to be typical of USA oil shale [60]. 
Its properties (hydrogen-to-carbon ratios, carbon aromaticity, molecular mass) 
vary with time and temperature of pyrolysis and depend on the original kerogen 
structure. Comparative characterization of the Green River shale oil, heavy 
petroleum oil and oil sand bitumen based on their polarity is given in [61]. Shale 
oil contains some olefins produced by cracking of hydrocarbon chain. IR spectra 
show the presence of C=O, –NH2, –OH groups. The presence of asphaltenes is 
also asserted. 

So, TB is a chemically active intermediate product which yield passes a 
maximum under the optimum temperature and duration. Composition of TB 
depends on the pyrolysis conditions and changes at storage. Kinetics of TB 
formation and secondary cracking has been scarcely studied. 

 

1.7 Kinetics basic principles 

Many transformations may occur when a solid sample is heated – 
melting, sublimation, polymorphic transformation, desolvation or 
degradation [62]. A simple decomposition reaction follows the scheme 

A ⎯⎯→ B + C 

The general form for thermal decomposition of oil shale organic matter 
would obey the above scheme because it involves the decomposition of oil shale 
organic matter to produce oil and gas. 

The rate of the above reaction is proportional to the current concentration 
(amount or fraction) of the reactant according to: 

 
Rate ∝[A]n or ([A]0 – [B] – [C] )n              (1) 

where, A0 is the initial concentration of A, and n, is the reaction order.  
The rate of a reaction is usually studied by following the decrease in reactant 

concentration or increase in product concentration. Therefore, the reaction rate 
law becomes: 

 
Rate = - d[A]/dt = d[B]/dt = d[C]/dt= k[A]n =k([A]0 – [B] – [C])n          (2) 
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Where, k is the reaction rate factor. If the evolved gas (C) is efficiently 
flushed such that [C] ≈ 0, the above equation reduces to: 

 
Rate =- d[A]/dt =d[B]/dt=k[A]n =k([A]0 – [B])n             (3) 

If the reaction is an elementary unimolecular (n=1) first order reaction, the 
rate law would be (following only the reactant concentration): 
 

Rate = - d[A]/dt=-k[A]                (4) 

which upon integration becomes: 

-ln [A]/[A0] = kt                 (5) 

Pyrolysis kinetics can be studied with thermal analytical methods [62, 63] by 
measuring a sample mass as it is heated or held at a constant temperature. Due to 
weight loss during the decomposition, the weight loss data are converted to a 
normalized form called conversion fraction (α). The conversion fraction ranges 
from 0 and 1 and is a measure of reaction progress as a function of time or 
temperature.  

There are two approaches utilized to obtain kinetic data – isothermal and 
nonisothermal methods. For isothermal methods, reactions are followed at 
several constant temperatures while nonisothermal (dynamic) methods involve 
heating samples at one or more constant heating rates (usually linear) and 
following the course of the reaction. Isothermal methods are similar to those 
used in homogenous kinetics to produce α-time data compared to concentration-
time data in homogenous kinetics. On the other hand, nonisothermal analysis 
produces α-temperature data. 

 
In isothermal thermogravimetric analysis at any time 

α = (m0 – mt)/(m0 – m∞)                (6) 
where m0 is the initial sample weight, mt is the sample weight at time, t, and 
m∞ is the final sample weight. 
 

In nonisothermal conversion the fraction (α) is expressed as follows: 
 
α = (m0 – mT)/(m0 – m∞ )               (7) 
where, mT is the sample weight at temperature T. 
 

Using conversion fraction, the rate expressions defined in Eqs. (4) and (5) 
can be written as: 
 
dα/dt = k (1 – α)                   (8) 
 
– ln(1–α) = kt                           (9) 
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According to the schemes brought in Fig. 1, the oil shale thermal 

decomposition is a complicated process where the parallel–consequent 
decomposition of organic matter into gaseous, liquid and solid products takes 
place. Every reaction in the complex schemes can be generally expressed as: 
 
dα/dt = k f(α)                (10) 

g(α) = k t                      (11) 

where, f(α) is the differential reaction model and g(α) is the integral reaction 
model.  

The temperature dependence of the every rate factor (k) is described by the 
Arrhenius equation [64]: 
 
k = A e –Ea/RT                    (12) 

where, A is the pre-exponential (frequency) factor, Ea is activation energy, T is 
absolute temperature and R is the absolute gas constant. Substitution of Eq. (12) 
into Eqs. (10) and (11) gives: 
 
dα/dt = A e –Ea/RT f(α)                                  (13) 

and  

g(α) = A e –Ea/RT t               (14) 

The traditional thermogravmetric investigation of the thermobituminization 
kinetics is impossible because TB is nonvolatile and remains in the cubic 
residue.  

 
Compilation for kerogen thermobituminization of a satisfactory 

decomposition scheme, creation of the according kinetic models, and estimation 
of the rate factors and kinetic constants for the limiting reactions in open and 
closed assays are the targets of this work. 



 28 
 

 

2 EXPERIMENTAL AND METHODS 
 
The main part of the experimental study of the doctoral work was conducted in 
the former Institute of Oil shale of Tallinn Technical University located in two 
places: using open Fischer retorts – in Kohtla –Järve, and using autoclaves in 
Tallinn. The autoclavic study was supported by Estonian Ministry of Education 
and Research by financiering the projects SF 0142722s06 and SF0140028s09 
and supervised by H. Luik, and by Grant 7292 of Estonian Science Foundation  

2.1 Autoclave  process 
Investigation of the autoclavic thermobituminization was necessary as the basis 
for understanding of the sub-and supercritical dissolution processes of kerogen 
being the main objects of the projects above. With the aim to obtain sufficient 
quantity of organic decomposition products for analysis, the initial natural 
“fatty” kukersite consisting 50.5% of kerogen was applied in all the subprojects 
carried out using autoclaves. 

In the experiments described in this thesis 4.0 g of powdered and dried 
kukersite samples were heated in 20 ml microautoclaves. The autoclaves were 
weight, and placed into a muffle oven with five nominal temperatures in the 
range 340–380 °C. After definite residence times between 45 and 1200 min the 
autoclaves were cooled and opened at room temperature. The mass of gas 
formed was determined by the weight loss after discharging. The liquid product 
(water + TB + oil, marked as TBO) was removed from the solid residue in a 
Soxhlet extractor with benzene. Noteworthy is that unlike retorting experiments 
(P. 2.2) alcohol was not added into the solvent because there was found no effect 
in case of TBO when the traditional mix of the solvents, benzene + alcohol was 
applied. Mass of the solid residue was weighted after drying the extraction cake 
at 105–110 °C. The percentage of the organic matter remained in the solid 
residues was estimated by the mass burning out at 800–850 °C from the acid-
treated and dried residues. Estimation of the exact mass of the target product, 
TBO, was to some extent problematic because the lighter fractions of the oil 
formed could be partly lost at evaporation of the solvent applied, or the solvent 
bound with TBO could not be entirely removed. The solvent benzene was 
removed from TBO using a vacuum rotation evaporator at 60–70 °C, and after 
that keeping the flask during an hour in a drying oven at 80 °C. According to the 
second approach, the yield of TBO formed was found subtracting the mass of 
gas and organic solid residue from the initial mass of kerogen. In this case, the 
yield of TBO could be overestimated due to inclusion of the decomposition 
water, or underestimated when the yields of gas or solid residue were 
overestimated. That is the reason why the both results of TBO, obtained directly 
by evaporation of the benzene extract and as the difference, are given in the 
tables, figures and have been applied in calculations of the rate coefficients. 
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The elemental composition of the TBO was estimated with “Costech” 
analyzer. The functional group composition was investigated by FTIR-
spectroscopy “Interspec 2020”. The group composition was determined by thin-
layer chromatography (TLC). The content of maltenes in TBO was found by 
exhaustive extraction of TB with n-hexane in Soxhlet extractor. 

2.2 Retorting 
The experiments on shale bituminization were performed in an aluminum 
Fischer retort. The ordinary 32.3% kukersite was used in the retorting 
experiments. A shale sample was heated in the Fischer retort according to the 
ISO 674-74 standard. The method consisted in the following: a fuel sample was 
heated in an aluminum retort to a specified temperature in the range from 370 to 
410 °C; the isothermal exposure time was 20–60 min. The rates of heating to 
220 °C, from 220 to 310 °C, from 310 to 370 °C, and from 370 to 410 °C were 
20, 9, 7, and 6 °C/min, respectively. The products of decomposition were 
collected in a receiver cooled with water; tar and water condensed, whereas 
gaseous substances released were vented to the atmosphere through a wet gas 
meter. The semicoke residue in the retort was weighed. The receiver flask was 
weighed together with the condensation products. The weight of water in the 
receiver was determined by volumetry (distillation with toluene), and the weight 
of tar was calculated by difference. The total weight of water in the receiver 
involved the sample moisture and the pyrogenetic water formed by 
decomposition of the fuel. The gas yield was determined as the difference 
between the initial sample weight and the total yield of semicoke, tar, and water. 
The results of analysis were calculated on a dry fuel basis and OM basis. The 
shale moisture was determined in accordance with the EVS 668:1996 standard. 
A weighing bottle with a sample of about 1 g was dried for 5 min in a drying 
oven preheated from 155 to 160 °C. Thereafter, the samples were cooled for 2–3 
min and placed in a desiccator; 20 min later, the samples were weighed. As a 
result, the shale sample weight decreased. Analytical moisture was calculated 
from the equation 

W= 100 – (M1/M)·100 wt %, 
where M1 is the sample weight after the analysis, and M is the initial sample 

weight. 
The ash content of shale was determined according to EVS 669:1996. A 

sample of about 1 g placed in a boat was arranged in a muffle furnace at room 
temperature. The furnace temperature was increased to 250 °C for 30 min, to 
500 °C for another 30 min, and then to 815±15 °C for 60 min. After the heating, 
the boat was removed from the muffle furnace, and the sample was cooled to 
room temperature in a desiccator and weighed. The results of analysis were 
calculated by the equation A=(M1/M)·100 %. 

To experimentally study the formation of thermal bitumen from kukersite in 
a Fischer retort, we determined the organic matter of shale to be 32.3%; the yield 
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of tar was 24%. A Costech 4010 analyzer was used to perform elemental 
analysis. 

Oil shale with the following technical characteristics was used in the 
experiments: moisture content, 0.6%; shale ash content, 48.6% (on a dry matter 
basis); shale sulfur content, 1.2%. The product yields of shale semicoking in a 
Fischer retort were the following: tar, 21%, semicoke, 72.3%; pyrogenic water, 
1.6%; gas and losses, 5.1%. 

The extraction of thermal bitumen from the solid residue obtained in a 
Fischer assay with an alcohol–benzene mixture was performed in a Soxhlet 
apparatus. The extraction was continued until the solvent in the extractor became 
colorless. Thereafter, the alcohol–benzene mixture was distilled from the 
dissolved thermal bitumen in a glycerol bath and the thermal bitumen sample 
was dried to constant weight in a vacuum oven. The yield of thermal bitumen 
was calculated with reference to the concentration of the organic matter of shale. 
The concentration of malthenes was determined in accordance with the EVS 
652:1994 standard. Pentane was used as an extractant for the extraction of 
malthenes from thermal bitumen. The percentage of malthenes was calculated 
from the equation Mm=100 – (M1/M)·100 wt %, where M1 is the sample weight 
on a filter after extraction and drying to constant weight, and M is the total 
sample weight. The IR spectra were measured on an Interspec 2020 FTIR 
spectrometer. 
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3 RESULTS AND DISCUSSION 
3.1 Autoclave process 
(Papers II and IV in APPENDIX A) 

3.1.1 The dependence of TBO yield on bituminization temperature 
and residence time 

The thermobituminization experiments with kukersite in autoclave were 
carried out at different temperatures (340-380 °C) and residence times from 20 
min to 10 hours. The experimentally estimated yields of the products in 
percentages from organic matter at various pyrolysis times and temperatures are 
given in Table 7. 

The results are given in Figure 2. It demonstrates that pyrolysis process of 
kukersite in autoclaves consists of three stages: 

 
1) Heating of shale till plastic condition and formation of TBO and gas from 

OM. The quantities of TBO and gases increase until the maximum yield of TBO. 
At shorter residence time organic solid residue consists of undestructed OM and 
TBO with high-molecular mass insoluble in benzene; 

 
2) An equilibrium between formation and cleavage of TBO. The yield of 

TBO is maximum (up to 90% from OM of the initial shale) and practically 
constant. The quantity of gas is growing and organic solid residue is minimal. 
The lower the temperature, the longer the steady-state stage. 

 
3) Further destruction of obtained TBO to gas, coke and oil. The oil formed 

makes TBO more easily extractable from the solid residue but a part of OM is 
lost with coke. The length of these stages depends on temperature and is shorter 
at higher temperatures. 
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Table 7. Distribution of kukersite kerogen between pyrolysis products TBO (x1), 
solid residue (y + x3), and gas (x2) in time (%) 

Time (min) x1 y +x3 x2 

 
 

By 
weight 

From 
differencea

By 
weight 

From 
differenceb By weight 

Nominal temperature 340 °C      
180 27.07 27.30 65.12 65.35 7.58 
360 77.42 72.77 17.82 13.17 9.415 
480 81.45 77.31 12.95 8.80 9.74 

1200 87.82 85.41 2.67 4.52 9.38 

Nominal temperature 350 °C      

150 57.84 58.57 33.20 34.70 7.91 
240 82.34 75.02 15.86 9.37 8.93 
360 87.27 85.61 4.70 3.83 9.58 
600 80.66 79.19 8.77 8.10 11.88 

Nominal temperature 360 °C      

93 47.32 38.82 54.92 46.42 6.27 
120 81.61 49.04 42.59 10.10 8.39 
180 85.46 78.54 11.65 4.721 9.82 
210 89.31 84.73 6.40 1.814 8.88 
240 79.43 80.67 8.469 9.877 10.69 
300 78.00 77.32 12.50 11.81 10.61 
420 77.01 74.22 12.56 9.78 13.21 

Nominal temperature 370 °C  
10 1.21 2.29 96.81 97.89 0.90 
20 2.15 4.45 93.24 95.54 2.31 
30 6.88 11.60 84.45 89.18 3.95 
40 12.85 13.80 81.60 82.55 4.60 
50 16.38 20.74 82.87 77.23 6.39 
60 42.32 39.24 52.74 49.66 8.02 

120 89.44 86.30 5.57 2.42 8.14 
180 85.32 82.80 6.55 4.03 10.65 
360 73.82 67.22 18.18 11.59 14.60 

Nominal temperature 380 °C      

45 8.77 10.68 84.18 86.09 5.14 
60 32.91 36.78 57.59 61.46 5.63 
90 83.02 82.74 9.30 9.02 7.95 

120 89.44 83.07 7.78 1.42 9.15 
180 85.93 82.16 5.240 1.47 12.60 
240 65.24 64.14 18.14 17.04 17.72 
300 64.72 55.61 24.32 15.21 20.07 
420 59.04 54.96 23.31 19.13 21.83 

 a 100 – (y + x3 + x2)exp. 
 b 100 – (x1 + x2)exp. 
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Figure 2. Effect of time on the distribution of initial OM between TBO (a), 
 gas (b) and organic solid residue (c) at different nominal temperatures, °C. 
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3.1.2 The composition of TBO 
The composition of TBO characterized by its part soluble in hexane, sc. 
maltenes, is presented in Table 8. 

 
Table 8. The content of maltenes in TBO (obtained at 380 °C) 
depending on residence time 

Residence time TBO/OM, % Maltenes/TBO, % Maltenes/OM, % 

45 min 8.8 61.7 5.4 

2 hour 32.9 36.1 11.9 

3 hours 87.7 45.25 40.5 

5 hours 64.7 66.6 43.2 

 

It can be seen from Table 8 that at a short pyrolysis time when the quantity of 
TBO is small, the share of maltenes is great because light destruction products 
are formed at the beginning of TBO formation. For comparison, the elemental 
composition of the initial kerogen, TBO, natural bitumens from kukersite and 
industrial semicoking oil from open-system retorts are given in Table 9. 

 

Table 9. Elemental composition of different organic species from kukersite OM 

  
Yield, 

kerogen 
basis, % 

Elemental composition, % 

H/C 

C H S N 
O 
by 

difference 

Initial kerogen [9] 100 77.3 9.8 1.7 0.4 10.8 1.52 

Retort oil [10] 65.6 83 9.9 1.1 0.1 5.9 1.43 

TBO, 360 °C, 3 h, 
autoclave (this work) 

89.6 83.4 9 0.8 0.8 6 1.29 

TB, 360 °C, 4 h, retort 
[46] 

63.8 83.6 9.6 0.5 ― 6.3 1.38 

Natural bitumoids [10] 0.71 71.8 10.5 ― 0.5 17.3 1.75 

 
Table 9 demonstrates that the high yield of OM from kerogen obtained by 
extraction of TBO under its optimum low-temperatures pyrolysis conditions is 
contributed by low H/C ratio. 



 35 
 

The elemental composition of TBO obtained at 360 °C at different residence 
times is given in Table 10. 

 
Table 10. Dependence of elemental composition of TB on residence time 

(360 °C) 

Time, 

h 

Yield, 

% 

Elemental composition, % H/C 

C H S N 
O (by 

difference) 
 

1.5 36.0 78.5 9.5 0.9 < 0.75 10.2 1.45 

2 53.6 81.4 9.2 0.9 < 0.75 7.7 1.36 

3 89.6 83.4 9.0 0.8 < 0.75 6.0 1.29 

5 83.0 84.8 8.6 0.7 < 0.75 5.1 1.22 

 
It was shown in [35] that in retorting at low rate of thermolysis, the elemental 

composition of TB did not depended on temperature but on depth of thermolysis, 
beginning with 82% carbon, 10% hydrogen and 7% oxygen, while at higher 
rates the content of carbon increased at simultaneous decrease of hydrogen and 
oxygen content. The elemental composition of TBO obtained in autoclaves at 
optimum residence time for every temperature, having minimal quantity of coke, 
could vary only due to differences in quantity of emitting gases. As the last was 
not considerable (Figure 2b), TBO composition should differ not much. The 
chemical group composition of commercial retort oil from oil shale processing 
factory, and TBO and maltenes from TBO obtained in this work are given in 
Table 11. 
 
Table 11. Chemical group composition of different species of shale oil by TLC, % 

Compounds 
Retort oil 

[65] 

TBO Maltenes 

360 °C, 3 h 

Aliphatic hydrocarbons 11.1 3.7 5.8 

Monocyclic aromatic hydrocarbons 5.4 2.0 2.5 

Polycyclic aromatic hydrocarbons 23.1 4.3 20.2 

Neutral oxygen compounds 16.7 9.3 22.3 

High polar compounds 43.7 80.7 49.2 

 
The composition of soluble in hexane maltenes obtained in this work using 

an autoclave is similar to that of the industrial retort oil containing less high-
polar compounds than TBO. Low amounts of aliphatic and monocyclic 
hydrocarbons in TBO express that the product requires further upgrading for 
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being suitable as a liquid, especially as motor fuels. Ratio of total alkenes to 
alkanes in aliphatic hydrocarbons was 0.86:1. The composition of the 
hydrocarbons determined by GC is given in Table 12. 
 

Table 12. Composition of alkenes and alkanes, % 

Number of C 
atoms 

Alkenes Alkanes 

11 0.5 ― 

12 0.8 0.7 

13 ― 9.2 
14 11.8 8.9 

15 2.3 13.2 

16 36.3 26.4 
17 2.5 17.7 

18 23.3 12.4 

19 3.2 7.6 
20 13.1 2.4 

21 ― ― 

22 5.0 1.5 
23 ― ― 

24 1.2 ― 

 
It is known [23] that olefins C13-C17 form at the beginning of kukersite 

destruction. That was explained by instability of isostructures, compared with 
the normal ones. The same tendency was discovered in the composition of 
maltenes from TB. 

The composition of functional groups typical of maltenes and asphaltenes 
was investigated using infrared spectroscopic (IRS) method. The infrared spectra 
are presented in Figure 3. Visible adsorptions are qualitatively similar, and 
differences between these two objects can be seen only in quantitative characters 
of hydrogen substituents in aromatic nucleus. IRS confirms the presence of 
benzene nucleus at 1600 and 1500–1515 cm–1. The substituents are bound in 
different positions of benzene nucleus. The absorption typical of methyl, 
methylene and methyne groups in alkyl chains appears at 3000–2800, 1400–
1300 and at 725 cm–1. Absorptions at 2960, 2872, 1460 and 1380 cm–1 caused by 
CH3 groups in different positions as well as those at 2930, 2860 and 790–720 
cm–1 (CH2 groups) are considerable. The most of methylene and methyne groups 
are bound to form different ring structures such as cyclic hydrocarbons and 
aromatic compounds. The peak at 1150 cm–1 refers to oxygen-carbon bond in the 
phenol molecule. The absorption in the region 1400–1470 cm–1 belongs to 
hydrogen in the CH2 and CH3 groups of aliphatic structures. Peaks in the region 
2850–3000 cm–1 belong to alkanes, which are present in both maltenes and 
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asphaltenes. C=O-containing compounds with the absorption maximum at 1700 
cm–1 are clearly distinguishable. 
 

 
Figure 3. FTIR spectra of maltenes (1) and asphaltenes (2) from TBO 
obtained at 360 °C, 3 hours. 

 

3.1.3 Thermobituminization scheme and derivation of algorithms 
for estimation of rate factors  

In this work, the complicated thermal decomposition of oil shale in 
autoclaves was approximately described by kinetics of phase transformations 
characterized by the corresponding rate factors k1 - k4. The procedure for 
estimation of the rate factors was worked out. 

The simplified scheme applied for modelling kinetics of the pyrolysis 
reactions in autoclaves is presented in Figure 4. 
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Figure 4. Scheme for phase transformations at low-temperature pyrolysis of 
kerogen in autoclaves.    

 

Admitting that the thermal decomposition pathways presented in Figure 4 
obey the first order kinetic equations, rate of every phase transformation can be 
described by a modification of Eq. 4 and 5 presented in p. 1.7. 

So, concentration of the initial kerogen (y) should decrease in time as 
follows:  

-dy/dt = (k1 + k2)y = kyy          (3.1.1) 

and the total decomposition rate factor (ky) can be found from the slope of the 
integrated form of Eq. (3.1.1) as follows: 

lny = lny0 – ky (t-t0)          (3.1.2) 

Before the coke formation has started, the value of y should be equal to the 
percentage of experimentally estimated organic solid residue, and the value of ky 
should be constant. So, under the isothermal conditions, since the nominal 
temperature is attained and coke is not formed yet, Eq. (3.1.2) should express a 
straight line. 

The linear parts of the plot of logarithm from the percentage of the current 
organic solid residue (Fig. 2c) versus time for the five nominal temperatures 
tested are presented in Figure 5. The values of ky found from the slopes of the 
straight lines are given in the first row of Table 13. 

 

Kerogen (y) 

TBO (x1) 

Coke (x3) 

k1 k2

k3 

k4 

Gas (x2)
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y1 = -0,0062x + 5,1972

R2 = 0,9226

y2 = -0,0106x + 5,1031

R2 = 0,9663
y3 = -0,0303x + 7,5485

R2 = 0,7859

y4 = -0,0536x + 8,1178

R2 = 0,846

y5 = -0,0607x + 7,7081

R2 = 0,9982
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Fig. 5. Plot of ln y versus time for estimation of ky at nominal temperatures (°C): 
(1)-340, (2)-350, (3)-360, (4)-370, and (5)-380. 

 
According to the scheme in Fig. 4, the concentrations of TBO (x1), gas (x2) and 
coke (x3) should increase as follows: 

dx1/dt = k1y – (k3 + k4) x1 = k1y – kTBO x1     (3.1.3) 

dx2/dt = k2y + k4x1         (3.1.4) 

dx3/dt = k3x1          (3.1.5) 

The differential equations (3.1.1) and (3.1.3)–(3.1.5) represent a system with 
four independent unknown rate factors k1–k4. Algorithms for estimation of the 
coefficient were deduced dividing Eqs. (3.1.3)–(3.1.5) with Eq. (3.1.1) and 
thereafter multiplying with ky. As results, linear relationships were revealed 
between the relative increase in the concentration of any product with the 
corresponding decrease in the concentration of initial kerogen versus the current 
ratio of the TBO and kerogen concentrations 

- ky(dx1/dy) = k1 – kTBO(x1/y)        (3.1.6) 

- ky(dx2/dy) = k2 + k4(x1/y)         (3.1.7) 

- ky(dx3/dy) = k3(x1/y)          (3.1.8) 

where the values of k1 and k2 occur as intercepts, and of kTB, k3 and k4 as slopes. 
 

k3 = kTBO – k4          (3.1.9) 
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The rate factors of TBO cracking, kTBO, k3 and k4 were calculated by Eqs. 
(3.1.6), (3.1.7) and (3.1.9) only for the nominal temperature 340 °C. At higher 
temperatures the cracking took place mainly after exhaustion of the initial 
kerogen when the values of y and dy in denominators of Eqs. (3.1.6) and (3.1.7) 
were too small for correct calculations. For better estimation of the coefficients, 
the region of TBO decrease after its maximum was examined. When there was 
no practical contribution from decomposition of the initial kerogen, Eq. (3.1.3) 
was reduced to a simpler form analogous to Eq. (3.1.1) as follows: 

-dx1/dt = (k3 + k4)x1 = kTBOx1     (3.1.10) 

where the total decomposition rate factor(kTBO) of TBO was found from slope of 
the integrated form of Eq. (3.1.10) as follows 

lnx1 = lnx1,0 – kTBO(t – t0)     (3.1.11) 

where t0 and x1,0 belong to the beginning of the second stage, corresponding to 
the minimum value of y.  

Noteworthy is that in this case, the initial time, t0 and concentration x1,0 were 
not zero but corresponded to the beginning of the linear relationship between ln 
x1 and time being valid when there is no practical contribution from k1y in Eq. 
(3.1.3). 

After the value of kTBO was found, the rate factorsfor parallel formation of gas 
and coke from TBO were calculated using the proportional relationships 

k3 = - kTBO dx3/dx3         (3.1.12) 
and 

k4 = - kTBO dx2/dx1          (3.1.13) 
 
The temperature profiles of the reaction mixtures recorded experimentally 

(Figure 6) revealed that the nominal temperature was attained after an hour. 
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Figure 6. The reaction current temperatures at different nominal temperatures 
( °C). 
 
 
For calculation of the rate factors by Eqs. (3.1.1) – (3.1.13) only the 
experimental data from Fig. 2a,b, and c obtained at the isothermal periods were 
applied. As far the solid residue consisted of not decomposed kerogen and coke 
formed, the real values of y and dy calculated by means of ky and y0 were used. 

The more detailed explanation of the kinetic approach is given in the 
Original Publication IV. The rate factors found according to the algoritms 
deduced are given in Table 13. 

 
Table 13. Rate factors, 1/min 

  Rate factor 
(1/min) Nominal temperature (°C) 

 340 350 360 370 380 

ky 8.68E-03 1.12E-02 4.01E-02 4.25E-02 5.14E-02 
k1 8.43E-03 9.25E-03 3.81E-02 3.88E-02 3.08E-02 
k2 2.52E-04 1.95E-03 1.99E-03 3.70E-03 2.06E-02 

kтво 5.65E-05 3.27E-04 3.37E-04 9.30E-04 1.56E-03 
k3 5.27E-05 2.10E-04 1.27E-04 7.72E-04 1.08E-03 
k4 2.76E-06 1.17E-04 2.10E-04 1.58E-04 4.76E-04 
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The values of apparent activation energy (E) and frequency factor (A) for 
formation of TBO and gas from kerogen, and gas and coke from TBO at the 
low-temperature pyrolysis of kerogen were found from the intercept and slope of 
the depicted in Figure 7 Arrhenius linear relationship  

lnki = lnAi – Ei/RT       (3.1.14) 

where R is gas constant 8.314 J/mol, are presented in Table 14. 
 

y1 = -18395x + 25.29

R2= 0.6424
y2 = -35328x + 49.669

R2= 0.8014

y3 = -29363x + 38.153

R2= 0.8517 y = -42834x + 58,356

R2= 0,7151
-16
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0
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Figure 7. Arrhenius plot of rate factors (1/min): (1) k1, (2) k2, (3) k3, and (4) k4. 
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Table 14. Apparent kinetic constants for pyrolysis of kerogen between 340 and 
380 °C 

 

3.1.4 Prediction of the current distribution of the pyrolysis products 
at non-linear increase of temperature 

A step-by-step approach was applied to calculate the concentrations of the 
pyrolysis products in time under non-linear increase of temperature. For this 
aim, the following route was used: 

• The time dependence of temperature (T) in °C was calculated for 
definite (20 min) time intervals according to equation 

Tt = Tnom – (Tnom – Troom) exp (-βt)     (3.1.15) 

where the heating rate characteristic β, in 1/min, for the autoclave applied 
was found from the empirical polynomial relationship 

 
β = 60/0.0001T2

nom – 0.4073Tnom + 887.57       (3.1.16) 

• The values of the rate factors at every mean temperature of the time 
intervals were calculated introducing the corresponding kinetic constants 
from Table 14 into the exponential form of Eq. (3.1.14). 

 

• The current share of not decomposed (insoluble in benzene) kerogen 
was calculated as follows: 
yn = yn-1/exp[(k1 + k2)(tn – tn-1)]        (3.1.17) 

where at tn-1 = 0 min, yn-1 = 100% 

 
k1 k2 k3 k4 

a = lnA 25.3±9.9 49.7±11.8 33.15±19.21 58.36±11.6 

-b = E/R (1.84±0.63)E+04 (3.53±0.74)E+04 (2.94±1.23)E+04 (4.28±0.74)E+04 

R2 0.642 0.801 0.852 0.715 

A (1/min) 9.62E+10 3.73E+21 3.70E+16 2.22E+25 

E (kJ/mol) 153 294 244 356 
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The current yield of TBO was calculated using the relationship deduced from 
Eq. (3.1.6) 

x1,n = x1,n-1 + [(yn-1 – yn)k1/(k1 + k2)][k1 – (k3 + k4)x1, n-1/yn-1]       (3.1.18) 

where at t n-1 = 0 min, x1,n = 0%, 
The current gas yield was calculated using the relationship deduced from Eq. 

(3.1.8) 
x2,n = x2,n-1 + [(yn-1 – yn)k2/[(k1 + k2)][k2 + k4 x1, n-1/yn-1]    (3.1.19) 

where at t n-1 = 0 min, x2,n = 0% 
The current coke yield was calculated as the difference 

x3,n = 100 – (yn + x1,n + x2,n)        (3.1.20) 

When the nominal temperature was attained, the concentrations of the initial 
kerogen at time t was calculated basing on the not decomposed kerogen 
concentration ynom at time tnom as follows: 

y = ynom/exp[(ky(tn – tnom)]       (3.1.21) 

The yield of the total solid residue at time t was calculated as the sum of the 
current values of y and x3.  

Comparison the yields of the products predicted by Eqs. (3.1.14) – (3.1.21) 
and the experimental results in Figure 8, 9 and 10 show satisfactory agreement. 
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Figure 8. Effect of time on the distribution of kerogen between its pyrolysis 
products at nominal temperature 340 °C: (1) solid residue, (2) TBO, and (3) gas. 
Curves: calculated; bright points: experimental by weight; dark points: 
experimental from difference. 
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Figure 9. Effect of time on the distribution of kerogen between its pyrolysis 
products at nominal temperature 360 °C: (1) solid residue, (2) TBO, and  
(3) gas. Curves: calculated; bright points: experimental by weight; dark points: 
experimental from difference. 
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Figure 10. Effect of time on the distribution of kerogen between its pyrolysis 
products at nominal temperature 380 °C: (1) solid residue, (2) TBO, and (3) 
gas. Curves: calculated; bright points: experimental by weight; dark points: 
experimental from difference. 
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The results presented in Figures 8-10 prove suitability of the model proposed 
and algorithms deduced for prediction of the co-effect of temperature and 
duration on the yields of kerogen decomposition products at low-temperature 
pyrolysis in laboratory autoclaves. 

 

3.2 Retorting 

(Papers I and III in APPENDIX A) 
As a rule, a retorting process begins under non-isothermal heating up 

conditions. In this work, the experiments were conducted in an aluminium retort 
by heating the kerogen up to the nominal temperature according to the 
experimental conditions described in 2.2. The results of the experiments are 
given in Table 15. 

 
Table 15. Effect of nominal temperature (°C) and total time (min) on the yield of 
products (% from kerogen) at non-isothermal retorting of kukersite 

Temperature, 
 °C  

Time, 
min 

Oil Gas TB 
Maltenes 

in TB 
Solid 

residue 

370 
39 8.85 2.29 30.65 13.42 58.20 
92 23.07 6.07 55.11 24.95 15.76 

380 
50 19.26 4.71 55.29 n.d.* 20.74 
60 22.38 5.29 57.99 n.d. 14.33 

390 
52 23.10 5.42 61.61 24.82 9.88 
62 27.86 6.19 57.00 n.d. 8.95 
92 32.51 9.01 46.01 18.77 12.48 

400 
53 24.15 5.73 56.04  14.09 
63 29.63 7.06 53.50 n.d. 9.81 

410 
55 30.12 5.98 53.90  10.00 
65 31.73 7.12 51.70 n.d. 9.44 
95 33.68 8.20 47.99 n.d. 5.82 

n.d.* – not determined 
 

The scheme applied for autoclavic process (Figure 4) consisting of parallel-
consequent phese transformations was modified for retorting and will be 
described in p. 3.2.1 below. Nevertheless, the non-linear increase of temperature 
made the process too complicated for calculation of the rate factors. So, the 
experimental data for estimation of kinetic constants were taken from the thesis 
of Schulman [54] who had applied a specific device for isothermal retorting. The 
time dependencies of the yields of volatiles, TB and solid residue obtained in are 
shown in Figure 12. One can see that the results give quite similar curves at the 
two temperatures tested, except the reaction time required at 350 °C exceeds that 
at 386 °C by an order of magnitude. To handle more experimental points for 
estimation of kinetic constants, the data for calculations were interpolated from 
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Figure 11 after every 50 minutes and from Figure 11b after every 5 minutes. The 
extrapolated data are presented in Table 16.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure. 11. Effect of retorting time on the yield of thermobitumen (1),  
volatiles (2) and solid residue (3) at isothermal retorting temperatures 350 °C 
(a) and 386 °C (b) by Schulman [54] 

 
Table 16. Yield of pyrolysis products, % from OM, extrapolated from Figure 11 
 

350 °C 386 °C 
Time, 
min 

Solid 
residue 

Thermobit
umen 

Volatiles 
Time, 
min 

Solid 
residue 

Thermo-
itumen 

Volatiles 

0 100 0 0 0 100 0 0 
50 69 17.5 9 5 72 22 7.5 

100 48 32.5 15 10 43 42 15 
150 31 47.5 20 15 17.5 60 22 
200 20 54.5 23 20 10 64 25 
250 14.0 56 27 25 7 65 29 
300 12.3 56.5 29 30 7.5 62 31 
350 12.9 56 32 35 8.5 58 34 
400 13.5 54 34 40 10 55 35.5 
450 14 50 36 45 11 51.5 38 
500 14.5 48 38 50 12 48 40 
550 15 45 39.5 55 13 45 42 
600 16 42.5 41.5 60 14.5 42 43.5 
650 17 40 42.5 65 15.5 39.5 45 
700 18 38 43.5 70 17 37.5 46 
800 20 34 45 75 18 35 47 
900 22 31 47 80 19 33.5 48 
1000 23 27.5 49.5 85 20 32 49 
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3.2.1 Estimation of rate factors and kinetic constants 
For description of the thermobituminization kinetics in open retorts the 

scheme analogous to the autoclavic process (Fig. 4) was applied. Only, in open 
retorts x1 marks TB, not TBO, and x2 – the sum of oil and gas, not only gas. 

Like in autoclaves, the current concentration of the initial kerogen insoluble 
in organic solvents (y) should decrease with time as follows: 

– dy/dt = (k1 + k2)y = kyy,         (3.2.1) 

and the total decomposition rate factorof kerogen (ky) can be found from the 
slope of the integrated form of Eq. (3.2.1) as follows: 

lny = ln y0 – kyt           (3.2.2) 

Before coke formation has begun, the current values of y can be estimated 
experimentally by the percentages of solid residue. So, under isothermal 
conditions there should be a time interval where Eq. (3.2.2) would express a 
straight line whose slope is equal to ky. The experimental results in Table 16 
depicted in Figure 12 in the form of Eq. (3.2.2) show a linear decrease of the 
logarithm from the solid residue percentage during the first period of the 
pyrolysis. In the second period the yield of solid residue increases due to coke 
formation. The values of ky corresponding to the slopes in Figure 13 are brought 
in the first column of Table 17. 
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Figure 12. Plot of logarithm from the yield of solid residue versus time at 
retorting temperatures 350 °C (a) and 386 °C (b) for estimation of ky. 

 
 
Table 17. Rate factors for low-temperature retorting of kukersite, 1/min 
Temperature, 

 °C 
ky k1 k2 k3 k4 kTB 

350 7.85E-03 4.740E-03 2.606E-03 6.610E-04 4.870E-04 1.148E-03 

386 0.1081 0.09120 0.03150 5.395E-03 5.665E-03 0.01106 

 
Analogously to the autoclavic process described by Figure 4, concentration 

of TB (x1), volatiles (x2) and coke (x3) change with time as follows: 
dx1/dt = k1y – (k3 + k4) x1 = k1y – kTB x1         (3.2.3) 

dx2/dt = k2 y + k4 x1           (3.2.4) 

dx3/dt = k3 x1            (3.2.5) 

Dividing Eqs (3.2.3), (3.2.4) and (3.2.5) with Eq. (3.2.1) and thereafter 
multiplying with ky linear relationships (Yi) are obtained between the ratio of 
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changes in the concentration of any product and initial kerogen versus the 
current ratio of the concentrations of TB and kerogen 

Yi = –kydxi /dy = a + bx1/y,           (3.2.6) 

where when i = 1: a = k1 and -b = kTB, and when i = 2: a = k2 and b = k4. 
The real percentage of the kerogen not decomposed (y) in the total solid 

residue was calculated for Eq. (3.2.6) by means of the rate factor ky from Table 
17 using the exponential form of Eq. (3.2.2) 

y = 100/exp(kyt)            (3.2.7) 

The coefficient k3 was found from the difference 
k3 = kTB – k4           (3.2.8) 

Introducing the data series from Table 16 into Eq. (3.2.6) gives satisfactory 
linear plots of Yi versus x1/y (Figure 12). The rate coefficients, equal to the 
corresponding regression constants, at the two temperatures applied are 
presented in Table 17. 

The kinetic constants (Ei and Ai) in the Arrhenius relationship 
ki = Aiexp (–Ei /RT)            (3.2.9) 

were calculated using the data given in Table 17 as follows: 
Ei = [R(T1T2) ln(ki1/ki2)] /(T2 – T1)       (3.2.10) 

Ai = ki exp(Ei/RT)          (3.2.11) 

The kinetic constants found are presented in Table 18. The apparent 
activation energies for parallel formation of TB and volatiles, 280 and 236 
kJ/mol, are comparable with that for total semicoking, 260 kJ/mol, estimated by 
Aarna and Kollerov [66, 40]. The activation energy for transformation of TB 
into gas, 183 kJ/mol, coincides with the value estimated by Kotkas in the 
individual gasification of shale oil [67], 45 kcal/mol = 188 kJ/mol. 
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Fig. 13. Depiction of Equation (3.2.6) for estimation of k1 and kTB (a and c), and 
k2 and k4 (b and c) at temperatures 350 °C (a and b) and 386 °C (c and d). 
 

 

Table 18. Apparent kinetic constants for low-temperature retorting of kukersite 

 k1 k2 k3 k4 

A, 1/min 1.53E+21 1.69E+17 1.38E+12 2.05E+17 

E, kJ/mol 280 236 183 246 
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3.2.2 Estimation of share factors of malthenes and asphaltenes in 
TB, and oil and gas in volatiles 

Admitting the parallel formation of malthenes and asphaltenes in the bulk of TB, 
as well as of gas and oil in the bulk of volatiles, the changes in their yields 
should be proportional, and can be characterized by the share factor 

Bi = dxij /dxi           (3.2.13) 

Understandably, the share of the second component is 1 – Bi. The 
experimental data in Table 4-9 evidence that under the studied conditions the 
share factor of malthenes in TB (B1m) decreases, and that of oil in total volatiles 
(B2o) increases with an increase in temperature. These effects can be 
approximated to a linear relationship 

Bi = aB + bB t           (3.2.14) 

shown in Figure 14. When the temperature t is expressed in  °C, the values of aB 
and bB for malthenes in TB are 1.106 and 0.550, and for oil in volatiles – 
0.00179 and 6.66E-04. The effect of pyrolysis time on the values of Bi was 
irregular and less than the experimental errors. 
 

 

 

 

 

 

 

 

 

 

Figure 14. Effect of temperature on the rate coefficients, 1/min, and on the share 
factors of malthenes in thermobitumen, B1m, and of oil in volatiles, B2o, formed. 

 

3.2.3 Prediction of current concentrations of the pyrolysis products 
As described above, thermal decomposition of kukersite in Fischer retort is 
conducted under non-linear increase of temperature. The simplest way to 
describe such a process is to handle it as consisting of short isothermal 
subsequent steps under the mean temperature of the steps. 
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As an example, prediction of current yields of the pyrolysis products at 
nominal temperatures 370 and 410 °C is described.  

At first, the current rate factors and share factors were calculated for every 
temperatute step. For this aim 

• the current temperatures after every 2 minutes intervals and the mean 
temperatures of the steps were calculated according to the heating 
regime applied; 

• for every mean temperature the values of (i) the rate factors(ki) were 
calculated by Eq. (3.2.9) using the corresponding apparent kinetic 
constants from Table 18, and (ii) the share factors (Bi) were calculated 
by Eq. (3.2.14). 

The factors found are depicted in Figure 14 where for better understanding 
the plain curves belong to the left axis and the dotted curves to the right one.  

The results obtained evidence that at the low-temperature region formation of 
TB from kerogen is preferred, and the rate factor for formation of volatiles from 
the initial kukersite (k2) overcomes that from TB. The share of oil in volatiles 
increases a little with temperature in the studied region, whereas the share of 
malthenes in TB decreases, presumably, just because of oil formation from 
malthenes. 

The current yields of the products were calculated as follows: 
• the current percentage of the not decomposed (insoluble in benzene) 

kerogen per its initial content during the non-isothermal stage was 
calculated using Eq. (4.2.1) integrated in the ranges of time tn–1 and tn 
yn = yn–1/exp[(k1 + k2)(tn – tn–1)]       (3.2.15) 

where at t n–1 = 0 min, y n–1 = 100%; 
• after the nominal temperature was attained, the concentrations of the 

initial kerogen at time t were calculated basing on the not decomposed 
kerogen concentration (ynom) at time tnom as follows 
y = ynom /exp[ky(t – tnom)]       (3.2.16) 

• the current yield of TB was calculated using the relationship deduced 

from Eq. (3.2.6) 

x1,n = x1,n–1 + [(yn–1 – yn)k1/(k1 + k2)][k1 – (k3 + k4)x1,n–1/yn–1],   (3.2.17) 

where at t = 0 min, x1,n = 0%; 

• the current yield of volatiles was calculated analogously as 

follows: 

x2,n = x2,n–1 + [(yn–1 – yn)k2/[(k1 + k2)][k2 + k4x1,n–1/yn–1],    (3.2.18) 

where at t = 0 min, x2,n = 0%; 
• the current coke yield was calculated as the difference 

x3,n = 100 – (yn + x 1,n + x 2,n)        (3.2.19) 
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• the total yield of the total solid residue at time t was calculated as the 
sum of current y and x3; 

• the current yields of malthenes and oil were found using the 
corresponding values of Bi given in Figure 14 as follows: 
x1m,n = x 1m,n–1 + B 1(x 1,n–1 – x 1,n)        (3.2.20) 

x2o,n = x 2o,n–1 + B2(x 2,n–1 – x 2,n)        (3.2.21) 

• the yields of asphaltenes and gas were calculated as corresponding 
differences between the concentrations of TB and malthenes, and 
volatiles and oil. 

 
The yields predicted by Eqs (3.2.15)–(3.2.21) for the two nominal 

temperatures tested in this work are presented in Figure 15a and b. In the Figure, 
for better understanding, the dotted curves and grey points express the total yield 
of two products (marked as white and black): target product (oil + TB), volatiles 
(oil + gas) and solid residue (kukersite + coke). The bold black curves belong to 
coke and grey ones to kukersite. The normal grey curves express the current 
temperature. 

Figure 15 explains essential effect of time and temperature on the yield of the 
products. One can see that under the heating rate applied, decomposition of the 
initial kukersite is completed at 370 °C after three hours (Fig. 15a), but at 410 °C 
(Fig. 15b) already after 40 minutes. At 370 °C the maximum yield of the target 
product, TB + oil, has a plain maximum, ca. 80%, between 100–240 minutes. At 
410 °C a sharp elusory maximum of that overcomes 90% between 40 and 45 
minutes, and the yield over 80% can be obtained between 40–100 minutes. 

Comparison of the yields of the products found experimentally by the low-
temperature non-isothermal retorting in this work with the data predicted using 
in Eqs (3.2.15)–(3.2.21) the kinetic constants found by means of experimental 
data obtained under the isothermal conditions about fifty years earlier by 
Schulman [54] shows a more or less satisfactory agreement. Such a harmony is 
possible only thanks to the invariable composition of Baltic oil shale organic 
matter all over the mine, and exact consideration of the heating rate of the 
reaction mix during the experiments  

The mathematical model deduced and constants estimated allow prediction 
of the co-effects of temperature and time on the different products of low-
temperature retorting. The calculated curves presented in Figure 15 explain that, 
unlike previous opinions, the coke formation from TB begins before the 
exhaustion of kerogen is attained. As a result, the optimum time for 
thermobituminization (tmax) enabling the maximum yield of the target product, 
TBO, should be just after the time corresponding to the equal contents of coke 
and not decomposed kerogen in the solid residue, the latter constituting about 
10% of the initial kerogen. The optimum time and the appropriate time interval 
for retorting decrease with increase in temperature. 
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Figure 15. Effect of retorting time at nominal temperature 370 °C (a) and 410 °C 
(b) on the distribution of kerogen decomposition products: 1 – kerogen, 2–TB + 
 oil, 3 – TB, 4 – volatiles, 5 – oil, 6 – malthenes, 7 – solid residue, 8 – gas,  
9 – coke, and 10 – the current temperature. Curves – calculated,  
points – experimental. 
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3.3 Comparison of the thermobituminization kinetics of kukersite 
in open retorts and autoclaves  

(Paper V in APPENDIX A) 
As is it was described above, the first order kinetic model was deduced 

basing on an approximated parallel-consequent scheme of the phase 
transformations and experimentally estimated current yields of the three phases: 
volatiles, benzene extracts of the cubic residues, and insoluble solid residues. As 
far oil was incorporated into the volatile phase in the open retorts and into the 
liquid extract in autoclaves, the direct comparison of the pyrolysis kinetics in the 
two devices was complicated. Furthermore, the heating regimes were different in 
the devices either. 

3.3.1 General algorithms for estimation of kinetic characteristics  
It was considered the separate kinetics for autoclaves and retorts in the previous 
chapters. Now let’s look at a unified approach. In spite the differences in the 
composition of the extracts and volatiles, the complicated thermal 
decomposition of oil shale both in open retorts and autoclaves can be 
approximately described by the common first order parallel-consequent phase 
transformations (with the corresponding concentration symbols in parenthesis) 
given in Fig. 16: 
 
 

 
 

Figure 16. General scheme for phase transformations at low-temperature 
pyrolysis of kerogen in autoclaves and retorts. 

 
The differential equations for the kinetic scheme proposed for the both 

devices are expressed like in Parts 3.1 and 3.2 as follows: 
-dy/dt = (k1 + k2)y = kyy          (3.3.1) 

dx1/dt = k1y – (k3 + k4) x1 = k1y – kTB(TBO) x1           (3.3.2) 
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dx2/dt = k2y + k4x1          (3.3.3) 

dx3/dt = k3x1           (3.3.4) 

For estimation of the rate factors, distribution factors and kinetic constants 
the analogous linear relationships were applied as given in parts 3.1 and 3.2.  

The kinetic constants found for the both devices are presented in Table 19. 
 

Table 19. Apparent kinetic constants 

Rate factor, 
1/min 

Retort Autoclave 

Ei, kJ/mol Ai, 1/min Ei, kJ/mol Ai, 1/min 

k1 280 1.53E+21 153 9.62E+10 

k2 236 1.69E+17 294 3.73E+21 

k3 183 1.38E+12 244 3.70E+16 

k4 246 2.05E+17 356 2.22E+25 

 

3.3.2 Compensation effect between the kinetic constants 
Noteworthy is that a clear linear relationship (correlation coefficient R = 

0.99) is kept between all the kinetic constants found for both open retorts and 
autoclaves as follows: 

lnA = 2.23(±2.29) +0.174 (±0.009)E       (3.3.5) 

The relationship is depicted in Figure 17. 
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Figure 17. Relation between the low-temperature pyrolysis apparent kinetic 
constants in two devices.  
 
The differences between the corresponding activation energies obtained 

using the two devices (A – autoclave, R – retort) being resulted from the diverse 
composition of the products help to understand and compare the processes as 
follows:  

• E1A < E1R – decomposition of kerogen into thermobitumen is advanced 
in the environment of oil not leaving the autoclave; 

• E2R < E2A and E4R < E4A – formation of volatiles from kerogen and from 
TB (TBO) is advanced in open retorts in comparison with gas formation 
under pressure in autoclaves; 

• E3R < E3A – coke formation from high molecular thermobitumen (TB) is 
superior than from the oil containing TBO; 

• E2R ≈ E4R but E2A < E4A – in open retorts there is no kinetic difference 
between formation of volatiles from kukersite or TB whereas in 
autoclaves the secondary gas formation from TBO is depressed in 
comparison with that from kukersite. 

 

3.3.3 General algorithms for prediction of current concentrations of 
the pyrolysis products 

The thermal decomposition of kukersite in the both devices is conducted 
under non-linear increase of temperature that can be handled consisting of short 
isothermal subsequent steps (n) under the mean temperature of the steps, and the 
current yields of the products can be calculated for the both devices using the 
same form of equations as follows: 

yn = yn-1/exp[(k1 + k2)(tn – tn-1)]          (3.3.6) 

where at tn-1 = 0 min, yn-1 = 100%, 
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x1,n = x1,n-1 + [(yn-1 – yn)k1/(k1 + k2)][k1 – (k3 + k4)x1, n-1/yn-1]      (3.3.7) 

where at t = 0 min, x1,n = 0%, 
x2,n = x2,n-1 + [(yn-1 – yn)k2/[(k1 + k2)][k2 + k4 x1, n-1/yn-1]     (3.3.8) 

where at t = 0 min, x2,n = 0%, and 
x3,n = 100 – (yn + x1,n + x2,n)          (3.3.9) 

x2o,n = x2o,n-1 + Bo(x2,n-1 – x2,n)        (3.3.10) 

 

3.3.4 Prediction and comparison of the current yields of the 
pyrolysis products in open retorts and autoclaves 

One of the defining factors of the pyrolysis kinetics is heating rate. 
Understandable, that the heating rate applied at retorting of oil shale in 50 cm3 open 
retorts does not coincide with that in 20 cm3 autoclaves placed into an oven 
preheated to the nominal temperature. To compare the efficiency of the devices, the 
current yields of the products were predicted for the both devices under the 
temperature profiles described earlier as characteristic to autoclavic experiments.  

The yields of the pyrolysis products in the both devices were calculated as sums 
of n ten-minute steps which temperatures were approximated to the isothermal mean 
values of the steps. The rate factors for the every increasing temperature step were 
calculated introducing the kinetic constants from Table 19 into Arrhenius 
relationship. The corresponding yields of the phases were found by Eqs. (3.3.7)–
(3.3.10). Thereafter, the yields of the products obtained at retorting were unified with 
those at autoclavic pyrolysis. For this aim, the oil yields (x2o) being a part of total 
volatiles (x2) at retorting were calculated according to Eqs. (3.3.6) and (3.3.11). In 
retorting the values of the target product, (TBO) were found adding the current oil 
yield to the corresponding extract yield (x1), and of the gas yield, subtracting oil 
yield (x2o) from total volatiles (x2). The current yields of the organic solid residue 
were found as sums of the corresponding not decomposed kerogen (y) and coke 
formed (x3). 

 Examples illustrating predicted current changes during pyrolysis of oil shale 
in the both devices at the nominal temperatures 350 and 370 oC are presented in 
Figure 18.  
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Figure 18. Effect of pyrolysis duration on the yield of the phases, % from initial 
kerogen at nominal temperatures 350 and 370 °C in open air retorts (R) and 
autoclaves (A): 0 – kerogen, 1 –TBO, 2 – gas, 3 – organic solid residue, 
4 – temperature,  °C.  
 

Comparison of the data obtained at low-temperature pyrolysis of oil shale in 
open air retorts and autoclaves under unified heating conditions and decomposition 
products reveals the following results: 

• The kerogen current decomposition degree (curve 0) and yield of the target 
product, TB (TBO) (curve 1), are affected mainly by the pyrolysis duration 
and temperature whereas the reactor type has a minor effect. 

• In the both devices the decomposition of TB (TBO) into coke (curve 3) and 
gas (curve 2) begins before the total decomposition of kerogen (curve 0) has 
completed. Therefore, it is impossible to obtain a solid residue without any 
organic matter at low-temperature retorting without solvents.  
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CONCLUSIONS 
The following new results were obtained in the frames of this doctoral 
thesis. 
1. Kinetics of the complicated thermobituminization process of oil shale was 

described by scheme of phase transformations. 
2. A first order parallel-consequent kinetic model was derived for description 

of the co-effect of time, nominal temperature and heating rate on the yield 
of different phases (volatiles, extract and solid residue) at low-temperature 
pyrolysis of kukersite in both laboratory retorts and autoclaves. 

3. The rate factors for formation of extracts (thermobitumen in retorts and 
mix of thermobitumen and oil in autoclaves) and volatiles (oil and gas in 
retorts, and gas in autoclaves) from kerogen, and secondary volatiles and 
coke from the extracts, k1-k4, were estimated using the experimental 
results obtained at isothermal retorting. The apparent activation energies 
(E1-E4) and frequency factors (A1-A4) for the transformations were 
calculated. The distribution factors of the components of the phases 
(maltenes–asphaltenes) in the extracts from autoclaves) and oil–gas in the 
volatiles from retorting) were estimated. 

4. A linear relatiationship between the values of lnA1-4 and E1-4 common for 
the both devices was revealed. 

5. The effect of the retorting time on the yield of thermobitumen, volatiles, 
solid residue, oil, gas, malthenes, asphaltenes, coke and not decomposed 
kerogen at various nominal temperatures and heating rates given were 
described, and conditions for the maximum yield of the extract were 
predicted introducing the constants found into the model deduced. The 
calculated and the corresponding experimental results agreed 
satisfactorily. 

6. When pyrolysis is conducted under the same heating rate (6 o/min), the 
decomposition of kerogen starts in the both devices at the same 
temperature reaching 10% when the temperature attains 350 °C, whereas 
the yield of TBO overcomes 80% at an optimum duration depending on 
the nominal temperature. 

7. At the nominal temperature 370 °C the decomposition rate of kerogen and 
formation of TBO practically coincide in the both devices, and the 
maximum yield of TBO (83-85%) is obtained at the duration interval 130-
150 min. 

8. At the lower nominal temperature, 350 °C, the decomposition of kerogen 
in autoclaves in the environment of oil formed is slightly faster than in the 
dry retorting where the oil fractions having boiling point below 350 °C 
volatilize. Therefore the maximum yield of thermobitumen (ca 80%) is 
attained in the autoclave after 200 minutes and at retorting only after 400 
minutes. 
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9. The maximum total yield of the target product, the sum of thermobitumen 
and oil from kerogen (TBO, 91%) was obtained at nominal temperature 
410 °C after 40 minutes retorting in the both devices.  
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ABSTRACT  
The retorting technologies of kukersite being in use at industrial production 

of shale oil lose with semicoke arising at the secondary cracking of an 
intermediate product, thermobitumen (TB), more than one third of organic 
feedstock for liquid fuels. 

In this work, the theoretical basis is described for a new technology where 
the soluble in organic solvents TB is extracted in the stage of 
thermobituminization. As a result, more than 80% of organic matter can be 
liquefied, and the demand for oil shale and amount of hazardous semicoke 
wastes per oil unit can be both substantially decreased.  

A literature review concerning formation and characteristics of TB and 
pyrolysis kinetics is given. 

The laboratory experimental series concerning effects of temperature and 
duration on the yield of volatiles, benzene (and methanol) extract, and solid 
residue at low-temperature pyrolysis (340-410 °C) of powdered Kukersite in 
autoclaves and open retorts are described.  

A new kinetic model is proposed simulating the complex pyrolysis process 
by the first-order parallel phase transformations of kerogen into volatiles (gas 
and oil at retorting, and gas in autoclaves), extract (TB at retorting, and TBO in 
autoclaves), and the secondary cracking of the extract into volatiles and coke.  

The rate factors (k1-k4) and distribution factors (Bi) of the phase components 
at various temperatures, and the apparent activation energies (E1-E4) and 
frequency factors (A1-A4) are estimated for the phase transformations in 
autoclaves and open retorts introducing the experimental results obtained into 
the linear algorithms deduced. The common kinetic compensation effect is 
revealed between the kinetic constants in the both devices. 

The time-dependence of the current yields of products is calculated at 
different nominal temperatures basing on the model created. The predicted 
results show that at a unified heating regime an insignificant acceleration of the 
primary and secondary decomposition processes occurs in autoclaves in the 
environment of the decomposition products in comparison with the retorting 
tests. 
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KOKKUVÕTE 
 

Kukersiidist õli tootmiseks tööstuslikult kasutatavates tehnoloogiates jääb 
vaheproduktina moodustuva termobituumeni (TB) sekundaarsel koksistumisel 
üle kolmandiku õlitoormest kaduma. 

Käesolevas töös kirjeldatakse teoreetilisi aluseid uuele tehnoloogiale, kus 
orgaanilistes lahustites lahustuv TB ekstraheeritakse termobituminiseerumise 
etapil. Selle tulemusel vedeldatakse üle 80% orgaanilisest ainest ja väheneb 
oluliselt nii ühe õliühiku kohta vajatav kukersiidi kogus kui ka ohtliku jäätmena 
ladestatav või põletatav poolkoksi kogus. 

Esitatakse kirjanduse ülevaade TB moodustumisest, omadustest ja pürolüüsi 
kineetikast. 

Kirjeldatakse laboratoorsete katsete seeriaid, millega selgitati temperatuuri ja 
kestuse mõju lenduvate, benseeni (ja metanooli) ekstrakti ning tahke jäägi 
saagisele peenendatud kukersiidi madalatemperatuurilisel (340-410 °C) 
pürolüüsil nii autoklaavis kui ka avatud retordis. 

On loodud uus kineetiline mudel, mis simuleerib uuritavat kompleksset 
pürolüüsiprotsessi esimest järku paralleelsete ja järjestikuliste faasimuutustena, 
kus lähtekerogeen laguneb lenduvateks (autoklaavis – gaas, retordis – gaas ja 
õli) ja ekstraktiks [autoklaavis – õli ja TB (nn. TBO), retordis – TB], ning 
moodustunud ekstrakt laguneb sekundaarse reaktsioonina lenduvateks ja 
koksiks. 

Katsetulemuste viimisel tuletatud lineaarsetesse algoritmidesse on vastavate 
tõusude ja vabaliikmete järgi määratud faasimuutuste kiirustegurid (k1-k4) ja 
faasikomponentide jaotustegurid (Bi) erinevatel temperatuuridel, ning näivad 
aktivatsioonienergiad (E1-E4) ja sagedustegurid (A1-A4). On näidatud, et 
mõlemale seadmele määratud kineetiliste konstantide puhul kehtib ühtne lnA ja 
E vaheline lineaarne sõltuvus, nn. kineetiline kompensatsiooniefekt. 

Kasutades loodud mudelit on arvutatud saaduste jooksvad saagised erinevatel 
nominaaltemperatuuridel. Samal kuumutamiskiirusel prognoositud tulemuste 
võrdlemisel ilmneb, et suletud ja avatud seadmes on pürolüüsikiirused 
lähedased. Autoklaavis, kus lagunemine toimub pürolüüsisaaduste keskkonnas, 
on nii sihtprodukti, TBO moodustumine kui ka TBO ebasoovitav sekundaarne 
koksistumine vaid mitteoluliselt kiiremad kui retordis.  
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�

c

�

PD�I:;�:EG:TB>C;AT<CJKTW;EG:I�N;K>G;@�=IK<AI<K;�H;GE@=�I>�F;A>BL>=;�E@I>B>C;A<C;=�WEI:�C>W;K�B>C;A<CJK�W;EG:I=O�9:;�?>CC>WTE@G�;BLEKEAJC�?>KB<CJ�>?�I:;�N;K>G;@�WJ=�LK>L>=;F_

�

d

�

efg

�

h

�

ijk

�

l

�

ee

�

m

�

e

�

ndo

�

�Zpqr]O�9:;@D�J=�I:;�I;BL;KJI<K;�E=E@AK;J=;F�I>�pbb

�

c

�

PD�JH><I�raq7bs�N;K>G;@�I<K@;F�E@I>J�LCJ=IEA�=IJI;t�E@�I:E=�AJ=;D�I:;�F<KJIE>@�>?�N;K>G;@F;A>BL>=EIE>@�JI�pbb

�

c

�

P�WJ=�J=�C>@G�J=�p7b�:O�9:;�I:;KTBJC�HEI<B;@�?>KB;F�H;AJ<=;�>?�=:JC;�:;JIE@G�AJ@�H;A>@=EF;K;F�J�LKEBJKQ�LK>F<AI�>?�N;K>G;@�F;A>BL>=ETIE>@t�I:E=�LK>F<AI�A>@IJE@=�I:;�=IK<AI<KJC�GK><L=�>?�N;KT>G;@O�̂I�WJ=�@>I;F�I:JI�I:;�?>KBJIE>@�>?�I:;KBJC�HEI<TB;@�JAA;C;KJI;F�WEI:�I;BL;KJI<K;O�̀�GK><L�>?�A>BTL><@F=�AJLJHC;�>?�FE==>CME@G�E@�J@�JCA>:>CqH;@Y;@;BEXI<K;�>K�H;@Y;@;�E@�I:;�;XIKJAIE>@�>?�J�=>CEF�K;=EF<;

>HIJE@;F�J?I;K�I:;�I:;KBJC�F;A>BL>=EIE>@�>?�=:JC;�E@�JK;I>KI�>K�J<I>ACJM;�E=�K;?;KK;F�I>�J=�I:;KBJC�HEI<B;@�Z7]O9:;�A:;BEAJC�A>BL>=EIE>@�J@F�QE;CF�>?�I:;KBJCHEI<B;@�F;L;@F�>@�I:;�A>@FEIE>@=�>?�I:;KBJC�HEI<B;@?>KBJIE>@_�I;BL;KJI<K;D�LK>A;==�IEB;D�J@F�:;JI�IKJ@=?;KDW:EA:�F;L;@F=�>@�I:;�F;=EG@�>?�JLLJKJI<=O�9:;KBJCHEI<B;@�E=�<@=IJHC;D�J@F�EI�E=�K;JFECQ�>XEFEY;F�E@�JEK�Zu]O9:;KBJC�HEI<B;@�:J=�H;;@�LK;LJK;F�J@F�A:JKJAI;KTEY;F�HQ�BJ@Q�K;=;JKA:;K=�E@�I:;�BEFTIW;@IE;I:�A;@I<KQOÎ�WJ=�?><@F�I:JI�CEG:I�?KJAIE>@=�?>KB;F�JI�I:;�E@EIEJC=IJG;=�>?�I:;�LK>A;==�L>=EIEM;CQ�J??;AI;F�I:;�?>KBJIE>@>?�I:;KBJC�HEI<B;@O�v;FE<B�J@F�:;JMQ�?KJAIE>@=�W;K;?>KB;F�J=�I:;�I;BL;KJI<K;�WJ=�E@AK;J=;FO�9:;�?>KBJTIE>@�>?�I:;KBJC�HEI<B;@�AJB;�E@I>�LCJQ�JI�prb
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PAPER II 
 
Tiikma, L., Zaidentsal, A., Tensorer, M., 2007. Formation of 
thermobitumen from oil shale by low temperature pyrolysis in an 
autoclave. – Oil Shale, vol 24, no 4, p 535-546. 
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PAPER III 
 
Johannes, I.,  Zaidentsal, A. 2008. Kinetics of low-temperature retorting 
of kukersite oil shale. – Oil Shale, vol 25, no 4, p 412-425. 
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�����	�N������
	���������K�����������
�\g������������������K������
�K����	��
���
�̂ ���K�����	�����������
�����������	���
���

����������̂
������������������	���
�
��������K��������������������
�ZRd[\�������

������
�		���������
�	�����������
������̂ ������
������������
��K����
�KK��K���̂
����	��������̂
��������
������e����������� �̂�N	��������\�����������

����������K������	��
�h���	��
����������
����������K �����
��� �����������������K��� �������K���������������������
��������	���������	��
���
�
���K������
�h���	��
�\������
���
�̂����������
�ZRT�Rb[������������������N	����� �̂
������������������
�������������������������������������������
�������K�������
��������
�����K��	��K��������������������
����������������
�
������������K�������
��K\������K����������	�		�����������K�����������
�����������	������������������	�������
��������
�����ZRV�Rf[�������K�����������	�������	�
��K�����K�	�N����
�h���	��
�\X��	���������	�N	��� ��
���
������������������
����������
��	���
�������������K����	��������\���������������	���	������������K������ZR_aRP�RT�Rb[��� �̂��������������������K�����������������	��
���
�\�������������������
�		�����	������������������������������������
����	�������������������������
��	�N�������
������
���
����
������������������
�����	��
���
������������
���K�������������������������\����������]���������
����
�����������K������̂�������e������	
�
�������������
���������������������������	��		�������
��������������̂�������������ZQ_[���ZQR[������X�����
�����\����������K����		����	�������������������������K�����������]�������
��	�N�������������������	����������������������������
�������̂������������������������
��������������\

�\���
\���
\i���
����VdLQ__fMd_VadRU

�j��O�k �YlWm#$*/+ -*5$'#1nj�������QTo��Q__V��������RV��
�Q__V����
�̂
���
���UR��
�Q__Vp 1q'#:5n������̂������W�
���
�i���
������������o���

��K
�NX�j�O�������������]���������
������	����		����	�����������������
������������������
�����	N�
�����
���
�L
�
������M�������
������������
������������UP_aUV_cO�������������\�������
������������������������
���	K�������
���������������������
��	������K������������
�̂
����̂�e���	��������������]������
��L/"\f_̀M���������
��	��
����������������������
�������������������������K�����������
��������������������K����\����������
���������������̂�������]�����
�̂ ����r������������

�
������h������������������	������

���K�����������̂�������	�����\������������
����
���������	�������������	����������	r�����������������
���������������	��	���������	K�����
�̂
��� �̂�e��������������
������
������������������
�������	�������������	�������������
���	�����������\����]���������
�����
��
�������
���	K�����
�̂
��� �̂�e��������L������̂�����������
M�����
���������L��
�����������������
���K��M�̂���������������
��������������	������������K��������	������
�\sQ__Vk
������N\t\�

��K�����������\

�O�����������K������\��
\uvUbQTQ_QVUV\7w%"*+"::# 55n�

�\x�������y���\��L�\��������M\

z{|}~|}����}���������~�}���~|�~���~�}������
�	���
�����
������
���i���
�����{��|���{�~���~�����~��~��~���{���{��}~�����

_RTd�QUb_��a���	����������sQ__Vk
������N\t\�

��K�����������\���uR_\R_RT�x\x���\Q__V\_b\__d



����������	
���������

����������
��������������������������
������������������
����������������������
�������������
��
���
�����������
�
����������
����
��������������������
��������	�������
����������������
������ !"�����������������������������������
����������������������
��
�#����������������#��!�����$������#���������
�
�����
��������������
�������������%������������������
���&&����#��'�
�'#��((�������#��'#��)*+,!��������������#�����������
������������������
�#������
����������������������
���&&�
�'#��((���&&�
�'���
����((!"�����-�����������
�
���������&&�
�((�
#��������������.�������������������/����������� ����������	�!"��������-����
%�
���������/������������������	�������
�������01����
����
��
#�����������������012!0��������
���������������
�������
�#	�����������
�
�������������
��������#��������
����
����
���)3��
�,����$����#
��
�#��������������#�-������%�
�
��
������������
��������������
����.��������)345,��
�#����
���
�������������#�!0��	�������3��
����345������
�#�������������������������������������
��������
���%���
������������������/���
������������������
���
�#!6�-�������$�
�����������������������	��
�����������������������������
����#����������
��
�����������
����01!

0���
�����
�������������
��������������
������
��������
��
�����������
�
�����������/
����
�����012!7����
��
�89� ��������
� �/���
����������� ����� ����������������������
���
�
.��
����������
��
��������	��������������-9��
���
�����������������������
��
��������
�������������
�����������������������
�	�������3��
����345������
�
�����-9�����������$�
����������������
���
����������������������
������������������������
�������������
�����!:;<=>?@AB?CDEF���������/���
������!�#���������������
��������
�������������
��
�#����!�G����#������������
�
����
�����������	��!0���������	��������
#��-���������
�������H��	���
��$	����
���������������
�������#�+���+I�� !"������$�
�����
������
���������������4
���
�����������	��������������������������� �����������!0��������#�����������������
����������
#������������
�����#
�#!0���
%�
��������)�����J01J�
�,�������	������������
����
���
��6�/����(��/��������
�����.���!K���LEMF?NO
���
���
����������
������#����������������
���������012)34,-���
����
���)PJ3+,-���#��)3
,
��
��)G,0
��)�
�, 34 PJ3+ 3
1���
#�� 7����
��������� 1���
#�� 7����
��������� 1���
#��Q��
��������������+��� 4I� 
R!�R 
R!+� S�!4
 S�!+� R!�I+S� RR!�
 R
!RR 4R!I
 4+!4R T!�4��I� I4!�� RR!+4 4
!T� I!I� T!R�4
�� IR!I
 I�!�4 
!SR �!�
 T!+IQ��
��������������+��� 4�� �R!I� �I!�R ++!
� +�!R� R!T4
�� I
!+� R�!�
 4�!IS T!+R I!T++S� IR!
R I�!S4 �!R� +!I+ T!�IS�� I�!SS RT!4T I!RR I!4� 44!IIQ��
��������������+S�� T+ �R!+
 +I!I
 ��!T
 �S!�
 S!
R4
� I4!S4 �T!�� �
!�T 4�!4� I!+T4I� I�!�S RI!�� 44!S� �!R
4 T!I

4� IT!+4 I�!R+ S!�� 4!I4� I!II
�� RT!�+ I�!SR I!�ST T!IRR 4�!ST+�� RI!�� RR!+
 4
!�� 44!I4 4�!S4�
� RR!�4 R�!

 4
!�S T!RI 4+!
4Q��
��������������+R�� 4� 4!
4 
!
T TS!I4 TR!IT �!T�
� 
!4� �!�� T+!
� T�!�� 
!+4+� S!II 44!S� I�!�� IT!4I +!T��� 4
!I� 4+!I� I4!S� I
!�� �!S��� 4S!+I 
�!R� I
!IR RR!
+ S!+TS� �
!+
 +T!
� �
!R� �T!SS I!�
4
� IT!�� IS!+� �!�R 
!�
 I!4�4I� I�!+
 I
!I� S!�� �!�+ 4�!S�+S� R+!I
 SR!

 4I!4I 44!�T 4�!S�Q��
��������������+I�� �� I!RR 4�!SI I�!4I IS!�T �!4�S� +
!T4 +S!RI �R!�T S4!�S �!S+T� I+!�
 I
!R� T!+� T!�
 R!T�4
� IT!�� I+!�R R!RI 4!�
 T!4�4I� I�!T+ I
!4S �!
�� 4!�R 4
!S�
�� S�!
� S�!4� 4I!4� 4R!�� 4R!R
+�� S�!R
 ��!S4 
�!+
 4�!
4 
�!�R�
� �T!�� ��!TS 
+!+4 4T!4+ 
4!I+�4��U)PJ3+J3
,�/�!�4��U)34J3
,�/�!

VWXYZ[\\]̂]_[̀WaXWb\[̀Wbcc̀WdPeỲP̂f̂ghijkklmhkgnhop ��T
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thermobituminization kinetics of baltic oil shale in open retorts and 
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